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Abstract

The HIV-1 transactivator of transcription (Tat) protein is an important
regulator of viral replication via enhancement of transcription elongation. Tat binds
to a specific region of the viral RNA transcript during which it recruits other viral
factors and phosphorylates the carboxyl terminal domain of the RNA polymerase II.
This promotes transcription elongation leading to an increase in viral RNA
transcripts. The Tat protein is comprised of 101 amino acids with the first 72 amino
acids are known to be essential for transactivation. Structurally, the Tat protein 1s
an mtrinsically disordered protein that is highly susceptible to aggregation via
disulfide-linkage due the presence of sevenv cysteine residues. The main focus of the
thesis i1s to study the structural changes of a His-tag Tat protein during the
interaction with Zn(Il) and Cd(I) using circular dichroism and nuclear magnetic
resonance spectroscopy. The oligomerization states of the Tat protein were probed
by SDS-PAGE 1in the presence of a reducing agent, TCEP. Analysis of SDS-PAGE
data shows the Tat protein to be mainly monomeric in the presence of TCEP.
Conformational studies by circular dichroism suggest that the Tat protein is in a
random coil conformation and significant structural changes were observed upon
addition of Zn(II) and Cd{I) at pH 5. TH-15N HSQC NMR results of apo-Tat and
Tat-Zn(II) complex reveal dramatic line broadening in the cysteine-rich regions
accompanied by significant chemical shift changes in the His-tag and Arg-rich
regions. 13Cd NMR chemical shift analysis of Tat in the presence of increasing

concentrations of Cd(II) indicates a weak protein-metal interaction with a

11



dissociation constant of 1.8 mM. The analysis of the structural changes of Tat in the
presence of Zn(II) and Cd(II) has revealed important information regard'ing which
region within the Tat protein is responsible for metal-binding and that the metal
interactions can induce a global conformation change. These findings contribute to
an understanding of the structural studies of the Tat protein and its metal-binding

environment, which can provide a pathway to a therapeutic solution to HIV.
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1. Introduction

1.1 Human Immunodeficiency Virus-1

The human immunodeficiency virus (HIV) is the viral agent responsible for the end-
stage disease, acquired immune deficiency syndrome (AIDS) [1]. AIDS, first
recognized in 1981, is classified as an autoimmune disease due to the modification
and destruction of the immune system in response to the HIV infection. In HIV
infected patients, T-lymphocytes have been reported to undergo programmed cell
death (apoptosis) [2], which may account for T-helper cell depletion and also
explains the initial characterization of AIDS as the depletion of CD4* or mature T-
helper lymphocytes in the blood. As a result of low levels of CD4* T-cells, the
infected patient becomes increasingly susceptible to opportunistic infections [3] that
would otherwise have no effect on a healthy patient’s immune system.

The classification of HIV can be divided into two species: HIV type 1 (HIV-1)
and type 2 (HIV-2). The significant difference between HIV-1 and HIV-2 is that the

former has a higher infectivity than the latter [4]. Thus, HIV-1 represents a

significant majority of all HIV infections.

1.1.1 HIV-1 Replication Cycle
HIV-1 infection (Figure 1.1) begins with the viral gp120 surface envelope protein

binding to the host cell-surface receptor, CD4* molecule, located on the surfaces of



lymphocytes and macrophages, and is followed by fusion of the viral membrane with
the cell membrane [5]. Two coreceptors, the a-chemokine receptor CXCR4 and the §-
chemokine receptor CCR5, were discovered to be required in assisting the HIV-1
mediated membrane fusion, and determine cellular tropism [6]. Immediately after
membrane fusion, the viral core enters the host cell. A viral enzyme, reverse
transcriptase (RT), transcribes a DNA copy from the viral RNA genome. Integration
of viral DNA (provirus) into the host genome inside the nucleus 1s accomplished by
the viral enzyme, integrase. The provirus i1s transcribed into RNA molecules by the
host’'s RNA polymerase II (RNAPII). The RNA molecules can either function as
mRNA 1n producing viral protein or as new viral genomes corresponding to infected

particles prior to release from the host [7].



ONA copy
of HIV RNA ’
sl -

DNA integrates %,
into host genome

Figure 1.1: The life cycle of HIV-1 Virus. Reprinted from [8] with the permission of

Weiss R.A.

Patients infected with HIV-1 contain a small number of memory CD4+ T-cells with
fully integrated provirus that is transcriptionally silent due to transcriptional
interference or mutations. This i1s known as HIV-1 latency. However, the
transcriptional silencing of provirus is not permanent as viral expression can be

induced by the presence of a viral promoter or the rearrangement of chromatin [9].



The importance of HIV-1 latency in memory CD4* T-cells i1s seen in the survival of
HiV -1 through avoidance of host immune response and antiretroviral drugs.
Currently, the treatment of HIV-infected patients involves reduction of viral
plasma loads via highly active antiretroviral therapy (HAART), which is a
combination of HIV-1 reverse-transcriptase, protease, and gp4l inhibitors.
Although HAART was shown to be successful in massively reducing HIV-1 levels in
the plasma of infected patients, the levels of latent virus reservoirs remain
unchanged [10]. Currently, research is aimed at discovering compounds that induce
HIV-1 expression in latently-infected cells during HAART treatment. In particular,
a non-tumor promoting molecule, Prostratin, was shown to induce expression of
HIV-1 in latently-infected cells in conjunction with HAART treatment thus
increasing the efficacy of depleting active viral load [11]. However, one of the
lhimiting factors in the use of Prostratin has been the inefficient isolation of the
compound from its natural source, the bark of the mamala tree of Samoa. Other
research 1s aimed at characterizing key factors that regulate HIV-1 expression in
latently infected cells. Of those key factors, the transactivator of transcription (Tat),
a regulatory protein, plays an important role i inducing HIV-1 expression in HIV-1
latent cells. In the presence of the Tat protein, activation of transcriptional
elongation occurs leading to the efficient production of full-length viral RNA

transcripts that would otherwise be truncated in the absence of the protein [12].



1.1.2 Role of Tat in HIV-1 Transcription

HIV-1 transcribtion 1s controlled by host cell and viral factors but the primary
regulator is Tat [13]. Interestingly, Tat is the first example of the regulation of gene
expression through the control of RNAPII elongation [12]. Early studies showed
that Tat increases the level of RNAs transcribed from the HIV-1 long-terminal
(LTR) repeat by approximately 20-50 fold [21]. This led to a substantial difference
in the population of RNA transcripts in the absence and presence of Tat. Figure 1.2
shows a model for the transcription elongation process in the absence and presence
of the Tat protein. The LTR found at the 5 end of the proviral DNA within the
nucleus of infected cells contains the HIV-1 promoter that governs the
transcriptional activity of the provirus [15]. The primary phases of the transcription
cycle are pre-initiation, initiation, promoter clearance, elongation, and termination
[205]. In the absence of Tat, a pre-initiation complex is assembled on the LTR by
RNAPII and several general transcription factors (TFIIB, E, F). An important event
in transcription initiation is the phosphorylation of Ser-5 on the carboxyl terminus
of the polymerase by TFIIH. Promoter clearance and elongation are positively and
negatively regulated by several viral and cellular factors including the positive
transcription elongation factor b (p-TEFb). The p-TEFDb is comprised of the cyclin-
dependent kinase-9 (CDK9) and cyclin T1. The carboxyl-terminal domain (CTD) of
the RNAPII is further phosphorylated at Ser-2 by the p-TEFb, permitting clearance
of the promoter by the RNAPII. Following the phosphorylation, the RNAPII

transcribes the transactivation-responsive (TAR) element, which then folds into a



stem-loop structure. After promoter clearance, the negative elongation factor
(NELF) and 5,6-dichloro-i~b-D-ribofuranosylbenzimidazole (DRB) sensitivity
inducing factors (DSIF) associate with the transcription complex and inhibit the
kinase activity of CDK9. This results in abortive elongation whereby the
transcribed nascent RNA is truncated [16] (see the left side of Figure 1.2). This
abortive elongation stage halts the transcription of full-lenéth viral RNA

(premature termination).
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Figure 1.2: Model for the activation of RNAPII by Tat and cellular co-factors.

Reprinted from [16] with permission of Ping Y-H.



The Tat protein is recruited to the transcription complex through interaction with
the TAR RNA on the nascent chain and .p-TEF b. The arginine-rich region of Tat
binds specifically to the U-rich tri-nucleotide bulge within the stem-loop region of
the TAR RNA (Figure 1.3) [17]. Subsequently, the Tat-TAR complex associates with
the p-TEFb relocating the CDK9 closer to the RNAPII. The CDK9
hyperphosphorylates the CTD of RNAPII leading to the enhancement of elongation
(processive elongation) (see the right side of Figure 1.2). Furthermore, p-TEFb
mactivates by phosphorylation DSIF and NELF that are inhibitors of transcription
elongation and facilitates the transition from abortive to processive elongation [13].
The dissociation of the Tat—TAR—kiﬁase complex (TAK) from the RNAPII involves”
several cellular factors [18]. The CREB binding protein, p300/CBP, acetylates the
Lys-50 residue of the Tat protein inducing the dissociation of the protein from the
TAR RNA and subsequent release of TAR from the transcription complex. Several
histone acetyltransferases acetylate Lys-50 of the Tat protein promoting release of
p-TEFb, transferring Tat from TAR to the elongating RNAPII complex, and
recruiting the histone acetyl transferase PCAF (p300/CBP associated factor) [206].
With the assistance of PCAF, the transcription complex becomes activated and
continues transcribing the remainder of the HIV genome efficiently leading to the

synthesis of full-length RNA transcripts.
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Figure 1.3: Model of interaction between Tat, TAR, and p-TEFb. Reprinted from

[12] with permission of Karn J.

It is clear that HIV-1 transcription is dependent on the key activator Tat.
Yet this raises the question of the origin of the Tat protein in the absence of
processive elongation. It is possible that in the absence of Tat, the truncated RNA
transcripts may encode the Tat gene [14]. This would allow the Tat protein to be
translated in the cytoplasm and enter the nucleus to bind with the TAR RNA and
would provide a plausible explanation for the activation of the transcription

complex without extracellular Tat. Following its dissociation from the TAR RNA,
8



the Tat protein may exit from the host cell and enter and activate a latent cell.
Extracellular Tat protein, upon release from infected HIV-1 cells,' binds to the
polyanionic heparin sulfate proteoglycans (HSPGs) of uninfected cells via its highly
basic arginine-rich motif [17]. This binding induces adhesion of Tat to the cell

surface and subsequent penetration into the host.

1.1.2 Primary Sequence of the Tat Protein and Function

The transactivator of transcription (Tat) protein is a small nuclear protein essential
1o the regulation of viral replication. Depending on the strain of HIV-1, the Tat
protein 1s comprised of 83-101 amino acids encoded by two exons: the first exon
encodes residues 1-72 while residues 73-101 are encoded by the second exon [21]
(Figure 1.4). However, only the first exon of Tat encodes for residues that were

discovered to be essential to virus production [22].



Domains/Regions Exon 1 Exon 2
Pro-rich (1-20) MEPVDPRLEPWKHPGSQPKT | -----eenme- 73-101
Cys-rich (21-31) ACTNCYCKKCC
Core (32-48) FHCQVCFITKALGISYG
Arg-rich (49-58) RKKRRQRRRP
Gln-rich (59-72) PQGSQTHQVSLSKQ

| Histidine-Tag | MGSSHHHHHHSSGLVPRGSH |

Figure 1.4: The HIV-1 Tat sequence corresponding to the BH10 Tat isolate
illustrating the amino acid residues 1-72 encoded by the first exon. The second exon
encodes residues 73-101. The Tati.72 protein is comprised of five distinct domains:
N-terminal (1-20) that contains 3 acidic amino acids and 5 prolines, Cys-rich (21-
31), Core (32-48), Arg-rich (49-58), and Gln-rich (59-72) [14]. The histidine-tag (20

amino acids) is fused to the N-terminus of the Tat;.;2 protein.

1.1.3.1 N-terminal region

The N-terminal domain, comprised of residues 1-20 of the Tat;.72 protein, contains 3
acidic and 5 proline amino acids (Pro-rich). Its functional significance can be seen in
a study that showed the N-terminus of the Tat protein recognizing the KIX-domain
of CBP (CREB-binding protein) in vitro [33]. This is important because the CBP
and p300 co-factors are known to associate with the Tat protein in order to activate
transcription of the HIV-1 DNA [34]. It is noteworthy that the N-terminus is also
found to assist in the binding of Tat to TAR through stabilizing interactions with
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Tat’s basic domain [35]. Furthermore, in a study of Tat genes containing mutations
in the N-terminal domain, it was found that these mutants tend to stall viral gene
expression or HIV-1 reverse transcription [36]. Finally, it was determined that the
N-terminus is important in the inhibition of dipeptidyl peptidase IV (DP 1V), which

1s an enzyme responsible for activation and proliferation of lymphocytes [37].

1.1.3.2 Cys-rich region

The cysteine-rich (Cys-rich) domain is located between amino acids 21-31 and
contains seven cysteine residues. This particular region is highly conserved between
different strains of HIV-1. Through direct mutagenesis analysis, it was determined
that a mutation on any 6 of the 7 cysteine residues will eliminate Tat’s
transactivation function [38]. The Cys-rich region has been implicated in the
formation of dimeric Tat in the presence of Zn(II) through direct metal-bridging of
the cysteine residues [39, 41]. Unfortunately, little structural detail about the Tat
protein’s metal binding properties was obtained from these studies. Another
functional role of the cysteine-rich region pertains to it being a part of the
transactivating or co-factor binding domain (along with the core and N-terminal

regions) that is responsible for the interaction with cyclin T1 (part of p-TEFD) [40].

1.1.3.3 Core region
The third domain 1s comprised of amino acids 32-48 (Core region) containing 6
aliphatic and 4 hydrophobic amino acids. It has been previously mentioned that the
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core region, along with the cysteine-rich and N-terminus regions, are responsible for
the transactivation function of Tat [40]. The core region has been reported to play a
crucial role in the binding of the Tat protein to tubulin/microtubules both in vivo
and in vitro [42]. The outcome is the inability of the microtubules to depolymerize
through Tat’s modification of the microtubule’s dynamics leading to apoptosis.
Interestingly, a study of soluble Tat peptides that correspond to the core region of
the Tat protein has shown that they inhibit HIV-1 virus replication [43]. The
peptides have a high probability of binding to the interface of cyclin T1 and CDKQ,

which may interfere with or halt the transcription of the HIV-1 LTR.

1.1.3.4 Arg-rich region

The arginine-rich (Arg-rich) region consists of amino acids 49-58, which contain the
characteristic basic domain RKKRRQRRR motif responsible for binding to TAR [44,
46] during the activation of the transcription complex. The basic domain is also
known for its unique property of delivering proteins or molecules to the nucleus via
its nuclear localization segment (NLS) [45]. The sequence of the Tat NLS is
RKKRRQRRR which corresponds to residues 49-57 of the Taty.72 protein [47]. There
is also evidence that the arginine-rich region is another region (besides the core
region) that assists in the binding of Tat to tubulin/microtubules by providing a

countercharge (positive charge) to the negative C-terminal of tubulin [42].
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1.1.3.5 Gin-rich region

The last domain (the glutamine-rich region), encoded by the first exon of the Tat
gene, 1s comprised of amino acids 59-72 that contains 4 glutamine residues. The
glutamine-rich region has been shown to be involved in mitochondrial T-cell
apoptosis [48]. Analyses of two synthesized Tati.g2 proteins from two Uganda
patients revealed that mutations in the glutamine-rich region were found to
correlate with induction of apoptosis and binding to tubulin. It is possible that the
mutations may result in a change in Tat’s conformation which in turn may disrupt

the crientation of the protein’s binding site.

1.1.3.6 Exon 2 residues

Despite the fact that the second exon of the Tat gene encodes residues that are not
involved in the activation of HIV-1 transcription [49], several studies of this
segment have been carried out in hopes of discovering any hidden functions. The
second exon of the Tat protein has been reported to bind to the human translation
elongation factor EF-18 that causes a significant reduction in the translation of
cellular mRNAs [50]. During expression of low amounts of Tat, the second exon is
required for optimal activation of the nuclear factor-kappa B (NF-kB), LTR
transactivation, and HIV-1 replication in primary T cells [51]. NF-kB plays a vital
role in regulating the immune response during infection. Within the second exon of

the Tat protein is a highly conserved tripeptide, Arg-Gly-Asp (RGD), a motif known
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to function in cell adhesion mediated through specific interaction with integrin
receptors asP1 and usPs [52, 53].

The Tat protein used in the present study has a histidine-tag (His-tag) fused
to the N-terminus and 1s required for purification via cobalt-metal affinity
chromatography. The inclusion of the affinity tag has been shown to be beneficial to
the target protein (137): it improves protein yield, prevents proteolysis, and
facilitates protein refolding [31]. Despite the positive effects of the His-tag as
previously mentioned, removal of the affinity tag is desirable to prevent unpredicted
structural changes in order to study the protein in its physiological conformation.
However, attempts at removal of the His-tag using thrombin carried out by Dr.
Shaheen Shojania have been unsuccessful possibly due to the presence of an

internal thrombin cleavage site between Lys-61 and Ala-62 [32].

1.1.4 Structure of the Tat Protein

The first structural study on HIV-1 Tat was conducted in 1995 using 2D
homonuclear 'H-'H nuclear magnetic resonance (NMR) techniques on the Z2 strain
[18]. Using 2D NOESY NMR constraints, Tat was determined to adopt a condensed
molecular centre composed of the core region, the glutamine-rich region, and the N-
terminus. In contrast to previous studies of the analogous equine infectious anemia
virus (EIAV) Tat peptide, the conformation of the basic arginine-rich region did not
resemble a rigid a-helix [218]. The cysteine-rich region was determined to be highly

flexible. The secondary structure of Tat was investigated by Pelopanese and co-
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workers using the simulated annealing procedure on NMR constraints of HIV-1 Tat
Bru, which led to the synthesis of Tat-specific binding molecules [54]. Interestingly,
structural analysis of the HIV-1 Tat Bru showed that it did not contain regions
adopting the o-helical conformation, which is in contrast to the study on HIV-1 Tat
Z2. Rather, the Tat Bru protein was mainly comprised of B-turns, corresponding to
32% of residues. Both of these observations were confirmed by circular dichroism
(CD) data analysis. In recent years, structural studies on HIV-1 Tat using
multinuclear NMR to measure relaxation parameters revealed that the protein
predominately exists in a natively disordered state while under reduced conditions

and low pH [26].

1.1.5 Natively Disordered Proteins

According to the structure-function paradigm, the function of a protein is directly
liked to its three-dimensional structure. However, a re-examination of the structure-
function paradigm showed that numerous proteins important for maintaining
regulatory functions in cells have been discovered to be void of intrinsic globulér
structure [23]. The term “natively disordered” refersvto a class of proteins that exists
as a mixture of extended conformers whereby the protein rapidly samples each
conformer [24]. It is also noteworthy that these proteins have the potential to form
protein-protein interactions. A characteristic property of most unstructured proteins
is their ability to confer flexibility by varying the protein recognition motif during

binding with cellular factors. Furthermore, unfolded proteins generally provide a
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larger surface area than folded proteins. This enables the possibility to recognize
multiple binding sites. The dynamics and flexibility of disordered proteins can be
characterized by using NMR relaxation methods [25]. In an NMR study of the HIV-
1 Tat protein at pH 4, it was shown that the protein is natively unfolded through a
series of NMR spin relaxation experiments [26]. By comparing the backbone
chemicals shifts of Tat, corrected for local sequence effects, to the random coil
values it was possible to determine the conformation of the Tat protein. The
chemical shift indexes of Tat show that most resonance falls within the range for
classification as random coil. Furthermore, the absence of small patches of a-helical
and B-sheet regions within more than three consecutive residues provides further

evidence of a random coil conformation.

1.1.6 Other Activities of Tat
Along with its vital role as an HIV-1 transcription regulator, Tat has been
mmplicated in other cellular activities: immune suppression, neural degeneration,

apoptosis, and progression of Kaposi’s sarcoma (KS).

1.1.6.1 Immune Suppression

The Tat protein has been shown to suppress the immune response. In the presence
of Tat, the cytotoxic effects of the protein have been shown to inhibit the antigen-
induced proliferation of T-lymphocytes [86]. The exact mechanism of Tat induced
immune suppression 1s unclear, however, recent evidence points to programmed cell
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death of lymphocytes in HIV-infected patients. It is speculated that the Tat protein
accunllulates in the lymphoid tissues and appears to affect gene expression. In HIV-
infected patients, Tat stimulates uninfected T-cells to prematurely activate cyclin-
dependent kinases (CDKs) that lead to apoptosis [87]. Furthermore, the depletion of
CD4* T-cells has been associated with accelerated CD95-mediated T-cell apoptosis

mvolving both Tat and the gp120 receptor [88].

1.1.6.2 Neural Degeneration

HIV-associated dementia is a debilitating disease that tvpically occurs in 20% of
HIV-1 infected patients. The characteristic symptoms of the disease consist of
cognitive, behavioral, and motor dysfunction [89]. The Tat protein is a well-known
causative agent in HIV-1 neurotoxicity. In particular, Tat was found to produce
dose-dependent depolarization of neurons in human fetal cultures and rat
hippocampal slice preparations [90]. Furthermore, exposure of Tat to cell cultures
containing macrophages and ghal cells resulted in the production of
proinflammatory cytokines [91]. Specifically, Tat stimulates interleukin (IL)-1B
production in macrophages. The production of cytokines may lead to the cerebral

dysfunction that is indicative of HIV dementia.

1.1.6.3 Induction of Kaposi’s Sarcoma
In addition to controlling HIV-1 replication, extracellular Tat regulates the
development and progression of Kaposi’s sarcoma (KS), which is characterized by
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prominent angiogenesis [27]. Angilogenesis 1s defined as the sudden growth of new
blood vessels that ére typically involved in supplying nutrients to cancerous tissues.
Multiple factors cooperate in the induction or progression of KS in HIV-infected
individuals. One of the major contributors, extracellular Tat, is responsible for the
initial growth of spindle cells derived from AIDS-KS cells [28]. These spindle cells
have the propensity to activate endothelial cells that may stimulate angiogenesis
and lead to the formation of cancerous tumors. The precise mechanism of how Tat
induces anglogenesis still eludes researchers today. However, Albini et al. noted
that the Tat protein Arg-rich region i1s similar to other potent angiogenic growth
factors [29] and that it is possible the protein may mimic one of these growth factors
by binding to a growth factor tyrosine kinase receptor. In particular, studies show
that the stimulation and activation of endothelial cells involves the interaction
between Tat and Flk-1/kinase insert domain receptor, which 1s a tyrosine kinase

receptor [29, 30].

1.1.6.4 Apoptosis

Presently, the mechanism of HIV-mediated cell death in vivo is not completely
understood. However, there are several potential triggering events and signaling
pathways that may lead to apoptosis. Figure 1.5 shows two mechanisms by which
HIV can induce apoptosis. In panel A, the surface glycoprotein, gp120, 1s shown
priming the cell for apoptosis through interaction with CD4 receptors in the absence

of viral gene expression. Panel B shows the induction of apoptosis within the
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infected cell carried out by the products of the viral genes Tat, Nef, and Vpr [92].
The Tat protein has been linke(i to the increased expression and up-regulation of
the Fas Ligand, which in turn associates with the adaptor protein, Fas-Associated
protein with Death Domain (FADD) [93]. The binding of Fas to FADD recruits the
protease, Caspase-8 (casp-8). Activation of casp-8 cleaves casp-3 that leads to
initiation of the caspase cascade. Interestingly, as shown in panel C, exogenous Tat
protein has the unique ability to induce apoptosis of a nearby bystander cell (in
trans) via endocytosis of Tat by the uninfected CD4* lymphocyte following which the

protein 1s localized to the nucleus via the basic region [94].
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Figure 1.5: Illustration of the multiple steps in the viral life cycle during HIV-

mediated apoptosis. Reprinted with permission of Roshal et al. [92]

1.2 History of Zinc-binding Proteins

1.2.1 Significance of Zinc in Biological Activities
Over half of the proteins responsible for growth of all life forms require metal ions
to function [96]. An example can be seen in the function of respiration, whereby iron

1s an important metal in facilitating the binding of oxygen molecules to hemoglobin.
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Zinc is one of the most abundant divalent ions in living organisms [57] and on
average, a person will contain 2.3 g of zinc. Zinc has been \;videly known to play an
integral part in nearly 300 enzymes. In particular, it has been shown to be vital for
enzyme catalysis and gene expression. It has also been reported that zinc helps in
stabilizing the mechanistic folding of several proteins and nucleic acids. In 1950,

the very first zinc enzyme, carbonic anhydrase, was reported by Bert Vallee [58].

1.2.2 Function of Zinc in Cells

Zinc 1s a multifunctional transition element that plays a vital role in homeostasis
[72]. In particular, zinc 1s essential for the catalytic, co-catalytic, and structural
function for approximately 300 enzymes such as oxidoreductases, transferases,
hydrolases, isomerases, and ligases. One of the most important functions of zinc is
the role it plays in the immune response. A diet consisting of very low zinc content
has been shown to cause a dramatic decrease in CD4* and CD8* thymocytes (pre-T
cell) within the thymus due to cell apoptosis [76]. The result of massive loss of
thymocytes is the reduction of lymphocytes in the blood (lymphopenia). Recently,
zinc has been implicated as a leading agent in the development of amyotrophic
lateral sclerosis (ALS), which is described as a neurodegenerative disease that
causes deterioration of the motor neurons [77]. It is speculated that the cause of
ALS is the inability or a reduction in the binding of zinc in the enzyme, superoxide
dismutase, due to mutations. Zinc can also modify calcium-dependent cellular

processes by displacing or relocating the calcium through competition binding.
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Inhibition studies reported by Petersen et al. showed that zinc has a higher binding
affinity for the calcium-binding loop than calcium itself within the protea.se domain
of coagulation factor VIla (FVIla) [78]. The zinc binding induced a conformational
change of the enzyme leading to reduced activity and lower binding affinity for
tissue factors.

Zinc plays an essential role in many biological and cellular processes
including replication, transcription, and translation. Using laser-induced
cytofluorometry for quantitative analysis of the distribution of DNA, it was shown
that cell division within the eukaryotic Euglena gracilis decreases in the absence of
zinc [79]. Zinc 1s also a key factor ivn the mterference of mRNA translation by
preveating the binding of human iron regulatory protein 1 with the RNA, iron
responsive element (IRE), by metal-induced aggregation of the protein [97]. An
example of the effects that zinc imposes on transcription can be seen in the studies
of the transcription factor, GAL4 protein. Binding of zinc to GAL4 stabilizes the
structure and enables the protein to recognize specific DNA sequences found
upstream of genes for galactose-metabolizing enzymes [98]. Interestingly, the
binding of zinc to GAL4 forms a Zn(11)2Cys¢ binuclear cluster which was confirmed
by a 13Cadmium NMR study showing the presence of two cadmium-binding sites

[99].
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1.2.3 Metabolism of Zinc in Cells

The recommended daily intake of zinc ranges from 3 mg/day for infants to 25
mg/day for women during lactation. Several factors affect the level of zinc
absorption in the human body. For instance, zinc absorption increases during
intake of a diet rich in proteins whereas a decrease in absorption is usually
accompanied by diets low in proteins [80]. It is noteworthy that high intake of iron,
calcium, and copper tends to decrease the absorption of zinc. Furthermore, during
periods of low dietary zinc supply, the absorption of zinc increases.

Upon entering the intestine, orally ingested zinc absorption is regulated by
an intestinal zinc-binding protein, metallothionein (MT), which transports the
metal from the intestinal lumen to the plasma [81]. Once absorbed, the plasma zinc
is transferred to the liver and is redistributed to all other tissues in the body. In
particular, the bone and muscles are the major consumers of plasma zinc. Zinc has
been shown to exist in lymphocytes and leukocytes and may play a vital role in cell
mmmunity [76]. Finally, excessive zinc is excreted by the urine regulated by the
signaling effects of glucagon [100]. Other routes of zinc excretion consist of the bile
and pancreatic secretion.

Unlike iron, copper, mercury, and other metals, zinc is considered nontoxic
even upon excessive accumulation due to the efficiency with which the cells and
tissue excrete zinc [73]. However, cases of accidental ingestion of zinc chloride have

been reported during which patients exhibit symptoms related to gastric corrosion
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such as lethargy and vomiting of gastric fluids due to chemical reactions between
zinc chloride and the gastric walls [102].

Many chronic illnesses are derived from the direct effect of zinc deprivation.
Deficient levels of zinc in cells and tissues have been shown to be directly linked to
impairment of cell growth due to the inability to divide and differentiate. In a study
of the FEuglena gracilis, a deficiency in the metabolism of zinc led to a retardation of
the cell growth rate [74]. Another effect of insignificant levels of zinc 1s the tendency
to bleeding and clotting disturbances reported in a study in which patients were
deprived of zinc supplement through strict low zinc diet [75]. Results showed that
induced zinc deprivation led to an impairment of platelet aggregation. It is

noteworthy that platelet aggregation is an essential component of blood clotting.

1.2.4 Comparison between Zinc and Cadmium

Both zinc and cadmium are closely related metals with very similar chemical and
physical properties. Physically, zinc’s appearance is that of a dull grey metal but
when polished, 1t is observed to be bluish white 1n color [82]. Cadmium appears as a
silvery-white metal in nature. Zinc and cadmium have melting temperatures of
420 °C and 312 °C, respectively. In the periodic table, both zinc and cadmium are
located within the transition metals with atomic numbers of 30 and 48, respectively.
It 1s noteworthy that the electronic shell configuration of zinc is [Ar] 3d10 452 while
that of cadmium is [Kr] 4d10 5s2. The ionic radius of cadmium 1s larger than zinc

with 0.0797 nm for the former and 0.074 nm for the latter.
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A significant difference between zinc and cadmium is the roles they play in
biology. Zinc is an essential trace element that regulates the function and structure
of enzymes whereas cadmium does not have any physiological relevance other than
that i1t 1s very toxic.

The mechanism of cadmium toxicity in the cell involves the activation of
signaling pathways and modification of metabolic processes leading to cell death. In
particular, cadmium 1s a well-known carcinogen [83] through induction of oxidative
stress, gene regulation, inhibition of DNA repair and apoptosis interference. The
main cause of apoptosis during oral intake of cadmium is the accumulation of the
metal in both the liver and kidney [84]. It is the acute Cd(II) hepatotoxicity that

leads to cells undergoing necrosis.

1.2.5 Zinc fingers and Comparison with Cys-region of Tat to Zinc Finger Sequences

Classically, the zinc finger domains within proteins consist of an amino acid
sequence of Cys-Cys-His-His. Currently, approximately 24,000 classical zinc finger
protemns have been discovered with the emergence of different subfamilies: Cys-Cys-
Cys-Cys, Cys-Cys-His-Cys, Cys-Cys-His-His, and many more [104]. Zinc
coordination within the zinc finger domain stabilizes unique tertiary structures that
confer specific binding to different molecules like DNA, RNA, and proteins. One of
the most studied zinc finger proteins is the transcription factor TFIIIA that is
required for the initiation of the 5S RNA synthesis by RNA polymerase. The

transcription factor contains 12 repeating structures with each consisting of
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approximately 30 residues. It is noteworthy that each repeat has two invariable
cysteine and two invariable histidine amino acids that have been shown to
coordinate with at least 2 zinc ions with a high binding affinity [103]. Presently,
there are numerous studies on zinc finger proteins that provide insight into the
treatment of cancer. In particular, zinc fingers are found within the DNA-binding
protein, Wilms tumor suppressor protein (WT1), which also contains the classical
Cys-Cys-His-His finger domain [105]. Several biological functions of zinc domain
proteins are found in the cell such as gene expression, signal transduction, cell
growth, differentiation, and development.

The Tat protein contains a cysteine-rich region with seven cysteine and one
histidine residues within 11 amino acids. It 1s possible that the cysteine-rich domain
can function as a zinc finger that binds zinc with a high affinity. Furthermore,
studies have suggested that the Tat protein forms a metal-linked dimer with zinc

[39].

1.2.6 Zn(1l) induced dimerization of Tat protein

One pathway to discovering a therapeutic solution in the treatment of AIDS
consists of synthesizing inhibitors that block the interaction of Tat with various
cellular co-factors. However, another plausible approach to drug design is the metal-
induced formation of Tat homodimers that might lead to inactivation of HIV-1
transcription due to blocking of binding sites [21]. Tat has been proposed to form a

Zn(Il)-induced dimer that 1s stabilized through interaction between Zn(Il) and the
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cysteine-rich region based on evidence from ultra-violet (UV) absorption
spectroscopy, circular dichroism (CD) spectropolarimetry, and sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [21]. In particular, it was
shown that Tat binds to two mole equivalents of Zn(II) and a model for the dimer
proposed an anti-parallel arrangement of the two monomers. The attractiveness of
Tat dimerization can be seen in development of anti-viral drugs for inhibiting
hinding with important cellular cofactors. The dimerization may cause
overcrowding of the arginine-rich region, inhibiting the interaction with the U-rich
bulge of TAR and cyclin T1. Interestingly, in vivo dimerization of the Tat protein
was reported by Bogerd et al. by using a genetic approach in yeast cells [56].
However, the oligomerization reported was independent of the cysteine-rich region
of Tat. Furthermore, it has been widely reported that Tat may also exist as a
monomer during the transactivation of HIV-1 [95]. The fact that there are
contradicting reports of the Tat protein existing as a monomer or dimer in nature
calls for the need of further structural research into the Tat folding mechanism and

the role of zinc.

1.2.7 Zinc Coordination Geometry

In biological cells, zinc functions in regulating cellular processes through binding to
motifs within six different classes of enzymes. As previously mentioned, zinc plays a
pivotal role in nearly 300 proteins. There are three types of zinc binding sites:

structural, catalytic, and co-catalytic (Figure 1.6). Zinc has a tendency to bind
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specifically to cysteine and histidine vresidues accompanied by stabilizing

interactions from the carboxylic groups of glutamic and aspartic acids [85].

Catalytic Structural

Figure 1.6: Illustration of the zinc coordination geometry for the catalytic,
'structural, and co-catalytic sites of zinc binding. The H and C denote histidine and

cysteine residues, respectively. Reprinted with permission of Auld et al. [85]

In a catalytic zinc site, the zinc 1s usually coordinated predominately with histidine
residues. In particular, the Ne2 nitrogen specifically binds to the zinc due to its
ability for charge dispersion. It is noteworthy that water is always coordinated to
zinc. Typically, the coordination number of the catalvtic site is 4 or 5 with the
distorted tetrahedral or trigonal-bipyramidal geometry. In the structural zinc site,

the preferred amino acid is cysteine while no water molecule coordinates with the
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~ metal. In cases where zinc coordinates with a histidine residue, the site is generally
termed a “zinc finger”. Similar to catalytic zinc sites, structural zinc sites generally
have coordination numbers of 4 to 5. In the event where a protein contains 2 or
more zinc binding sites that are close in proximity, a co-catalytic zinc site is found.
Generally, the binding of 2 zincs within the protein is stabilized by the interaction
between either a water molecule or the side chain of Asp. Typically, the distance
between zinc ions is between 3 to 4 A [85].

One of the factors that makes zinc an attractive metal for protein analysis is
its ability to form different coordination geometry complexes. In the zinc-binding
protein, alcohol dehydrogenase [58], the zinc 1s located in the bottom of the active-
site and 1s coordinated to thiol groups belonging to Cys-46 and Cys-174, the N-atom
of His-67 and an O-atom of either water or a hvdroxide molecule. The coordination
geometry is that of a distorted tetrahedron. However, the existence of five- and six-
coordinated zinc-complexes in nature adds a new level of complexity in the
characterization of zinc-binding proteins. In a studv of the zinc-substituted
cytochrome c¢ protein reported by Qian et al.. 1t was determined that the
coordination geometry of the zinc complex 1s 6 (distorted octahedron) using a
comparison between computational calculations and distance constraints derived

from NOE measurements [59].
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1.3 SDS-Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a well-
established technique for the separation of proteins based on their molecular mass
(My). It 1s a commonly used method for the identification and confirmation of the
purity of a protein [60]. The protein sample is treated with an anionic detergent,
SDS. which binds to most proteins at a constant ratio of approximately 1.4 g SDS/g
protein. This applies a negative charge to all the proteins in a sample, which
overwhelms the inherent charge on the protein and leads to all the proteins
achieving the same charge-to-mass ratio. The protein solution is then added to the
polyacrylamide gel that acts as the sieving component. Since the proteins have the
same charge-to-mass ratio, the mobility of the proteins through the gel is based on
their molecular weight. One feature of SDS-PAGE that is verv attractive is its
ability to determine the oligomeric state of a protein. In the SDS-PAGE analysis of
HIV-1 Tat protein (86 amino acids) reported by Frankel et al. it was discovered that
the protein migrated as a monomer (15 kDa) in the absence of metal and as a dimer
(34 kDa) in the presence of CA(II) [61]. The high apparent mass of the monomer (15
kDa vs. 9 kDa) is owing to the high net positive charge on Tat which decreases its

electrophoretic mobility.
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1.4 Circular Dichroism Spectropolarimetry

Circular dichroism (CD) spectropolarimetry is an excellent method for investigating
the conformation of a protein in solution. In particular, it can provide useful
information about the protein’s secondary structure for the study of protein-protein
or protein-ligand interactions. The basic phenomenon of CD is based on the
differential absorption of right- and left-circularly polarized light (AA = A, — A)) [64].
In general, only chromophores that are asymmetric (chiral) or chromophores that
are located in an asymmetric environment produce a CD signal. To study the
tertiary or quaternary structure of the protein, one monitors the near-UV (310-255
nm) CD region where the contributing chromophores correspond to Trp, Tyr, and
Phe. In the far-UV (180-250 nm) CD regime, the peptide bond is the main
contributing amide chromophore that reports on the secondary structure of the
protein. Analysis of the far-UV CD spectrum can elucidate the secondary structural
class of the protein. For proteins high in a-helical content, intense negative bands at
208 nm and 222 nm accompanied by a strong positive band at 192 nm are observed
in the CD spectrum [Figure 1.7, yellow]. The CD spectrum of proteins high in B-
sheet content contain a negative band at 210-225 nm and a strong positive band at
190-200 nm [Figure 1.7, blue]. Disordered proteins are sometimes called random
coils and are typically observed to contain a strong negative band at 195-200 nm
and either a weak negative or positive band at 210-230 nm in the CD spectrum

[Figure 1.7, red]. Distinguishing between the random coil and Ileft-handed
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polyproline helix has been difficult. The consensus seems to be that a weak positive
band between 215-220 nm accompar;ied by a strong negative band at 200 nm 1s
diagnostic of the polyProll conformation. The CD spectrum of the B-turn resembles
that of the a-helix but the bands are weaker [216]. However, it must be remembered
that aromatic residues such as Trp, Tyr, and Phe absorb strongly in the far-UV
region and their presence can complicate the analysis of secondary structure.

The observed ellipticity, 6obs, which is proportional to the difference in
absorbance between the right- and left-circularly polarized light, is measured in
mdeg. However, measured ellipticity is usually expressed as mean residue

ellipticity (MRE) using formula shown in Equation 1.

MRE — 90b5<mdeg)

10xnxCpxl

[1]

The n denotes the number of amino acid residues in the protein while C, is the
molar concentration of the protein. Furthermore, 1 is the path length of the cell in
centimeters and the units of MRE are commonly expressed as degecm2edmol-! [211,

212].
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Figure 1.7: CD spectra illustrating the key characteristics of random coil (ved), B-

sheet (blue), and a-helix (yellow) circular dichroism [30].

1.5 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has been an essential tool in
acquiring data for determination of protein structures at the atomic level since the
late 1980’s and is cpmplementary to X-ray crystallography [65]. In the late 1950,
the very first NMR experiment was conducted on a biological macromolecule,
Ribonuclease [163]. With the evolution of high-field NMR magnets, Fourier
Transformation, powerful and inexpensive computers, and multidimensional NMR

techniques, the number of NMR studies on proteins has substantially increased.
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Although 1D 'H NMR has been extensively used for the characterization of organic
molecules, it is inefficient for the study of larger biomolecules du'e to the presence of
significantly more hydrogen atoms that leads to overcrowding of resonance lines in
the NMR spectrum. Here, high-resolution two-dimensional heteronuclear and
homonuclear NMR are extensively used for the structural characterization of the
Tat protein. To obtain even higher structural resolution, isotopic '»N- and 13C-
labeling of the Tat protein is routinely used along with multidimensional NMR

spectroscopy.

1.5.1 Heteronuclear Single Quantum Correlation Spectroscopy

Heteronuclear single quantum correlation spectroscopy (HSQC) is a commonly used
2D NMR technique for structural determination of proteins. Through coherence
transfer steps, the experiment correlates a heteronucleus (3N or 13C) with a proton
resonance [66]. One of the main advantages of HSQC NMR is the ability to study
the protein in its native conformation and monitor the changes during protein-
ligand interactions. Figure 1.8 shows the pulse sequence for a standard HSQC
sequence. The first insensitive nucleus enhanced by polarization transfer (INEPT)
step produces an antiphase magnetization for the proton nucleus (I) along the x-
axis. It i1s noteworthy that the application of two 180° pulses following the first t/2
period refocuses the chemical shift modulation. Coherence transfer from the proton
to the directly attached heteronucleus S (3N or 13C) is accomplished by

simultaneous 90° pulses on both spins just before b in Figure 1.8. Following the first
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INEPT step, the heteronucleus magnetization is left to evolve with its chemical
shift during the t;-evolution time. The application of the 180° pulse on the pro£on n
the middle of the t; period refocuses the evolution of heteronuclear Jis coupling. The
simultaneous application of 90° pulses on both spins results in transfer of
magnetization from the S-spin back to the I-spin as antiphase magnetization. The
proton antiphase magnetization is refocused into observable in-phase magnetization
by simultaneous application of 180° pulses on both spins following the third /2
period. The heteronucleus magnetization is decoupled using the Waltz-16 [57]

‘sequence during the detection period of the proton magnetization.
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Figure 1.8: Pulse sequence for a standard HSQC sequence [106]. Thick solid bars
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indicate 180 ° pulses while the thin solid bars indicate 90 ° pulses. I and S are
svmbols to represent the nuclei involved (i.e. I = TH, S = 15N). The Waltz-16
sequence is used to decouple the S-spins during acquisition. The delay 1 1s set to
1/(2d1s). The phase cycling ®1, ®2, and ®R, corresponds to application of (x,-%, X,-x),

(%, X, -X, -X), and (%, -X, -X, X), respectively.

1.5.2 Heteronuclear Multiple Bond Correlation Spectroscopy

Long-range coupling NMR spectroscopy is a complementary technique to HSQC in
the structural determination of proteins. It has the advantage of providing
structural information about the connectivities of heteronuclei to the observed
resonance (usually a proton) that 1s 2 or more bonds away. Figure 1.9A shows the
pulse sequence of a general heteronuclear multiple-bond correlation (HMBC)

experiment [106]. The first 90° pulse creates 'H magnetization in the xy plane. The
36



first 90° pulse on the 15N nucleus suppresses one-bond correlations and permits
observation of long-range correlations with smaller coupling constants.
Heteronuclear multiple-quantum coherence for protons that are directly coupled to
15N nuclei are removed by phase cycling. The second 90° pulse along the 13N
dimension generates multiple-quantum coherence for long-range connectivities. The
effects of proton chemical shifts during t; are removed by the 180° proton pulse. It is
noteworthy that phase cycling of the second 90° nitrogen pulse removes proton
signals that do not contain long-range coupling information.

HMBC spectroscopy was an important technique in the investigation of the
tautomeric states of histidine residues in the signal-transduction protein, III(Glc)
[68]. Using the HMBC pulse sequence, the cross-peaks for Nyo-H;1 and Nyo-H;e of the
N.2-H tautomeric or e-tautomer state (Figure 1.9B) were observed to undergo
significant chemical shift changes during the phosphorylation of III(Glc). Figure
1.9B shows the 3 possible tautomeric states of histidine along with the
corresponding cross-peaks obtained from a 'H-1"N HMBC experiment. This suggests
that it might be possible to monitor changes in the histidine residues of the Tat
protein due to the binding of Zn(II), which may provide information on the role of

histidine residues in metal-binding.



Figure 1.9: (A) Pulse sequence for Heteronuclear Multiple-Bond Correlation
(HMBC) spectroscopy. Illustration was reprinted with permission from Homans SW
[106]. (B) A schematic diagram of the three possible tautomeric states of Histidine

and the HN cross-peaks in HMBC spectra. Illustration was reprinted with

permission from Pelton et al. [117].

38

1802
1 H ]
Acguisition 14,
a0
15 b4
N -~
,%3 ?é
1
7 e e
B
A.&tautomer B.etautomer C. promnaied His
E1 &1 ‘J&;
150
o8y T“NEQM
g. —_] H62 I:Nﬁg_....‘.‘
2200‘ HE] Hag HS] HE1 82
o
250"‘ G””’"NEZJ lN&,
8 7 6 8 7 6 8 7 8
1H ppm



1.5.3 Nuclear Overhauser Effect Spectroscopy

Nuclear Overhauser effect spectroscopy (NOESY) is a 2D method for measuring
interatomic distances by NMR and 1s used as the primary method for solving the
complete solution structure of a molecule [106]. This experiment is specifically
applied to protons whereby connectivities through space can be elucidated if the
distance between protons is within 5 Angstroms (A). Subsequently, NOE cross-peak
intensities can be translated into distance constraints for structural determination.
Figure 1.10 shows the pulse sequence for a general NOESY experiment. In the
NOESY pulse sequence, three 90° radiofrequency (r.f.) pulses are preceded by a
relaxation delay, and sepal‘é;c,e.(i by an evolution (t;) and a mixing time (A). In
general, the relaxation delay (preparation period or tp), denotes the time that
should be left between passes through the pulse sequence for relaxation to restore
the spins to thermal equilibrium [107]. Ideally, the total time of t2 and tp should be
in the range of 5 times the longitudinal relaxation time (T:). However, for
macromolecules at higher field strength, the Ti1 may become longer requiring
experimental testing to optimize tp. In order to explain the NOESY pulse sequence,
we must assume that there are two close-lying protons A and S that are not scalar-
coupled (through space coupled or dipole-dipole coupled). The first 90° pulse creates
xy magnetization by forcing the longitudinal z-magnetization of nuclei A and S
towards the y-axis. During the subsequent t; time period, the magnetization
precesses in the x’y’-plane (rotating frame) to a point where after time t; the angles

traveled by the magnetizations for A and S are Q.at: and Qst; respectively (Q4 and
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Qs are the precession frequencies of nucleus A and S, respectively) [109]. The
magnetization on the xy-plane is forced to the z-axis by a second 90° pulse.
Magnetization transfer between spins A and S occurs during the mixing period at a
rate determined by cross-relaxation or chemical exchange between the two spins.
The mixing period 1s important to NOE intensity because it allows NOE build-up. It
has been shown by Kay et al. that the mixing time dependence of the peak
intensities i1s described as an initial build-up of magnetization followed by a
transition to the maximum and ending with the decay of the magnetization [111].
Furthermore, reliable internuclear distances are obtained from the rate of the
mitial NOE build-up. A third 90° pulse forces the x'z precessing magnetization to
return to the x’y’-plane. After the third 90° pulse, each vector then precesses in the
x'y’ plane according to their characteristic Larmor frequency during to A 2D Fourier
transformation with respect to t; and ty will vield a general 2D NOESY spectrum.
Only magnetizations that were transferred between the two spins during A will
generate cross-peaks while those that fail to migrate during A will produce diagonal
peaks. It is noteworthy that some “COSY peaks”™ may appear in the NOESY
spectrum and to avoid this situation, one has to carry out phase cycling of the first

two pulses [109].
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Figure 1.10: Pulse sequence of a NOESY experiment. Solid rectangular bars
represent 90° radiofrequency pulses. The mixing period is denoted by A while t; and
t2 represent the evolution (indirect) and detection (direct) periods, respectively. It is
noteworthy that a preparation period precedes the first 90° pulse. [llustration was

reprinted with permission of Rahman et al [109].

In theory, the NOE intensity can be associated with the distance (r) between

the two 'H spins by Equation 2 [105].

NOE a 1/r6 [2]

In reality, quantitative determination of the distance measurements is inadvisable
because spin diffusion and intramolecular mobility within the macromolecule

complicate the distance measurements. Currently, the appropriate method for



quantitative distance measurement consists of recording a series of NOESY spectra

at short mixing times in order to measure the rates of cross relaxation (Ga, Cb; NOE

build up) between two spins separated by an unknown distance ra and spins
separated by a known distance 1, (e.g. methylene protons) (Equation 3). The
calculated distances are then classified in ranges (1.8 — 2.5 A, 1.8 - 3.7 A, 1.8—-5.0

A) for use in structure-determining algorithms.

Ga/0b = r6p/16, [3]

Rotating frame NOESY (ROESY) [130] has been implemented as an
alternative to NOESY in cases where the protein has a rotational correlation time
(te) such that ot = 1 (0 1s the Larmor precession frequency). In such a case, the
NOE intensity is zero. Fortunately, the ROESY is non-zero throughout the entire
range of the rotational correlation times. ROESY 1s an experiment in which
homonuclear NOE effects are measured under spin-locked conditions. Figure 1.11
illustrates the relationship between NOE intensity and the protein’s rotational
correlation time for both rotational NOESY (ROESY) (short dashed line, 500 MHz)
and NOESY (dotted line, 500 MHz; long dashed line, 300 MHz) experiments [69].
For large molecules with slow rotational correlation times, the NOE intensities in
NOESY and ROESY are close to -1.0 and 0.7, respectivelyv. For smaller molecules
with fast rotational correlation times, both experiments yield NOE intensities of
approximately 0.4. The significant difference between the NOESY and ROESY
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experiments occurs when the protein of interest falls in between the range of large
and small molecular size or alternatively, slow and fast rotational correlation times.
For the NOESY experiment, the NOE intensities are very close to zero when the
protein falls within this molecular mass regime (1. = 109 to 10-10 sec; M, = 2 kDa). In
contrast, for the ROESY experiment the NOE intensities are approximately 0.7. It
1s speculated that the Tat protein might fall within the intermediate rotational
correlation time regime because the protein is unfolded and its dynamics may
reduce the NOE intensity making the ROESY experiment a more attractive method
for structural determination. Thus, NOESY and ROESY experiments were
conducted to determine which pulse sequence would yield the most intense NOE

cross-peaks.
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Figure 1.11: Effect of rotational correlation time on NOE. The NOESY calculations
were carrted out at 500.13 (- - -) and 300.13 MHz (eee). The maximum
heteronuclear 'H-15N NOE at 500.13 MHz i1s shown by a solid line. The main
advantage of the ROESY experiment (---; 500.13 MHz) is that the NOE signal is
positive and non-zero for all rotational correlation times whereas for the NOESY
experiment the NOE may become zero at intermediate rotational correlation times.

Tllustration obtained from [36] with the permission of J. O’Neil.

1.5.4 713Cadmium NMR Spectroscopy
The naturally occurring isotope 13Cd (nuclear spin = %) is a useful metal for
probing the metal-binding properties in biomolecules [112]. In particular, 1*3Cd

NMR is a powerful method in the mvestigation of the functional roles of metal ions
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in metalloproteins. The fact that cadmium can be a substitute of the more
biologically common zinc in metallo—enzyr;les and still maintain biological activity
makes it an attractive tool for probing the structure and function of metalloproteins.
The relative sensitivity of 113Cd is comparable to that of 13C (1.59 X 10-2) with a
natural abundance of 12.26% [113]. In general, it is possible to obtain information
about changes in metal coordination, dissociation constant, and ligand exchange
dynamics through metal titration experiments with cadmium. The main advantage
of cadmium over other metals is the wide chemical shift dispersion of 113Cd that
reflects the shielding of 113Cd by its coordination ligands and spans from -100 ppm
to 850 ppm relative to the accepted reference material, 0.1 M Cd(ClOy4) [70]. It is
noteworthy that fast chemical exchange among different species of 13Cd-complex is
common due to formations of multiple interactions between ligands that are often
hydrated. The dynamic exchange between species with different coordination
geometries often leads to chemical shift averaging and line broadening.
Unfortunately, in cases where chemical exchange broadening is dominant due to
intermediate-exchange, interpretation of observed resonances becomes very
difficult.

However, there are many examples in the literature showing that '13Cd NMR
1s a very sensitive technique for determination of the coordination environment that
often leads to structural information regarding the coordination geometry of the
binding sites. The chemical shift of the 1'3Cd nucleus shows large changes that

reflect fluctuations in the ligands and coordination geometry during metal-binding
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as a consequence of the contribution from the large electron cloud of the metal.
Since upon binding to Cd(II), sulfur atoms are the mést deshielded compared to
other ligands. The 113Cd NMR shifts are particularly sensitive for the determination
of the number of sulfur donor atoms. An example of the usefulness of 1'3Cd NMR is
shown in the study of the human liver protein, metallothionein [114]. The
uniqueness of this protein stems from the fact that it contains 20 cysteine residues
out of 61 residues. 113Cd NMR spectral results show a multiplet of peaks around
600-680 ppm that originates from a four-metal cluster found within the
metallothionein-113Cd compléx. 113Cd NMR can also distinguish between the
number of thiol ligands in a protein. In a study of plastocyanin (a blue-copper
binding protein) by Engeseth et al. [115], it was shown that the observed !13Cd
chemaical shift was found to be in the vicinity of 400 ppm indicative of a single Cd-
thiolate binding site. Proteins that contain 3 or more Cd(II) binding siteé exhibit
13Cd NMR chemical shifts more downfield relative to the standard, 0.1 M Cd(ClOy).
Thus, 113Cd NMR chemical shifts were observed near 500 ppm in a study of horse
hiver alcohol dehydrogenase, in which Bobsein determined that the enzyme contains
two metal-binding sites [116]. Perhaps the factor that contributes significantly to
the sensitivity of 113Cd(1I) NMR is the type of ligands involved in cadmium-binding
rather than the number of coordinated cadmium. For instance, the more thiols
coordinated to cadmium may shift the observed peak downfield towards 600-700
ppm due to extensive deshielding of the Cd(II) resonance (see Figure 1.12). The

utility of 113Cd NMR suggests that one could use it to study the metal-binding
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properties of the HIV-1 Tat protein and to investigate whether the cysteine residues
within the cysteine-rich region are in fact playing a vital role as previously

determined by Frankel et al. [39].

LT J—.

Cd~¥

[PRE—

-8
wwwwwwwww e i N
Son &
Caleyod -
Thi-

Pa -

TS —
AP e
s
B FBGR oo
sﬂm LR
s § BV

el £

BOD ean AG oo 00O
Paris per mithion

Figure 1.12: 113Cd Chemical shift ranges for cadmium metallothioneins and

cadmium complexes. Illustration obtained from [219] with permission from Ellis

P.D.
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1.6 Ultraviolet Absorption Spectroscopy using Cd{I)

To confirm the interaction of the cysteine residues toward cadmium, the use of
ultraviolet (UV) absorption spectroscopy is conducted to provide direct evidence of
the existence of a thiolate-Cd(II) binding. In a UV absorption spectroscopic study of
the cysteine-rich protein, Metallothionein, by Vasak et al. [207] it was determined
that an increase in the absorption at 250 nm of a metallothionein-Cd(II) complex is
due to the coordination of thiolate towards Cd(II). It is noteworthy that the UV
range of interest (220-350 nm) is usually masked by the presence of aromatic
groups. The absorption increase is most likely due to ligand-metal charge transfer
(LMCT) between the sulfur atom of the cysteine (thiolate) and the Cd(II) [208].
Although, UV absorption spectroscopy can provide essential information about the
thiolate-Cd(II) environment, such as metal to protein stoichiometries [209], it is an
inefficient method for the determination of metal-sulfur bond length, coordination
geometry, and overall structure. Thus, further investigation of the protein-Cd(II)
interaction with NMR and CD spectroscopy will be required. Here, UV
spectroscopy is used to investigate the interaction of the cysteine-rich region of HIV-
1 Tat to Cd(II) in hopes of retrieving information about the protein’s metal-binding

environment.
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1.7 Goals of the Research

One of the goals of this research was to characterize the structural changes of a
recombinant HIV-1 Tat protein in the presence of Zn(II) and Cd(IIl) using CD
spectroscopy. Another goal of this research was to obtain structural information
regarding which regions within the Tat protein were essential for metal
coordination using multinuclear NMR spectroscopy. The application of 'H-15N
HSQC NMR allows one to probe the change in Tat’s backbone conformation as a
direct influence of the coordination with Zn(II). Using 113Cd NMR, we hope to
determine the binding affinity of the Tat-Cd(II) complex, as well as, to characterize
regions of the protein that were directly involved in metal-binding. The goal of
conducting UV absorption spectroscopy on the Tat-Cd(II) complex was to determine
if the Cys-rich region of the HIV-1 Tat protein was essential for metal-binding.
Ultimately, the main goal of this research was to investigate the metal-binding
mteraction of the HIV-1 Tat protein in order to determine the coordination
geometry, binding affinity, overall structure, and whether or not the Tat protein

forms a dimer in the presence of Zn(II) or Cd(II).



2. Materials and Methods

2.1 Plasmid Construction

The Tat expression system was developed and optimized by Dr. Gillian Henry using
the plasmid pSV2tat72 donated by Dr. Alan Frankel through the AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH [118]. Using the
polymerase chain reaction (PCR), the plasmid pSV2Tat72 was used as a template
for the amplified DNA sequence containing the Tat exon 1 gene. The gene was then
removed and ligated into the expression vector pET28b(+). The expression vector
contains an N-terminal Hisg plus T7 tag. The pET28Tat plasmid was subsequently
mcorporated into E. coli BL21(DE3)pLysS cells for expression of the 72 amino acid

His-tag Tat protein.

2.2 Expression of Unlabeled Tat in E. coli

An overnight culture (50 ml) of E. colt was diluted 1:100 into a 1 L baffled flask
containing modified Terrific Broth (TB) (Sigma, St. Louis, MO) medium
supplemented with glycerol (0.8%), chloramphenicol (34 pg/ml), and kanamycin (30
pg/ml). Cells were grown at 37 °C until an OD at 600 nm of 0.6-0.9 and induced with
60 mg of isopropyl-pf-D-thiogalactopyranoside (IPTG) (Sigma, St. Louis, MO).

Following induction, the cells were grown for 5 hours, harvested by centrifugation
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(2,607 g) (GSA-Sorvall RC-5B, Du Pont Instruments, Waltham MA), resuspended
into an extraction buffer (100 mM sodium phosphate, pH 7.2, 10 mM Tris-HCI, and

10 mM TCEP), and stored at -70 °C until needed.

2.3 Expression of Labeled 1’N-Tat in E. coli

A 50 ml E.coli culture grown overnight at 37 °C in TB medium supplemented with
chloramphenicol (34 pg/L) and kanamycin (30 pg/L) was evenly divided into 4-1 L
baffled flasks containing TB media. Each 1 L culture was grown at 37 °C to an OD
of 0.6-0.9, cooled in an ice-bath for 15 minutes, and the cells harvested by
centrifugation at 2,607 g for 15 minutes. The cell pellets were washed twice with
100 ml of phosphate buffer (42.2 mM sodium phosphate, 22.0 mM potassium
phosphate, pH 7.5, 86 mM sodium chloride), pooled, and transferred into a 1 L flask
containing M9 minimal medium (Table 2.1) supplemented with 34 pg/L
chloramphenicol and 30 pg/L. kanamycin. The 15N-labeled ammonium chloride
[15NH4C1 99%, Cambridge Isotope Laboratories, Inc.] was incorporated into the M9
minimal medium by dissolving 1 g with 100 ml double-deionized water (ddH20)
followed by the addition of the remaining ingredients. Double-deionized water was
obtained by passing the Parker building reverse osmosis water through a Barnstead
Nanopure II system for removal of minerals through deionization. The 1 L M9-
medium culture was induced with 240 mg of IPTG and grown for 5 hours. The cell

pellets were harvested by centrifugation at 2,607 g (GSA-Sorvall RC-5B, Du Pont
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Instruments, Waltham MA) for 15 minutes, resuspended in extraction buffer, and

stored at -70 °C until needed.

Table 2.1: M9 Minimal Medium ingredients obtained from [119]

Component mM
Na:HPO, 42.3
KH2PO, 22
NaCl 8.5
NH,Cl 12.8
EDTA 1.3x10
FeCl; 5.1x102
ZnCly 6.1x10-3
CuCly 9x10-3
CoCly 6.0x103
HsBO3 1.6x103
MnCl 1.2x10
CaCly 1
MgSO, 0.3
Glucose 11.1
Biotin 4.1x103
Thiamin 3.7x103
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2.4 Purification of His-tagged Tat

The bacteria were lysed by applying 2 freeze-thaw cycles and sonication. Small
amounts of ribonuclease I (RNAse I) (Sigma, St. Louis, MO) and deoxyribonuclease
I (DNase I) (Sigma, St. Lows, MO) were added to reduce the viscosity of the extract.
The supernatant was collected after centrifugation at 10000 g for 30 minutes (5S34-
Sorvall RC-5B, Du Pont Instruments, Waltham MA) and the protein was purified
by metal affinity chromatography. Chromatography was performed with a 4 ml
TALON Superflow metal affinity resin (CLONETECH) column stored in 20 %
ethanol. Column preparation was initiated by washing with five column volumes
(CV) of ddH20 followed with 10 ml of 300 mM sodium chloride. This step was
required to remove any loosely bound metal ions. The column was subsequently
washed with five CV of ddH»O and then equilibrated with seven CV of equilibration
buffer (100 mM sodium phosphate, 10 mM Tris-HCI, pH 7.2, 6 M guamidine-HCI, 10
mM TCEP). The pH of the supernatant containing Tat was adjusted to 7.2 with
ammonium hydroxide and directly loaded onto the column. After loading the
sample, the column was washed with five CV of equilibration buffer. Seven CV of
washing buffer (50 mM sodium phosphate, pH 6.4, 6 M guanidine-HCl, 10 mM
TCEP) was then applied to the column to remove any loosely bound protein. Finally,
bound Tat was eluted by addition of four CV of elution buffer (50 mM sodium
acetate, pH 4.0, 6 M guamidine-HCl, 10 mM TCEP). Guanidine-HCI] and TCEP were

removed by dialysis at room temperature. Standard acetic acid solutions for dialysis
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were prepared by dilution of stock glacial acetic acid into 3-1 L volumes of water to
produce three buffers with concentrations of 0.1 M, 0.05 M, and 0.01 M acetic acid.
All dialysis buffers were degassed and purged with Argon. The eluted Tat solution
was collected in 1.5 ml eppendorf tubes for a total of 10 fractions. Only tubes that
showed brown coloration were pooled, transferred into 30 cm of cellulose dialysis
tubing (MWCO = 1000 Dalton) (Fisher), and allowed to equilibrate with each acetic
acid buffer for 4 hours. A final dialysis with 1 L of ddH2O for 4 hours was used to
remove any residual salt and most of the acetic acid. 100 pl of the final purified Tat
solution was diluted with 900 ul of ddH»O, which was subsequently used to
determine protein concentration by UV absorption spectroscopy (¢ = 9090 M-'em-?).

The remaining Tat solution was freeze-dried (Virtis Freezemobile 5SL).

2.5 Alkylation of the Cysteine-rich Region of Tat

Blocking of thiols by alkylation was carried out with iodoacetamide. Tat protein (1
mg) was dissolved in extraction buffer (10 mM Tris-HCl, 10 mM TCEP, 6 M
Guanidine-HCl) at pH 8.5. Iodoacetamide (20 mM) was added to the protein
solution and allowed to react for 1 hr. Alkylated Tat protein was purified by metal-
affinity chromatography followed by dialysis to remove excess 1lodoacetamide,
guanidine-HCl, and TCEP, as described above. Alkylated Tat protein was freeze-

dried (Virtis Freezemobile 5SL).
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2.6 Circular Dichroism Spectropolarimetry

Circular dichroism (CD) spectra were recorded on samples in a 100 pm path length
cylindrical cuvette from 240 to 180 nm on a Jasco model J-810 spectropolarimeter at
room temperature. Test samples with Tat protein concentration of 0.2 mM were
prepared in a solution containing 10 mM acetate and 10 mM Tris-HCI at pH 4.0.
Data were collected at a rate of 2 nm per min. The CD spectra were analyzed to
determine if Tat possesses any intrinsic secondary structure and to determine the
effects of pH, Zn(I), and Cd(I) on Tat’s conformation. The CD instrument’s
intensity and wavelength were calibrated with (+)-10-camphorsulphonic acid (4.3
mM) [120]. All CD spectra were subtracted from the baseline containing 10 mM

acetate/Tris-HCI buffer.

2.6.1 pH Titration of Tat by CD

Briefly, 400-500 uM of Tat protein were dissolved in 0.5 ml of 10 mM acetate/Tris-
HCI buffer at pH 4.0 and titrated with increasing aliquots of diluted ammonium
hydroxide. The solution was allowed to equilibrate for 15 minutes prior to CD
spectrum acquisition. The spectral range was from 185 to 240 nm at room

temperature.



2.7 SDS Polyacrylamide Gel Electrophoresis

SDS-PAGE was performed with the Laemmli System [121] on a SE 260 Mini-
Vertical Unit (Hoefer Pharmacia Biotech). Stacking and separating gels were
prepared with 125 mM Tris-HCI (4% w/v polyacrylamide, pH 6.8) and 375 mM Tris-
HCI (12.5% w/v polyacrylamide, pH 8.8) buffers, respectively, both containing 0.1 %
w/v SDS. The electrophoresis running buffer was prepared with 0.025 M Tris-HCI,
0.192 M glycine, 0.1% w/v SDS, at pH 8.3. Freeze-dried Tat protein (2 mg) was
solubilized with 500 pl of acetate buffer at pH 4.0, mixed with an equal volume of
2X sample treatment buffer, and heated for 30 minutes in boiling water at 100 °C.
Pre-Stained Protein Markers (10 ul) (Fisher BioReagents) were used as standards
for determination of molecular weight for separated protein (B-galactosidase, 118
kDa; Bovine serum albumin, 85 kDa; Ovalbumin, 47 kDa; Lactate dehydrogenase,
36 kDa; B-lactoglobulin, 26 kDa; Lysozyme, 20 kDa). After electrophoresis, proteins
were stained with Coomassie stain solution (0.025% Coomassie Brilliant Blue R-
250, 40% methanol, 7% acetic acid) for 4 hours, and the gel was subsequently
transferred into a destaining solution (40% methanol, 7% acetic acid), and left
overnight. Inmitially, protein solutions were boiled to approximately 100 °C in a water
bath heated with a Bunsen burner. However, realization that the Tat protein is
disordered led to future avoidance of heat denaturation prior to loading onto the
gels. The low pH prevents the protein solution from aggregation. 10 mM of tris(2-

carboxyethyl)phosphine was subsequently added to the protein solution.
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2.8 Nuclear Magnetic Resonance (NMR) Spectroscopy

2.8.1 Heteronuclear Single Quantum Correlation Spectroscopy

Standard 2D gradient sensitivity-enhanced 'H-15N Heteronuclear Single Quantum
Correlation (HSQC) (obtained from the Varian BioPack pulse sequence database
and originally from [122]) spectra of uniformly 15N-labeled Tat were acquired on a
600 MHz Varian INOVA spectrometer equipped with a triple resonance probehead.
NMR samples were prepared with 0.5-1.0 mM 15N Tat in 600 ul of NMR buffer (10
mM acetate-d,, pH 4.0, 5% D20, 80 pM sodium sulfite, 0.02% sodium azide) at 293
K. Sample preparation and subsequent Zn(II) additions were conducted under an
anaerobic atmosphere by degassing and then purging the NMR tube with argon
prior to NMR spectrum acquisition. 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
was used as an internal standard for chemical shift referencing. The Wishart
method was used for referencing to water [123]. A total of 128 scans were signal
averaged for every 256 complex t; points with acquisition times of 107 ms. The
transmitter frequencies for 'H and N were set to 599.8 and 150.8 MHz,
respectively. Sweep widths for the direct and indirect dimensions were set to 7196
Hz and 2187 Hz, respectively. Prior to Fourier transformation in the indirect
dimension, spectra were processed with the following parameters: they were
apodized using a squared cosine bell function; zero filled to twice the data set size,

and Zhu-Bax linear predicted [131]. The data were processed and analyzed with



Spin Works 3.0 (Marat, K. University of Manitqba, Canada), NMRPipe [124], and
Sparky [125]. |

For the zinc titrations, it is noteworthy that the dilution effect can be ignored
due to the fact that 5 pL of the ZnSOy solution was added to 600 pL of Tat sample
during each titration point prior to NMR data acquisition. Thus, dilution of the Tat

protein per titration step reduces the concentration to 0.9917 of its original value.

2.8.2 Heteronuclear Multiple-Bond Correlation Spectroscopy

TH-1N Heteronuclear Multiple-Bond Correlation (HMBC) [128‘\] spectra were
measurcd to detect the correlation between 'H and !N through 2Jnu coupling
within the imidazole ring of the histidine residues. Two-dimensional 1H-15N HMBC
spectra were acquired on !3N-labeled Tat at concentrations of 0.5-1.0 mM in 600 pl
of NMR buffer in the presence and absence of Zn(II) at pH 4.0. The relaxation delay
and 15N gpectral width were set to 1.0 s and 140 ppm, respectively. A total of 128
scans were averaged for every 256 t; complex points with acquisition times of 106.5
ms. The sweep widths for the direct and indirect dimensions were set to 5996 Hz (10
ppm) and 85071 Hz (140 ppm), respectively. Prior to Fourier transformation in the
indirect dimension, spectra were processed with the following parameters: they
were apodized using a squared cosine bell function and zero filled to twice the data
set size. In addition, a long-range J-coupling constant of 6.0 Hz was used as an

average for setting the refocusing delay time of 41.6 milliseconds. The data were
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processed and analyzed with Spin Works 3.0 (Marat, K. University of Manitoba,

Canada), NMRPipe [124], and Sparky [125].

2.8.3 Nuclear Querhauser Effect Spectroscopy

Two-dimensional NOESY [127] spectra were acquired on an unlabeled Tat (0.5-1.0
mM) sample in 600 pl of NMR buffer. Signal optimization was conducted by
acquiring NOESY spectra with varying mixing times of 50, 100, 150, 200, 300, and
400 ms. Rotating frame NOESY (ROESY) [130] spectra were recorded with a
mixing time of 200 ms to investigate the rotational correlatién time of Tat through
peak intensity comparison with NOESY results. The Watergate [129] pulse
sequence was applied to both NOESY and ROESY experiments to suppress the
solvent signal. Zero-filling to twice the data set size and apodization of the spectra
using a squared cosine bell function were carried out prior to Fourier
transformation. The spectral width was set to 5996 Hz (10 ppm). The data were
processed and analyzed with Spin Works 3.0 (Marat, K. University of Mani.toba,

Canada), NMRPipe [124], and Sparky [125].

2.8.4 113Cadmium NMR Spectroscopy
113Cd NMR spectra were obtained on a Varian 600 MHz spectrometer equipped with
a tunable broadband probehead with the resonance frequency set to 133 MHz. The

NMR sample was prepared by dissolving 1.82 mg of lyophilized Tat in 700 ul of D20

59



NMR buffer (10 mM acetate-ds, 80 pM sodium sulfite, 0.02% sodium azide, 100%
D20) at pD 5.0 followed by titration with 1, 2, 4, 6, 8, 10, and 20 mole equi\;alents of
113CdCle (113CdCle, 93.53 % Cambridge Isotope Laboratories, Inc.). The pD of the
113Cd NMR solution was determined by using the equation pD = pH + 0.40 [126].
The NMR protein sample was prepared under anaerobic conditions by degassing
and purging the NMR tube prior to data acquisition. A small amount of Tat NMR
solution [100 ul] was set aside for determination of protein concentration by UV
absorption spectroscopy. All 113Cd NMR spectra were referenced relative to 0.1 M
Cd(ClO4)2. Acquisition parameters for direct detection of 113Cd were as follows: a
relaxation delay of 0.5 s was used, the sweep width was set to 100,000 Hz (751.9
ppm), and 40,000 free induction decays were acquired. The acquisition times were 2

hrs and 20 seconds.

2.8.4.1 Mathematica Calculations for Binding Affinity

Using a well established software program, Mathematica (2008, Wolfram
Research, Inc.), the binding affinity of the Tat protein towards Cd(II) can be
determined by non-linear Ileast-squares fitting to a binding equation. The
underlying assumption that has to be made in order to accurately determine the
metal dissociation constant (kp) is that the concentration of the protein has to be
significantly less than the kp [213]. Under this condition, the concentration of the
Cd{I) bound to the protein will be only a small fraction of the total Cd{I)

concentration. Thus, the concentration of free Cd(Il) is approximately equal to the
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total concentration of Cd(II) added ([Cd]istal = [Cd]ree + [Cdlbound). It is noteworthy
that the concentration of the protein (300 uM) is kept constant while the metal is
titrated over a range (1-20) of mole equivalents. This permits the use of a simplified

equation for determining the binding affinity (Equation 4)

[AB] __ [B]
[AlTotal [B]+ Kp

The [AB] denotes the concentration of Tat-Cd(II) complex, while [A] and [B] denote
the concentration of the Tat protein and Cd(II) f., respectively. Under this equation
one can plot the fraction bound ([AB]/[A]lrota) against the concentration of [B] and
determine the kp. Figure 2.1 shows a model hyperbolic curve defined by Equation 4
that indicates that the kp is the concentration of [B] at exactly half the fraction
bound (0.5). The assumption here is that the change in 113Cd NMR chemical shift at
each metal titration point is an indication of protein-metal binding. Furthermore,
the change in chemical shift increases at each point suggesting more protein is
binding to the metal. For the 113Cd NMR data, we fit the total metal concentration

against the change in chemical shift to a single binding equation (Equation 5):

y=0C— (¢ — C] [5]
where,

r= [B] Total
[Blrotar + Kp
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The C; and C, denote the 113Cd chemical shift at saturation of the binding sites and
at zero metal concentration, respectively. It is noteworthy that Equation 5 is
derived from a study by Battle et al. [214] on the binding affinity of a protein-RNA

interaction.
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Figure 2.1: Model for the binding curve showing the kD 1s defined as the

concentration of B at which the fraction bound is 0.5. Illustration was reprinted

with permission of Goodrich et al. [165].
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2.9 Cadmium Titration by Ultraviolet Absorption Spectroscopy

Metal-binding experiments of apo-Tat with 0.5-2.0 molar equivalent additions of
Cd(II) were recorded at room temperature on a Varian CARY13E UV-Visible
spectrophotometer using a 1 cm quartz cuvette. All UV spectra were recorded with a
scan rate of 30 nm min! from 330 to 230 nm. Tat protein [16 uM] was dissolved in
1 ml of degassed acetate buffer [10 mM] at pH 4.5. For Cd(II) titrations, aliquots of
10 pl of Cd(I) [800 uM] were added prior to each acquisition. The UV absorption

spectrometer was blanked with 10 mM acetate buffer at pH 4.5.
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3. Results

3.1 Protein Expression, Purification, and Protein Concentration

The growth of E. coli cells containing recombinant Tat plasmid was initially
monitored by measuring the ODgoonm using a Klett-Summerson Photoelectric, which

correlates the turbidly of the sample to the cell concentration.
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Figure 3.1: Growth curve for E. coli cells measured at 600 nm in 30 min intervals at

37 °C.

In Figure 3.1, the observed time course of bacterial growth follows a sigmoidal
curve, which consists of three phases: lag, exponential, and stationary. The lag
phase takes place from 0 to 60 minutes, during which only a small increase in the
optical density is observed. Between 60 and 240 minutes, the population enters the

log phase whereby the cell number increases in a logarithmic fashion. The
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stationary phase occurs from 240 to 440 minutes, during which the rate of bacterial
growth plateaus. Tat protein synthesis is usually induced with isopropyl-“D-
thiogalactopyranoside (IPTG) in early to mid-log phase corresponding to an optical
density (OD) at 600 nm of 0.6 [140]. Determination of an E. coli growth curve, and
the rate of bacterial growth during the log phase, is helpful for determining when a
given culture should be induced based on ODgyonm measurements of cultures.

Typically, 10 grams of E. coli cells are harvested per litre of TB medium.

3.1.1 Protein Purification via Cobalt Metal-affinity Chromatography

The recombinant Tat protein contains an N-terminal His-tag that allows
purification via cobalt metal-affinity chromatography [Figure 3.2]. Following cell
lysis and separation of cell membrane components from the cytoplasmic
components, cell lysate 1s added to the metal-affinity column. Proteins that contain
the His-tag will bind to the cobalt at pH 7.2 and subsequently elute with elution
buffer at pH 4.1. Based on experience, fractions that contain Tat protein are brown
in color and are pooled and dialyzed to remove TCEP and guanidine-HCl. The
appearance of the brown coloration is likely due to the presence of loosely bound
cobalt to the Tat protein. The freeze-dried Tat protein appears white suggesting

that the bound cobalt is substantially removed during dialysis.
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Figure 3.2: Interaction between the cobalt metal-affinity column (A) to the

1midazole ring of the Hisg-tag (B) [210].

Despite the positive effects of the His-tag as previously mentioned, removal of the
affinity tag is desirable to prevent unpredicted structural changes in order to study
the protein in its physiological conformation. However, attempts at removal of the
His-tag using thrombin have been unsuccessful possibly due to the presence of an

internal thrombin cleavage site between Lys-61 and Ala-62 [141].

3.1.2 Ultraviolet Absorption Spectroscopy of HIV-1 Tat

The measurement of protein yield is carried out using ultraviolet (UV) absorption
spectroscopy at 280 nm and the Beer-Lambert Law. Following dialysis of purified
Tat protein, 100 pl of the protein solution is diluted with 900 pl of water and a UV
absorption spectrum is collected. In Figure 3.3, the spectrum of Tat shows the

characteristic shoulder band at 290 nm and a strong band at 280 nm corresponding
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to tryptophan absorption. Furthermore, the absence of light scattering in the
spectrum suggests that the Tat protein is in a reduced monomeric form. The Tat
protein concentration is determined by using the absorbance measurement at 280
nm and the molar extinction coefficient of the protein (¢ = 9090 M-'cm1). Typically,

5 mg of the Tat protein is purified per litre of E. coli cell culture.

UV Absorption of HIV-1 Tat

0.5
0.45
0.4
0.35
0.3
0.25

0.2 e :sifff.&':"f, ”5";““k . :
240 250 260 270 280 290 300 310
Wavelength {(nm)

Absorbance

Figure 3.3: UV Absorption spectrum of HIV-1 Tat (0.473 mg/ml) taken from 240 nm

to 310 nm. The solvent blank is water.



3.2 SDS-PAGE Analysis

3.2.1 Analysis of Tat Fractions from Cobalt Metal-affinity Column.

SDS-PAGE is a well-established technique for investigating the cross-linking
properties of proteins containing multiple cysteine residues. Although the Tat
protein is in a reduced monomeric form at pH 4.1, it is very likely to form oligomers
via intermolecular disulfide-bond formation at pH above 6 or in aerobic or non-
1'educin_g conditions. Tat protein fractions from cobalt metal-affinity
chromatography were analyzed by SDS-PAGE. Figure 3.4 shows an SDS-PAGE
electrophoregram of fractions 1-4 eluted from the resin. Lane 1 shows the protein
molecular weight markers. In lane 2, no bands are observed in fraction 1 indicating
that the Tat protein has not eluted yet. In lanes 3 (fraction 2) and 4 (fractions 3 and
4), an 1intense band with an apparent molecular mass of 17 kDa is observed
suggesting the Tat protein i1s in a predominantly reduced monomeric form. The
discrepancy between the theoretical molecular mass of 10 kDa and an apparent
molecular mass of 17 kDa observed on the SDS gel is likely due to the Tat protein
having an overall high positive charge of +25.2 at pH 4.0 [142]. This high net
positive charge leads to the retardation of the protein’s electrophoretic mobility.
Interestingly, additional fainter bands are observed in lanes 3 and 4 of Figure 3.4
mdicating proteins with higher apparent molecular mass than the Tat monomer

suggesting the presence of small amounts of Tat oligomers or possibly protein
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mmpurities. Because of the observation of similar bands, SDS-PAGE has not been

used routinely to establish the purity of Tat protein preparations [141].
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Figure 3.4: Coomassie Blue-stained SDS-PAGE electrophoregram identifying Tat
protein from each fraction collected from the cobalt metal-affinity column shown in
Figure 3.2. Standard protein marker (10 pl) is added to lane 1. Lanes 2 and 3 show

fractions 1 and 2, respectively. Lane 4 shows fractions 3 and 4 pooled.
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3.2.2 Analysis of the Effect of TCEP on Tat

To determine the nature of the multiéle bands observed on the polyacrylamide gel
shown in Figure 3.4, SDS-PAGE of the same samples was done in the presence of
TCEP. TCEP is a powerful reducing agent used in the purification of Tat [132] that
allows the formation of reduced monomeric Tat by preventing disulphide ecross-
linking. Although TCEP has been shown to be an excellent reducing agent in SDS-
PAGE sample preparation buffer at low pH, at neutral pH it requires the presence
of 6 M guanidine-HCI to prevent the formation of a Tat-TCEP precipitate. In Figure
3.5, lane 1 shows the protein molecular weight markers. In lane 2, corresponding to
fraction 1, no bands are observed. In lane 3, column fraction 2 shows the
monomeric Tat band at 17 kDa along with multiple higher molecular weight bands
indicating formation of Tat oligomers or protein impurities. Furthermore, an
intense band is observed at the top of the stacking gel for lane 3. Lane 4 contains
fractions 3 and 4 and is very similar in appearance to lane 3. Lanes 5 and 6 contain
the same material as lanes 3 and 4, respectively, except that 10 mM TCEP was
added. TCEP nearly eliminates all of the high molecular weight bands in lanes 3
and 4 leaving a predominant band at 17 kDa indicating the reduction of oligomeric
Tat to the monomeric form and confirming the high purity of the protein
preparation. This experiment also shows that SDS-PAGE is a useful tool for the
analysis of Tat protein as long as a strong reducing agent such as TCEP is included

in the protein solution.
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Figure 3.5: SDS-PAGE results of Tat protein fractions collected from a cobalt metal-
affinity column. Fractions 1 and 2 from the column are present in lanes 2 and 3,
respectively. Fractions 3 and 4 were pooled and added to lane 4. Lanes 5 and 6 are
duplicates of lanes 3 and 4, respectively, except for the addition of TCEP (10 mM).

Lane 1 contains standard protein markers (10 pl).
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3.2.3 Determining the Optimal Concentration of TCEP

Figure 3.5 shows that 10 mM TCEP affords nearly complete- reduction of Tat
disulphides. To determine if higher concentrations of TCEP can eliminate the
remaining oligomerized protein observable on the electrophoregram, electrophoresis
of Tat protein was done on samples containing a range of concentrations of TCEP.
Figure 3.6 illustrates an SDS-PAGE electrophoregram of Tat protein in the
presence of TCEP (added to the sample prior to electrophoresis) at concentrations
ranging from 1 to 100 mM. In lane 3, corresponding to the Tat protein in the
absence of TCEP, multiple bands are observed suggesting the formation of Tat
oligomers. In the presence of 1 mM TCEP (lane 4), the multiple bands
corresponding to Tat oligomers are observed to become less intense relative to those
in lane 3. In lane 5, a further decrease in intensity of the Tat oligomers is observed:
upon addition of 5 mM TCEP, however it must be noted that the total amount of
protein appears to be lower than in lanes 3 and 4. At a TCEP concentration of 10
mM [lane 6], a predominant band at 17 kDa is observed suggesting a pronounced
reduction of oligomeric Tat to the monomeric form. Interestingly, in lane 7 (at a
TCEP concentration of 12.5 mM) a fainter monomeric Tat band is observed with
apparent molecular weight of 17 kDa but all the higher molecular weight oligomers
have been eliminated. Doubling the TCEP concentration to 25 mM (lane 8) shows
the monomeric Tat band migrating at a slightly higher MW relative to the monomer
Tat bands in lanes 3 — 7. In lanes 9 and 10, the monomeric Tat band is observed to

be less intense and migrates at a significantly higher MW. The decrease in intensity
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of the monomeric Tat band at TCEP concentrations above 10 mM might be due to
precipitation of the protein by TCEP. A plausible explanation for the observati(.)n of
higher MW monomeric Tat band i1s that a solution containing a very high
concentration of acidic TCEP may cause a decrease in the pH of the stacking gel
from pH 6.8. The rationalization of the pH effect of TCEP is substantiated by
measuring the pH of a Tat protein solution before and after the addition of TCEP.
After addition of 100 mM TCEP to a Tat protein solution [0.475 mM)], the pH is
observed to be 1.91, which is a significant decrease from pH 4.0. This may affect the
ability of the stacking gel to concentrate the protein solution prior to running
through the resolving gel as compared to the Tat solution without TCEP. The
inability of the Tat solution to be stacked likely explains the observation of a

broadened, higher MW monomeric Tat band.
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Figure 3.6: SDS-PAGE analysis of Tat in the presence of increasing concentrations
of TCEP. Lanes 1 and 2 contain standard protein markers (10 ul). Lane 3 contains
Tat protein (0.475 mM) in the absence of TCEP and serves as a control. TCEP was
added to Tat protein prior to electrophoresis at concentrations of 1 mM (lane 4), 5
mM (lane 5), 10 mM (lane 6), 12.5 mM (lane 7), 25 mM (lane 8), 50 mM (lane 9), and

100 mM (lane 10). Note that the stacking gel is missing from the above SDS gel.
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3.2.4 Analysis of Alkylated Tat

Above pH 4.5, the Tat protein precipitates from solution forming disulphide cross-
linked oligomers. In order to understand the folding and dimerization of Tat above
pH 4.5, a study of the redox reactivity of the cysteine residues was initiated.
Initially, the reactivity of the protein towards iodoacetamide was examined as a
mechanism for quenching the oxidation of the cysteine residues. The ultimate goal
was to study the reactivity of disulfide bond formation in hope of revealing a
possible folding of the protein in an oxidizing environment. Alkylation of the
cvsteine residues was performed using 100 mM iodoacetamide for 6 hrs. For these
studies, SDS-PAGE is used as the primary tool for the analysis of the Tat oligomeric
state. Figure 3.7 is an electrophoregram of the same amounts of untreated and
alkylated Tat. In lane 2, a predominant band at 17 kDa is observed accompanied by
a fainter band at 28 kDa indicating the presence of Tat dimers. Faint bands at
higher M, are indicative of higher oligomers of the protein. Lane 3 shows the result
of alkylating Tat protein, in which a single intense band at 17 kDa is observed with
very little oligomer. Comparing the monomeric band of Tat in lane 2 and that of
alkylated Tat in lane 3 reveals a significant difference in intensity suggesting that
the iodoacetamide prevents the formation of Tat oligomers during electrophoresis

and 1s evidence of successful protein alkylation.
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Figure 3.7: SDS-PAGE analysis of Tat and alkylated Tat protein. Lane 1 contains
the standard protein markers (10 pl). Lane 2 contains Tat protein and serves as a
control. Lane 3 contains alkylated Tat protein. Alkylation of the Tat protein was

carried out with 100 mM iodoacetamide for 6 hrs.



3.3 Circular Dichroism

3.3.1 Deconvolution of the CD Spectrum of HIV-1 Tat

CD is an excellent method for determining protein conformation in solution by
measuring the difference in absorbance for left- and right-handed -circularly
polarized Light [133]. Typically, measurements are carried out in the far-UV region
of the spectrum (180-240 nm), as the amide chromophore (peptide bond) absorption
probes the protein secondary structure. In Figure 3.8, the far-UV CD spectrum of
the Tat protein at pH 4.17 shows a strong negative band at 199 nm and a much
weaker negative band at 225 nm, suggestive of a random coil conformation [133,
143]. It is noted that strong light absorption is observed at wavelengths below 183

nm (not shown) and giving rise to noise in the CD signal.
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Figure 3.8: Far-UV CD spectrum of HIV-1 Tat at room temperature. Tat protein
concentration was 173 puM dissolved in 10 mM acetate buffer at pH 4.17. An
algorithm taken from the web-based program Dichroweb was used for deconvolution

of the Tat CD spectrum [145]. The CD spectrum was baseline subtracted using a
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A large number of computer-based algorithms are widely used today to
predict the secondary structural content of a protein based on comparison of
experimental CD data to well established reference databases. A web-based
program, Dichroweb, is used here to determine the percentages of alpha-helix, beta-
sheet, and unordered structure >0f the Tat protein [136]. In Table 3.1, deconvolution
of the CD spectrum of apo-Tat at pH 4.17 using three different algorithms show
that on average, the protein is mainly composed of disordered secondary structure
(35.3 %), followed by 22.6 % of B-turns, and the remainder is made up of B-strand 1
(13.0%) and 2 (11.2%). Interestingly, all three algorithms agree that the Tat
protein is predominantly_ disordered and does not contain a significant amount of o-
helical structure, which contradicts some of the literature NMR data of the HIV-1
Tat protein [144}. The high content of B-turns and B-sheet is not surprising. At low
pH the highly basic protein may contain regions of polypeptide with an extended
backbone conformation resembling that of a B-sheet. In addition, B-turns are often
observed in disordered proteins and are thought to be in equilibrium with B-strand,

disordered, and polyproline II helix (135).



Table 3.1: Predicted secondary structure content of HIV-1 Tat through

deconvolution using the web-based program Dichroweb.

Algorithm | Helix 1 Helix 2 Strand 1 Strand 2 Turns Disordered Total
CDSSTR 0.000 0.030 0.230 0.120 0.230 0.360 0.970
SELCON3 0.024 0.047 0.140 0.100 0.209 0.346 0.866
ContinLL 0.014 0.072 0.021 0.117 0.238 0.350 1.000
Average 0.013 0.050 0.130 0.112 0.226 0.352 0.945

3.3.2 Effects of pH on Tat CD Spectra

The HIV-1 Tat protein structure was shown above to adopt a predominantly
random coil conformation (with 35.2 % disordered structure) in 10 mM acetate
buffer at pH 4.17 by CD spectropolarimetry and this agrees with the results of an
earlier study that used multinuclear NMR spectroscopy to 'st.udy the protein at the
same pH [26]. However, several NMR analyses of the protein at higher pH have
suggested that Tat has a condensed globular structure with significant alpha helix
content [54, 144]. To determine the conformation of HIV-1 Tat at physiological pH,
a pH titration experiment with ammonium hydroxide was conducted. Figure 3.9A
shows CD spectra of Tat protein from pH 4.17 to 8.06. At low pH Tat exhibits a
typical random coil conformation, as evidenced by weak and strong minima at 220
nm and 198 nm, respectively [133]. The band at 199 nm is significantly diminished
1n intensity as a function of increasing pH between pH 4.51 and 8.06, whereas the
band at 220 nm is only slightly diminished. Figure 3.9B, shows a linear decrease in

mtensity measured at 199 nm from pH 4.51 to 7.51. However, the loss in ellipticity
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1s likely due to Tat protein dilution at higher pH values. Figure 3.9C shows that as
the pH values .increase from 4.17 to 8.06, the absorbance measured at 199 nm
decreases linearly, suggestive of protein dilution from the addition of ammonium
hydroxide. Precipitation of the Tat protein is ruled out due to the absence of a
scattered light spectrum. Another consideration is that during the pH measurement
of the Tat protein solution, small amounts of the positively charged protein may
stick to the negatively charged pH glass electrode. Figure 3.9D shows the CD
spectrum of Tat at different pH values corrected for dilution making use of the
measured absorbance changes. Clearly, raising the pH of the Tat solution imposes a
dramatic secondary structural change as evidenced by the significant decrease in
ellipticity. Especially noteworthy is the observation of a lack of any isodichroic point
1n the overlaid spectra.

To determine the meaning of the decrease in ellipticity at higher pH values,
deconvolution of the Tat protein at pH 8.04 was carried out to characterize the
change in conformation as a function of pH. Table 3.2 shows the deconvolution
results of the Tat protein at pH 8.04 using the web-based Dichroweb. The average
of all three different algorithms shows that the Tat protein is primarily made up of
disordered secondary structure (32.0%), followed by 25.5% p-turns. The remaining
structural composition of the protein consists of 25.7% of B-sheet and 17.2% of a-
helical. In Table 3.3, the comparison between the secondary structure percentage of
Tat at pH 4.0 and 8.04 shows a decrease in disordered structure by 3.2% followed by

an increase in a-helical and B-content (B-turns + B-sheets) structures by 10.9% and
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4.4%, respectively. Based on the analysis of the secondary structural content of

HIV-1 Tat, the protein is becoming more ordered at higher pH values.

Table 3.2: Predicted secondary structure content of HIV-1 Tat at pH 8.04

through deconvolution using the web-based program Dichroweb.

Algorithm | Helix 1 Helix 2 Strand 1 Strand 2 Turns Disordered Total
CDSSTR 0.090 0.110 0.180 0.110 0.240 0.280 1.010
SELCON3 0.058 0.104 0.170 0.116 0.240 0.312 1.000
ContinLL 0.053 0.100 0.088 0.108 0.285 0.367 1.001
Average 0.067 0.105 0.146 0.111 0.255 0.320 1.004

Table 3.3: Comparison between secondary structural content of HIV-1 Tat

at pH 4.0 and 8.04

Helix 1 Helix 2 Strand 1 Strand 2 Turns Disordered Total
| Difference| 0.054 0.055 0.016 -0.001 0.029 -0.032 0.058
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Figure 3.9: (A) CD spectra of Tat (190 uM) at different pH conditions in 10 mM
acetate buffer at room temperature. (B) Plot of uncorrected CD intensity at 199 nm
as a function of pH. (C) Changes in High-Tension Voltage (absorption) at 199 nm as
a function of pH. (D) CD spectra of Tat (190 pM) at different pH values corrected for
dilution effects. (E) Mean residue ellipticity at 199 nm of Tat protein at different pH
values corrected for dilution. All CD spectra were baseline subtracted using a blank

solution containing 10 mM acetate/Tris-HC] buffer.
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3.3.3 Effects of pH on Tat-Zn(ll) Complex

The study of metal-induced protein folding has been a popular field for many years,
particularly in the study of metallothionein proteins [136]. In the presence of Zn(II),
it has been suggested that the Tat protein forms a dimer [39] whereby the cysteine
residues from each monomer are coordinating with the metal. By coordinating the
cysteine residues via metal-linked dimerization, 1t might be possible to raise the pH
of the solution and prevent or delay Tat precipitation. To test this hypothesis and to
explore the possibility of the formation of a metal-linked dimer, Tat’s conformation
in the presence of Zn(II) was analyzed with CD spectropolarimetry. Similar to the
spectrum of apo-Tat, Figure 3.10A shows that the spectrum of Tat in the presence of
0.5 mole equivalents of Zn(II) at low pH appears to be that of a random coil. The
addition of 0.5 mole equivalents of Zn(II) causes a small decrease in ellipticity
suggestive of a change in backbone conformation upon binding to the metal.
However, because this small change was not reproducible (see below) 1t could also
have been the result of a small increase 1n the pH of the solution upon addition of
the zinc. As the pH increases from 4.17 to 8.04, the intensity at 199 nm decreases in
a linear fashion (Figure 3.10B) similar to what was observed in the absence of metal
(Figure 3.9). It may be significant however, that the pH 8.04 form of the protein has
significantly less ellipticity in the presence of metal than in its absence. Thus, the
lower random coil ellipticity may suggest that partial metal-induced folding has

taken place.
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Figure 3.10: CD spectra of Tat [190 uM] in the absence and presence of 0.5 MEQ Zn
(II) at various pH conditions corrected for dilution effects. B) Analysis of pH effect
using mean residue ellipticity measured at 199 nm. All CD spectra were baseline

subtracted using a blank solution containing 10 mM acetate/Tris-HCI buffer.
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3.3.4 Zn(Il) Titration of Tat at pH 4.0

Tat’s conformation in the presence of 0.5 to 2.5 mole equivalents of Zn(I) was
studied by CD spectropolarimetry at pH 4.0. The CD spectra of Tat in Figure 3.11A
show very small change in ellipticity at 199 nm in the presence of Zn(II) suggesting
that Zn(Il) has little effect on the conformation of the protein at pH 4.0. This is
likely due to Tat having a low binding affinity for Zn(dI) at low pH. A closer
examination of the ellipticity from O to 0.5 mole equivalents of Zn(II) shows a
change of approximately 137 deg cm2/dmole, which is substantially lower than the
result of Tat in the presence of 0.5 mole equivalents of Zn(II) during the pH
dependency experiment shown previously (Figure 3.10; 1439 deg*cm?2/dmole). Since
the same concentration of Tat was used for both experiments (190 uM), it seems
likely that the change in ellipticity observed in Figure 3.10 upon addition of zinc

arose from a change in pH.
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Figure 3.11: (A) CD spectra of apo-Tat (190 pM) in the presence of increasing
concentrations of Zn(II) at pH 4.0 corrected for dilution effects. (B) Analysis of the
mean residue ellipticity results at 199 nm as a function of the mole of equivalents of
Zn(ll) added. All CD spectra were baseline subtracted using a blank solution

containing 10 mM acetate/Tris-HCI buffer.
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3.3.5 Zn(1l) Titration of Tat at pH 5.0

The effects of Zn(II) on Tat’s conformation were analyzed at pH 5.0 using CD
spectropolarimetry. In Figure 3.12A, the CD spectra show that in the presence of
0.5 mole equivalents of Zn(Il) at pH 5.0, a significant loss in the ellipticity at 199
nm is observed but there is very little change at longer wavelengths. Further
additions of Zn(II) at pH 5.0 caused smaller decreases in intensity. Figure 3.12B
shows that the change in ellipticity between apo-Tat and Tat in the presence of 0.5
mole equivalent Zn(II) is approximately 1436 deg:cm?dmole at 199 nm. The
significant loss in ellipticity is followed by a plateau at higher Zn(II) concentrations
where the overall change in ellipticity is found to be 213 deg*cm2/dmole at 199 nm.
The significant change in Tat’s conformation in the presence of 0.5 mole equivalents
of Zn(II) at pH 5.0, is likely due to the change in ionization of the side chains of
residues that are important to metal-binding. In particular, raising the pH from 4.0
to 5.0 may induce the deprotonation of several aspartic, glutamic, histidine or, less
likely, cysteine residues. That the ellipticity loss is greater up to 0.5 mole

equivalents of Zn(II) supports the idea of the formation of a metal-linked dimer.

90



0 ¢
-
Fa & L y é} .
8 b N
< -5000 | i //
> L ,;"’ s 2p0-Tat
%ﬁ - 7 o 0.5 MEQ Zo )
\ 3 7 s 1.0 MEQ Zn (it
5 -10000 /,/ 1.8 MRQ Zn(ily
] // LB MR Tl
= s 9,0 MEG Zudl)
Lo w9 5 MEQ Zu(il)
-15000 e/ |
-16000 : ’ fon il L :
185 200 220 240
Wavelength (nm)
B
13000
&
3]
B 13500
2
&
o g 14000
2 [~
TS
§ = -14500
KW
g .
P 15000
b=
15508

o 0.5 10 1.5 2.0 23
Mole equivalents of Zn(l1) added

Figure 3.12: (A) CD spectra of apo-Tat (190 pM) in the presence of increasing
concentrations of Zn(II) at pH 5.0 corrected for dilution effects. (B) Analysis of the
mean residue ellipticity at 199 nm as a function of the mole of equivalents Zn(II).
All CD spectra were baseline subtracted using a blank solution containing 10 mM

acetate/Tris-HCI buffer.
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3.3.6 Zn(11) Titration of Tat at pH 7.2

In order to study metal-protein interaction at physiological conditions, Zn(II)
titrations of apo-Tat were conducted at pH 7.2 using CD. In Figure 8.134, the CD
results show that at 0.5 mole equivalents of Zn(Il), a significant loss in ellipticity at
199 nm is observed and smaller decreases are observed at 220 nm. Smaller
decreases in intensity occur at all wavelengths at higher mole equivalents of metal.
Mean residue ellipticity measurements at 199 nm confirm that the greatest
decrease in intensity occurred between 0 and 0.5 mole equivalents of Zn(II) with a
change of 2439 deg-cm?/dmole (Figure 3.13B). Between 0.5 and 2.0 mole
equivalents of Zn(II) the change in ellipticity is 682 deg*cm?2/dmole. During the last
Zn(II) addition another significant loss of ellipticity is observed with a change of
1090 deg em?/dmole. The larger effect of Zn(II) on the conformation of Tat at pH 7
compared to pH 5 is likely due to further ionization of His and Cys side-chains
leading to higher affinity for the metal. The initial change in Tat’s conformation
followed by a gradual but smaller change at higher Zn(II) concentrations is likely
due to the Tat protein containing high and low affinity binding sites and the
inflection point at 0.5 mole equivalents is further support for the formation of a
metal-linked dimer [39]. The spectra are also notable for their lack of an isodichroic

point.
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Zn(II). All CD spectra were baseline subtracted using a blank solution containing

10 mM acetate/Tris-HCI buffer.

3.3.7 Cd(1l) Titration of Tat at pH 4.0

Competition experiments with various divalent metals showed that the Tat protein
has a higher binding-affinity for Cd(II) than Zn(II) where metal binding was
measured by UV absorption spectroscopy [39]. It was shown by UV absorption
spectroscopy that upon addition of Cd(II), the Tat-Zn(II) complex dissociates and a
new complex, Tat-Cd(II), is formed. To explore the use of CD spectropolarimetry to
monitor Cd(II) binding to Tat, a Cd(Il) titration of Tat was performed. In Figure
3.14A, the CD spectra of apo-Tat and Tat at pH 3.95 in the presence of 0.5 to 3.0
mole equivalents of Cd(II) show significant losses in ellipticity at 199 nm only. The
change throughout the entire Cd(Il) titration is measured to be 1000 deg cm?/dmole
(Figure 3.14B). Furthermore, the overall change in absorbance at 199 nm
throughout the entire t‘itration increases from 1.21 to 1.29 [data not shown]
indicating that neither dilution effects nor precipitation of the Tat protein
influenced the CD results. A possible explanation for the slight increase in
absorption may be an indirect side effect of using Cd(II) whereby the metal may be
absorbing in the wavelength range that is of interest. However, based on CD
absorption measurements of Cd(II) in the absence of Tat, results show no significant
Increase 1n absorption as a function of increasing concentration of cadmium [data
not shown]. The observed binding of Cd(II) to Tat at low pH confirms the higher

affinity of Cd(II) for Tat compared to Zn(II) that does not bind at all (see Figure
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3.11). The efficacy of Tat’s ability to bind metal may be hindered due to the
protonation of the histidine and cysteine residues at pH 3.95. The titration curve
does not show an inflection point at 0.5 mole equivalents of metal added and thus

does not confirm the formation of a metal-linked dimer.

95



O e
= -2000
3
_g oo BBOL 38
;‘8 conenmes 3,53 BEEG CAD
fb)n -4000 ; s § 43 DR CaUD
<) e 1 5 MEQ CALD
E o 0 WEQ CAOD
= ‘ e 3.5 MEQ C(11)
-6000 s 0 WIRG GA(D
-7000 - | o | |
185 200 220 240

Wavelength (nm)

-4G00
-350¢

-5G00

at 199 nm

-550¢

Mean Residue Ellipticity

-5000

-6300

9 as 10 15 29 25
Mole equivalents of Cd{Il) added

Figure 3.14: (A) CD spectra of apo-Tat (135 pM) in the presence of increasing
concentrations of Cd(II) at pH 3.95. (B) Analysis of the mean residue ellipticity at
199 nm as a function of the mole of equivalents Cd(II). All CD spectra were
baseline subtracted using a blank solution containing 10 mM acetate/Tris-HCI
buffer.
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3.3.8 Cd(II) Titration of Tat at pH 5.0

Figure 3.15A shows the CD spectra of apo-Tat ana Tat with increasing
concentrations of Cd(II). Clearly, a significant loss of ellipticity is observed at all
wavelengths upon the addition of 0.5 mole equivalents of Cd(II) as shown in Figure
3.156B (1675 deg*cm?/dmole). Further additions of Cd(II) result in much smaller
changes in ellipticity. The fact that 0.5 mole equivalents of cadmium cause a much
larger loss in ellipticity is further support for the suggestion of a metal-linked
dimer. These CD results agree with those of the Tat-Zn(II) CD titration experiment
at pH 5.0 [see Figure 3.12] and provide further evidence that as the pH rises, Tat’s
binding affinity increases due to changes in the ionization of the histidine and
cysteine side chains. Similar to the zinc experiments, the spectra in Figure 3.15
show little evidence of an isodichroic point. Interestingly, the change in absorption
throughout the entire titration increases from 1.33 to 1.40 [data not shown]
suggesting that neither dilution nor precipitation influenced the CD results.
Furthermore, the increase in absorption may indicate a slight contribution from

Cd(II) absorption.
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3.3.9 Cd(1l) Titration of Tat at pH 7.1

In Figure 3.16, the CD spectra of apo-Tat and Tat in the presence of increasing
concentrations of Cd(II) show small losses in ellipticity at low metal concentrations
followed by a larger loss in ellipticity at higher metal concentrations confirming
that the binding interaction with Cd(II) induces a change in the protein’s
conformation. It further demonstrates that the pH of the Tat’s environment plays a
vital role in metal binding. One would expect that the change in ellipticity at each
Cd(I) titration point would be greater than the corresponding Zn(II) titration point
due to the fact that Tat is expected to have a higher binding affinity towards Cd(I)
than Zn(I) [61]. However, one must take the protein concentration into account.
Since, the Tat concentration of the Cd(II) experiment is substantially less than that
of the Zn(l) titration experiment, it suggests that protein concentration may be a
factor in metal-binding. It is noteworthy that attempts to conduct CD analysis of
Tat at pH 7.0 with higher protein concentrations were unsuccessful due to
precipitation of protein. This experiment was quite informative because the samples
in Figure 3.16 were prepared by dissolving up Tat in buffer at pH 7.12 followed by
addition of metal. The protein concentration achieved is much lower (30 pM) than
that achieved for the zinc binding experiments at pH 7.2 (190 pM, Figure 3.13). In
those experiments the Tat solution was prepared at pH 4.0 and then titrated to pH
7.2 followed by addition of metal which resulted in much higher protein

concentration. Clearly, it would be worthwhile to repeat the cadmium titration by
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preparing the protein as was done for Figure 3.13 which would hopefully achieve a

higher protein concentration.
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3.4 Nuclear Magnetic Resonance Spectroscopy (NMR)

3.4.1 Natural Abundance 2D 'H-15N HSQC and 1D 'H NMR of Unlabeled HIV-1 Tat
Figure 3.17A shows a 1D 'H NMR spectrum of unlabeled Tat protein with the
proton chemical shifts of the backbone NH resonances observed in the range of 6.5
to 9.0 ppm relative to the internal standard, DSS at 0 ppm. The distortion in the
centre of the spectrum at 5 ppm arises from the water resonance; the aliphatic
protons resonate in the range of 0-5 ppm.

Overcrowding of the peaks in the presence of a large water signal makes
assignment of the 1D 'H NMR spectrum of Tat protein very difficult. In Figure
3.17B, the 2D 'H-15N HSQC spectrum of unlabeled Tat protein shows 62 cross-
peaks out of a possible 91 backbone amides accompanied by the NH, resonances of
the side chains of GIn and Asn. The close similarity of the spectrum to the
published assigned spectrum of HIV-1 Tat [137] confirms the identity of the protein.
Previous published NMR data of HIV-1 Tat showed that the protein’s conformation
exists in a disordered state through comparison of the observed chemical shifts to
standardized random coil chemical shifts with corrections for local sequence effects
[138, 141]. The narrow dispersion of the backbone amide resonances in Figure

3.17B confirms that the protein is substantially disordered at pH 3.5.
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Figure 3.17: (A) One-dimensional 'H NMR and (B) Two-dimensional natural
abundance 'H-1N HSQC spectra of apo-Tat (300 pM) in NMR buffer at pH 3.5 at
293 K. Side chain NHy cross-peaks corresponding to Gln and Asn are outlined in
solid circles. Cross-peaks found in the dashed rectangle correspond to impurities.
Both spectra were recorded on a Varian INOVA 600 MHz spectrometer equipped
with a triple resonance probehead. Acquisition time in (A) was 34 seconds and in (B)

was 24 hrs.
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3.4.2 2D 'H-5N HSQC NMR on 15N-labeled HIV-1 Tat and Sequence Assignments

A more sensitive and less time consuming approach to acquiring NMR data for
protein structure determination is the use of isotopic labeling of proteins. In Figure
3.18, the 'H-15N HSQC spectrum of HIV-1 Tat shows the amide cross-peaks of
residues together with their assignments. The assignments were made by
comparing the positions of the observed peaks to the resonance assignments
published by Dr. Shojania [141] for the protein in similar conditions of temperature

and pH. Excellent agreement was observed between the two sets of resonances.
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Iigurc 3.18: TH-15N HSQC NMR spectrum of isotopically-labeled HIV-1 Tat protein
(635 uM) acquired on a Varian INOVA 600 MHz spectrometer equipped with a
triple resonance probehead at pH 4.0 at 293 K. Acquisition time was 2 hrs.
Backbone amide cross-peaks were assigned using previously published NMR data of

HIV-1 Tat [137].
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3.4.3 2D 'H->N HSQC NMR on 3N-Labeled Tat in the Absence and Presence of

Zn(l)

3.4.3.1 Addition of 0.5 Mole Equivalents of Zn(II)

One of the advantages of solution NMR spectroscopy over absorption and circular
dichroism spectroscopies is the ability to study atomic level structural perturbations
In proteins in the presence of cellular co-factors such as metals. Figure 3.19 shows
TH-15N HSQC spectra of 3N-labelled HIV-1 Tat in the absence (red) and presence
(blue) of 0.5 mole equivalents of Zn(II) at pH 4.02. Addition of zinc causes
significant line broadening and chemical shift changes in the spectrum. Figures
3.20 and 3.21 show the changes in amide cross-peak intensity and chemical shift,
respectively, that is induced by the addition of Zn(II). Careful inspection of the
resonance intensities shows that the majority of the residues that lose significant
intensity upon addition of Zn(II) are found within the Cys-rich region (Figure 3.20).
Cross-peaks for residues Cys-42, Asp-44, Cys-45, Cys-47, Cys-51, Cys-57 and Lys-70
are observed to disappear from the spectrum in the presence of 0.5 mole equivalents
of Zn(II). Furthermore, the decrease in intensity of these residues relative to other
cross-peaks suggests that the changes in the Cys-rich region are in addition to the
line broadening observed throughout the protein and likely due to dynamic
exchange between Zn(JI) bound and unbound Tat protein. This supports the
suggestion that the cysteine residues are in fact directly binding to Zn(II).
Furthermore, cross-peaks corresponding to residues Ala-1, Ala-41, Thr-40, Ala-62,

Lys-71, and Lys-91, are observed to decrease in intensity. It is important to note
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that the chemical shifts corresponding to the asparagine and glutamine NHs side
chains remain unchanged for both apo-Tat and the Tat-Zn éomplex spectra [data
not shown]. However, significant line broadening is observed of all the backbone
amide cross-peaks for the Tat protein in the presence of 0.5 mole equivalents of
Zn(II) suggesting that the protein backbone is undergoing intermediate exchange
between unbound and bound metal-protein conformations. Quantitative analysis of
the line broadening effects on a few arbitrary cross-peaks shows that the intensities
decrease on average by 13.4% in the presence of 0.5 mole equivalents of Zn(II) (data
not shown).

Analysis of the chemical shift changes in the direct dimension ({H) in the
presence of Zn(Il) in Figure 3.21A shows changes for residues His-7, His-8, His-9,
His10, Glu-22, Ala-41, and Phe-52. Figure 3.21B shows that the Histidine tag
residues His-7, His-8, His-9, and His10 and Glu-22 undergo chemical shift changes
in the nitrogen dimension. Furthermore, out of the 11 residues within the Arg-rich
motif (Arg-69, Lys-71, Arg-72, Arg-73, GIn-74, and Arg-76) are observed to undergo
chemical shift changes suggesting that this region either changes conformation
[147] due to Zn({I) binding or is directly involved in the binding [148, 149]. Note
that the cysteine residues within the Cys-rich region do not appear to undergo any
chemical shift changes because the resonances disappear from the spectrum. It is
also worth noting that the chemical shift changes are relatively small. That is, most

of the resonances move considerably less than 0.2 ppm for 'H and 2 ppm for 15N,
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which are the ranges (2 standard deviations) for random coil chemical shifts in the
NMR Biological Magnetic Resonance data bank. |

More specifically, the average chemical shift changes of the histidine residues
along the 'H and 15N dimension in the presence of Zn(II) is approximately -0.03 and
0.24 ppm, respectively, which i1s well below two standard deviations (26 = 1.36 (1H);
8.2 ppm (1°N) ) from Histidine backbone data from the chemical shift tables in the
Biclogical Magnetic Resonance Bank data base [157]. This suggests that the Zn(II)

mteraction with the histidine residues within the His-tag region is weak.
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Figure 3.19: 2D 1H-15N HSQC spectra of apo-Tat (red) and Tat in the presence of
0.5 mole equivalents of Zn(I) (blue) at pH 4.02 at 293 K. The Tat protein
concentration in both spectra is 517 uM. Spectral data were recorded on a Varian
INOVA 600 MHz NMR spectrometer equipped with a triple resonance probehead.
The acquisition time of each spectrum was 2 hrs and 40 min. Cross-peaks

corresponding to the His-tag are shown in the inset box.
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Figure 3.21: Chemical shift difference plots for (A) THN and (B) '5N. The difference
plots were obtained by subtracting the chemical shifts obtained from the 1H-15N

HSQC spectra of apo-Tat from Tat in the presence of 0.5 mole equivalents of Zn(II).



3.4.3.2 Addition of 1.0 Mole Equivalent of Zn(II)

Figure 3.22 shows the TH-1»N HSQC spectra of Tat in the presence of 0.5 (blue) and
1.0 (green) mole equivalents of Zn(II) whereby chemical shift changes and the
increase 1n intensity for residues within the His-tag region are observed. In
particular, intensities from residues His-7, His-8, His-9, and His-10 are greater in
the 'H-1N HSQC spectrum of Tat in the presence of 1.0 mole equivalent Zn(II) than
in the 0.5 mole equivalent spectrum suggesting that this region may be involved in
metal-binding. Figure 3.23 shows the changes in HSQC resonance intensity induced
by the addition of 0.5 and 1.0 mole equivalents of Zn(II) in which further line
broadening of the resonances is observed. Figure 3.24 shows the 'H and 15N
chemical shift differences between Tat containing 0.5 and 1.0 mole equivalents of
Zn(II). Most of the residues that are observed to undergo significant changes are
found within the Arg-rich region suggesting further conformational changes in the
basic domain (residues Arg-69, Lys-71, Arg-72, Arg-73, Glu-74, Arg-75, and Arg-76)
of the protein upon binding of Zn(II). Figure 3.24A shows chemical shift changes
along the proton dimension for residues His-7, His-8, His-9, His-10, Glu-22, 1le-59,
leu-63, and lys-71. For the indirect dimension (**N), chemical shift changes (Figure
3.24B) are observed for residues His-7, His-8, His-9, His-10, Lys-14, Glu-22, Lys-32,

Ile-59, Ala-62, Lys-3, Arg-72, GIn-74, and Arg-76.
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Figure 3.22: 2D 'H-1N HSQC spectra of Tat in the presence of 0.5 (blue) and 1.0
(green) mole equivalents of Zn(Il) at pH 4.02 at 293 K. Tat protein concentration in
both spectra is 517 puM. Spectral data were recorded on a Varian INOVA 600 MHz
spectrometer equipped with a triple resonance probehead. The acquisition time of
each spectrum was 2 hrs and 40 min. Cross-peaks corresponding to the His-tag are

shown 1n the inset box.
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3.4.3.3 Addition of 2.0 Mole Equivalents of Zn(II)

Figure 3.25 shows the 'H-15N HSQC spectra of Tat in the presence of 1.0 (green)
and 2.0 (yellow) mole equivalents of Zn(II). Small chemical shift changes are
observed upon addition of a second mole equivalent of zinc for residues located
within the Arg-rich and His-tag regions. Residues His-5, His-7, His-8, His-9, and
His-10 are observed to undergo chemical shift changes suggestive of Zn(II) binding.
Furthermore, residues within the Arg-rich motif: Arg-69, Arg-72, Arg-73, Agr-74,
and Arg-75 are also observed to undergo significant chemical shift changes.
Interestingly, the negatively charged residues (found within the N-terminus) Glu-
22, Asp-25, and Glu-29 also undergo chemical shift changes at each Zn(II) addition.
This might indicate a direct interaction with Zn(II) but could also indicate that the
metal-binding is stabilized through hydrogen-bond formation of the imidazole
nitrogen of the histidine to the oxygen of the carboxyl groups of Asp and Glu [85].
Figures 3.26 and 3.27 show the changes in resonance intensity and chemical shift,
respectively, induced by the addition of 1.0 and 2.0 mole equivalents of Zn(II).
Careful inspection of the residue intensity comparison between 1.0 and 2.0 mole
equivalents of Zn(II) shows a slight decrease in nearly all residues in the latter due
to line broadening, which is a direct effect of metal binding. Similar to the analysis
of the comparison between residue intensities between 0-0.5 and 0.5-1.0 mole
equivalents of Zn(II), Figure 3.27 shows residues corresponding to the His-tag and
the Arg-rich regions undergo changes between 1.0 to 2.0 mole equivalents of Zn(II)

in both the indirect (3N) and direct (*"H) dimensions.
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Figure 3.25: 2D 'H-13N HSQC spectra of Tat in the presence of 1.0 (green) and 2.0
(yvellow) mole equivalents of Zn(II) at pH 4.02 at 293 K. Tat protein concentration
in both spectra is 517 uM. Spectral data were recorded on a Varian INOVA 600
MHz NMR spectrometer equipped with a triple resonance probehead. The
acquisition time of each spectrum was 2 hrs and 40 min. Cross-peaks corresponding

to the His-tag are shown in the inset box.
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Figure 3.26: TH-15N HSQC cross peak intensities for residues of Tat in the presence

of 1.0 (green) and 2.0 (vellow) mole equivalents of Zn(II).
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Figure 3.27: Chemical shift difference plots for (A) "HN and (B) 1>N. The difference
plots were obtained by subtracting the chemical shifts obtained from the HSQC
spectra of Tat in the presence of 1.0 mole equivalents of Zn(II) from Tat in the

presence of 2.0 mole equivalents of Zn(II).



3.4.4 "H-1>N HMBC Spectra of Apo-Tat and the Tat-Zn Complex

A direct interaction between the histidine imidazole side-chains and Zn(II) is
somewhat surprising at pH 4.02 since the pK, of His is 5.86 and the side-chains will
be substantially protonated at pH 4.02. To further investigate the contribution of
the 10 histidine residues to Zn(II) binding, 'H-15N HMBC experiments of HIV-1 Tat
protein in the presence of increasing Zn(II) concentrations were carried out. In
particular, the H-15SN HMBC experiment allows the detection, via the
heteronuclear two-bond J-coupling, of the cross-peaks between the N,» and Ny
atoms and the Hs2 and H,: atoms of the imidazole ring. Figure 3.28A shows the H-
15’N HMBC spectrum of apo-Tat at pH 4.0 with the observation of 33 cross-peaks in
2 narrow regions in the proton dimension: 8.56-8.44 ppm and 7.25-7.15 ppm
[Appendix A]. Furthermore, the 13N chemical shifts are observed to be dispersed in
the region of 186.01 to 173.61 ppm. Figure 3.28B shows the 'H-1"N HMBC spectral
overlay of apo-Tat and Tat in the presence of increasing Zn(II) concentrations: 0
(red), 0.5 (blue), 1.0 (green), and 2.0 (vellow) mole equivalents. It is noteworthy that
the addition of 0.5 mole equivalents of Zn(II) causes the disappearance of 15 cross-
peaks suggestive of a direct interaction of Zn(II) with the His-tag. Comparison of
the "H-1"N HMBC spectra of Tat with 0.5 and 1.0 molar equivalents of Zn(II) shows
a further decrease in the number of cross-peaks from 18 to 16 and the movement of
peaks downfield in the N dimension. Finally, addition of 2.0 mole equivalents of
Zn(II) to the Tat protein results in a spectrum with only 12 cross-peaks with 15N

chemical shifts observed in the narrow region of 179.07-173.52 ppm. Based on
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comparison of the observed imidazole chemical shifts with the literature [150] the
mmidazole rings in Tat are determined to be in a cationic ionization state whereby
the positive charge is delocalized over the Nji and N2 atoms [Figure 3.28C]. The
disappearance of cross-peaks in the presence of Zn(Il) is likely due to the Tat-Zn(II)
complex exhibiting dynamic exchange between bound and free states and possibly

between four- and five-metal coordination geometries [138].
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Figure 3.28: (A) ’'N-'H HMBC spectrum of apo-Tat showing the cross peaks
corresponding to 2Jny coupling within the imidazole rings of the histidine residues
at pH 4 and 293 K. (B) An overlay of the "N —1H HMBC spectra of apo-Tat with
1acreasing concentrations of Zn(II): 0 (red) , 0.5 (blue) , 1.0 (green), and 2.0 (vellow)
mole equivalents. (C) A schematic diagram of the three possible tautomeric states of
histidine, reprinted from [150] with the permission of Pelton et al. All spectra were
recorded on a Varian INOVA 600 MHz spectrometer. A J-coupling constant of 6 Hz
was used to set the refocusing with a 41.6 ms delay (4J coupling) for the experiment
[151]. Due to the inability to assign the cross-peaks, numbers will be used to label

each cross-peak and their chemical shifts are listed in Appendix A.
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3.4.5 2D 1H-15N HSQC NMR on ?5N-Labeled Tat in the presence of 0.5 Mole

Equivalents of Zn(1l) at different pH values

The effects of pH on the Tat-Zn(II) complex were probed by 2D1H-15N HSQC NMR
to determine the stability of the metal-protein interaction and whether or not it can
prevent aggregation at higher pH. The NMR tube containing the Tat sample was
degassed and then purged with Ar prior to data acquisition. In Figure 3.29, the 'H-
BN HSQC spectra of Tat in the presence of increasing Zn(II) concentrations show a
gradual reduction in residue cross-peaks as the pH value increases. In addition, the
“overall intensity of all the cross peaks decrease with increasing pH. With the
increase from pH 4.02 to 5.11, comes a dramatic disappearance of cross-peaks from
56 to 41. Further decreases in cross-peaks are also observed as the pH is raised
from 5.11 to 6.12 (41 to 7). Finally, at pH 7.03, only one residue cross-peak is
observed. The significant reduction of cross-peaks upon titration with ammonium
hydroxide 1s likely due to precipitation of the Tat protein upon oxidation of the
cysteine side chains that results in the formation of many disulphide cross-linked
multimers observable on SDS-PAGE (see Figure 3.4). The observation of white
precipitate in the Tat solution at pH above 6 adds further evidence to the oxidation
of the protein and the formation of multimers. It is noteworthy that the dilution of
the protein with ammonium hydroxide has no influence on the NMR results due to
the fact that only 10 pl of diluted base is added per pH titration to an initial volume

of 600 ul.
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Pigure 3.29: (A) 'H-»N HSQC overlay of apo-Tat (red) and Tat in the presence of
0.5 (blue) MEQ of Zn at pH 4.42. (B) 1H-15N HSQC overlay of Tat in the presence of
0.5 MEQ of Zn at pH 4.42 (blue) and 5.11 (green). (C) 'H-1>N HSQC overlay of Tat in
the presence of 0.5 MEQ of Zn at pH 5.11 (green) and 6.12 (magenta). (D) H-15N
HSQC overlay of Tat in the presence of 0.5 MEQ of Zn at pH 6.12 (magenta) and
7.03 (yellow). Tat protein (600 nM) was dissolved in 700 ul of NMR buffer at pH 4.02
and data were acquired at 293 K. All spectra were recorded on a Varian INOVA 600

MHz spectrometer. The acquisition time was 2 hrs and 40 min.
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3.4.6 2D 1H-13C HMQC NMR on 13C-Labeled Tat and Tat-Zn(II) Complex

To get a better understanding of the binding of Tat to Zn(II), 'H-13C HMQC NMR
analysis was carried out to investigate the involvement of the cysteine and histidine
side-chains. By examining the 13C* chemical shifts of cysteine residues it is possible
to get msight into the effects of thiolate-metal interactions [152, 153, 154]. Aromatic
resonances are move likely to report effects of the binding of metals to histidine
[155, 156]. It is noted that the sequential assignment of the 'H-13C HMQC data has
not been carried out leaving the cross-peaks to be identified using arbitrary
numbers. Assignment of the amino acid side-chain resonances would require
further information obtained from 3D NMR experiments that can correlate the 13C"
cross-peaks with the corresponding H” such as a HSQC-TOCSY experiment. Based
on the measured chemical shifts from hundreds of proteins stored in a well-
established chemical shift database [157], cross-peaks corresponding to cysteine
residues 1n the aliphatic region of the HMQC spectrum (Figure 3.30A) are predicted
to be observed within the region along the 13C dimension between 28 to 33 ppm. It is
noteworthy that more than one residue contains 3C" resonances (other than
cysteine) and are also found in this region such as Arg, Glu, Gln, Lys, Met, Pro, and
Val. Any significant chemical shift changes of cross-peaks within this region in the
presence of 0.5 mole equivalents of Zn(II) can provide evidence to suggest that the
metal may be coordinating with the cysteine residues but this would have to be

followed up with further experiments involving resonance assignments. In the
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aliphatic region of the HMQC spectrum, shown in Figure 3.30B, one would predict
that the 13CP of the histidine residue Woﬁld be obsé1°ved in the region of 28-34 ppm.
Out of the four possible aromatic residues, Tryptophan has a 13C" chemical shift
within the range of interest. Since Tat contains only 1 Trp, there is a good
probability that cross-peaks found within this region correspond to histidine.

In Figure 3.30, the 'H-13C HMQC spectra of apo-Tat (red) and Tat in the
presence of 0.5 mole equivalents of Zn (blue) show only minor chemical shift
changes in both the aliphatic (A) and aromatic regions (B). Figure 3.31A shows an
expanded view of the aliphatic TH-13C HMQC spectrum highlighting the resonances
that undergo small changes. It 1s noted that cross-peaks 2, 3, and 4 undergo small
chemical shift changes while cross-peak 5 disappears in the presence of Zn(II)
possibly owing to interactions with cysteine residues. In Figure 3.31B and 3.31C,
the aromatic regions of the 'H-133C HMQC spectrum show small chemical shift
changes of 5 cross-peaks upon addition of Zn(II). It i1s likely that these changes

reflect interactions between Zn(II) and the side-chains of histidine.
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Figure 3.30: Aliphatic (A) and aromatic (B) regions of the 'H-13C HMQC spectra of
apo-Tat (red) and Tat in the presence of 0.5 mole equivalents of Zn(II) (blue) at pH

4.0 at 293 K. All spectra were recorded on a Varian INOVA 600 MHz spectrometer.
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Figure 3.31: Expanded regions of the 'H-13C HMQC spectra of the (A) aliphatic and
(B and C) aromatic regions of apo-Tat (red) and Tat in the presence of 0.5 mole

equivalents of Zn(II) (blue). See Appendix B for tabulation of the chemical shifts of

the observed cross-peaks.
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3.4.7 NOESY/ROESY NMR

2D TH-TH NOESY NMR experiments can provide information for the determination
of protein structure and structural changes due to the binding of metals [158].
Furthermore, NOSEY spectroscopy is useful for the assignment of aliphatic and
aromatic side-chain resonances [159]. However, Tat is a 10 kDa protein that is
found to be unfolded [55] and its dynamics may reduce the NOE cross-peaks to zero
[see Figure 1.11 in Introduction]. A solution to this problem is the use of ROESY,
which generates a non-zero NOE value regardless of size of the protein. The
purpose of acquiring NOESY and ROESY spectra is to determine if the ROESY
experiment improves the sensitivity of NOE measurement in Tat over the more

common NOESY experiment.

3.4.7.1 NOESY and ROESY Experiments of Unlabeled Tat Protein

Figure 3.32 shows the 2D H-'H NOESY and ROESY spectra of unlabeled Tat at pH
4.0. It 1s noteworthy that all parameters were kept constant between the two
experiments including those used for data processing. Clearly, the spectrum
corresponding to the NOESY experiment contains more NOE cross-peaks than the
ROESY experiment indicating that the former is a more appropriate experiment
than the latter. Furthermore, the NOESY result suggests that the Tat protein’s
dynamics (rotational correlation time) do not fall within the regime that reduces the

NOE signal to zero. While both NOESY and ROESY data are processed identically,
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the former contains more noise (background) than the latter. Based on analysis of
1D NOESY and ROESY spectra, the signal-to-noise ratio (determined by comparing
the diagonal cross-peak intensity to the baseline) of the NOESY spectrum is greater
than the ROESY experiment [data not shown]. It is noteworthy that initial
attempts for acquiring data of Tat using the ROESY were carried out with a WET
water suppression pulse sequence. Unfortunately, the WET-ROESY experiment
vielded very poor signal-to-noise ratio. In general, the maximum NOESY intensity
1s 1n the range of 1.0 whereas for the ROESY experiment, a maximum of 0.7 can be
obtained [66] which must also be kept in mind when comparing the two

experiments.
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Figure 3.32: TH-TH NOESY (A) and ROESY (B) spectra of apo-Tat acquired in 12 hrs
at pH 4.0 at 293 K using a Varian INOVA 600 MHz NMR spectrometer. Both
spectra were processed with Sparky using identical contour level settinés [160]. All
spectra were recorded on a Varian INOVA 600 MHz spectrometer. Both spectra
were calibrated with DSS at 0 ppm. Cross-peaks representing NOE connectivities
between amide protons of aromatic residues and either u-protons of all residues or
d-protons of Pro or B-protons of Ser and Thr are shown in the inset circle. Cross-
peaks representing NOE connectivities between amide protons of aromatic residues

and aliphatic side chain protons are shown in the inset box [110].
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3.4.7.2 Unlabeled Tat Protein with Different Mixing Times

Experimenting with a range of NOESY mixing times may give an indication of what
settings can give the optimal signal for NOE cross-peak observations. Figure 3.33
shows 'H-TH NOESY spectra of apo-Tat acquired with identical NMR parameters
except for different mixing times. Clearly, the 1H-'H NOESY spectrum of apo-Tat
with a mixing time of 300 ms shows the most intense NOE cross-peaks. The
optimum mixing time has to be selected in order to allow the maximum amount of
NOE build up to take place which increases sensitivity [110]. It is noteworthy that
we are not interested in the chemical exchange rates but would like to determine

what NOESY parameters are suitable for the Tat protein
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Figure 3.33: 1H-1H NOESY spectra of Tat at pH 4.0 and at 293 K with different
mixing times: 50 (A), 100 (B), 150 (C), 200 (D), 300 (E), and 400 ms (F). All spectra
were recorded on a Varian INOVA 600 MHz spectrometer. All spectra were

processed using Sparky with identical parameters and contour level settings.
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3.4.7.3 NOESY measurements of Apo-Tat and Tat-Zn(II)

Using 2D 1H-1H NOESY NMR, it 1s possible to correlate two protons that are very
close in proximity to one another and in this way obtain structural information
about a protein. In the presence of Zn(Il), it has been proposed that Tat may form a
dimer [39] that may bring protons of opposite monomers close together and within
range of NOESY detection that were out of range in the monomer. In Figure 3.34,
the 'H-'"H NOESY spectra of apo-Tat (A) and Tat in the presence of 0.5 mole
equivalents Zn(II) (B) at pH 4.0 are compared. The spectra show no significant
difference in the NOE cross-peaks suggesting no dramatic structural change in
Tat’s conformation upon addition of Zn(Il). Thus, the indications of weak binding of
zinc observed in the circular dichroism and heteronuclear NMR experiments (see
sections 3.3 and 3.4) have little effect on the overall conformation of the protein at

pH 4.0.
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Figure 3.34: 'H-TH NOESY spectra of apo-Tat (A) and Tat in the presence of 0.5
mole equivalents of Zn(II) (B) at pH 4.0 at 293 K. The acquisition time for both
spectra was 24 hrs. NMR data were acquired on a Varian INOVA 600 MHz NMR
spectrometer. Concentration of the Tat protein was 524 mM. The mixing time for

both spectra was 200 ms.
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3.4.7.4 Unlabeled Tat Dialyzed against Ni-free NTA (immobilized nickel
nitrolotriacetic acid) |

Another explanation for why no change in NOE cross-peaks were observed upon
addition of zinc is the possibility of residual Co(II) bound to the Tat protein after
dialysis. If, prior to the addition of Zn(II), the Co(Il) is loosely coordinating with the
Tat protein, the addition of Zn(II) may have displaced the Co(II) while leaving Tat’s
conformation unchanged. To determine whether residual Co(II) may be weakly
attached to the Tat protein after dialysis with acetate buffer, 2D 'H-'H NOESY
NMR was carried out on a Tat protein solution that had been dialyzed with a
divalent chelator, Ni-free NTA, prior to freeze-drying. In theory, the Ni-free NTA
resin will bind the Co(II) that may be attached to Tat via the His-tag or Cys-rich
regions. In Figure 3.35, the 'H-'H NOESY spectrum of apo-Tat that underwent
dialysis with Ni-free NTA resin shows no significant NOE cross-peak changes
relative to apo-Tat that is purified under the standard protocol [see Figure 3.34A].
This suggests that no residual Co(Il) remains weakly bound to apo-Tat after
dialysis with glacial acetic acid or that metal exchange has no effect on the
conformation of the protein. However, the concentrations of the Tat solutions that
were dialyzed against NTA resin and the control were found to be 644 nM and 524
uM, respectively. It 1s unlikely that this difference in concentration could mask a

major conformational difference between the two samples.
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Figure 3.35: TH-1TH NOESY spectrum of apo-Tat (644 uM) that was dialyzed against
Ni-free NTA resin for 24 hrs, freeze-dried and dissolved in 700 pl of NMR buffer at

pH 4.0 at 293 K. The spectrum was collected on a Varian INOVA 600 MHz

spectrometer. The acquisition time was 12 hrs.
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An alternative approach in determining the presence of residual cobalt
following column purification is to acquire a 'H-13N HSQC spectrum of Tat pr-otein
that was dialyzed against Ni-free NTA and examine the relative peak intensities in
regions believed to be coordinating with Zn(II) based on comparison with a control
Tat solution. In Figure 3.36, the relative peak intensities of HSQC data from Tat
dialyzed against Ni-free NTA and a control Tat sample are compared. The dialyzed
protein shows significant line broadening within the cysteine-rich region
accompanied by a dramatic increase 1n intensity for residues found near the His-tag

compared to the control Tat protein purified under standard conditions.
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Figure 3.36: 'H-1N HSQC cross peak intensities for residues of Tat (538 uM)
(orange) dialyzed against Ni-free NTA resin and control Tat (300 uM) purified
under standard conditions (red). Both spectra were normalized using peak intensity

from Lys-89.
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Figure 3.37 shows the relative peak intensities of dialyzed apo-Tat and the
same solution in the presence of 0.5 mole equivalents of Zn(II). Comparisons
between the two samples show a small increase in the intensities of histidine
residues within the His-tag accompanied by overall line broadening or a decrease in
intensity of the remaining resonances. Interestingly, all seven cysteine residues in
the Cys-rich region are not observed in either the apo-Tat or Tat-Zn(II) complex 'H-
15N HSQC spectra. If any residual cobalt were indeed associating with the Cys-rich
region, then the removal of the metal would show an increase in the intensity of the

cvsteine residues due to the absence of paramagnetic relaxation.

Relative Intensity

Figure 3.37: 'TH-15N HSQC cross peak intensities for residues of apo-Tat (orange)
and Tat in the presence of 0.5 mole equivalents of Zn(II) (blue) whereby the former

sample has been dialyzed against Ni-free NTA to remove any residual cobalt.

151




3.4.8 113Cd NMR Titration Experiment

The chemical shift of 113Cd is particularly sensitive to the nature and number of
ligands in its metal coordinating environment and cadmium substitutes well for
calcium, magnesium, copper, manganese, and zinc in a number of biomolecules
[162]. To further investigate the metal-binding properties of the cysteine-rich Tat
protein, 173Cd NMR spectra were acquired. In Figure 3.38A, the 113Cd NMR spectra
of CdCl: titrations of the Tat protein at pD 5.0 show significant chemical shift
changes upon addition of metal. Interestingly, the chemical shift of 113Cd at 1 mole
equivalents (observed at 8.7 ppm) is substantially lower than the literature NMR
values of 113Cd coordination to sulfur atoms that are typically located near 600 to
700 ppm [139]. There are two possible explanations for this observation. One is
that cadmium exists in a coordinating environment that contains a mix of nitrogen
and oxygen ligands. The other possibility is that the cadmium is in rapid exchange
between oxygen-binding ligands at -100 ppm and sulphur ligands at 600-750 ppm.
In either case, the shift from shielded to deshielded environments as 13Cd is added
to Tat suggests an increasing influence from sulphur and nitrogen ligands. This
suggests that the "3Cd 1s likely to undergo dynamic exchange between bound and
unbound Tat-Cd(II) complex with preference for the unbound form. Further
addition of 113CdCly to the Tat protein causes gradual downfield chemical shift
changes suggestive of increased metal-binding. In the 8 mole equivalents of Cd(II)

spectrum, it 1s observed that the peak broadens and decreases in intensity. This is
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most likely due to a number of factors such as poor shimming, formation of bubbles,
or rapid transient formation of insoluble Tat-Cd(II) complex.

Figure 3.38B shows a plot of the 113Cd chemical shift versus the concentration
of Cd(Il) added to the protein. The line through the points is a proper fit to the
binding equation given in the Methods section. It is likely that the metal-binding
site of the Tat protein is saturated at metal concentration above 10 mM. Results
from the Mathematica calculations show that the chemical shift at saturation of the
binding site 1s 52.98 ppm while the chemical shift at zero metal concentration is -
1.98 ppm. Careful inspection of Figure 3.38B shows that at half the chemaical shift
for saturation (26.49 ppm), the concentration of Cd(I) is 1.8 mM with the Tat
concentration at 300 uM. This matches perfectly with the Mathematica curve fitting

data showing that the kp 1s 1.81 mM.
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Figure 3.38: (A) 13Cd NMR spectra of CdCls titrations with HIV-1 Tat protein at
pD 5.0 at 293 K. Cd(ClO4)2 (0.1 M) was used as an external standard with chemical
shift at O ppm. All spectra were recorded on a Varian INOVA 600 MHz
spectrometer equipped with a broadband probehead. The Tat protein was at a
constant concentration of 300 pM and the cadmium concentration was in the range
of 1 to 20 mole equivalents. (B) Mathematica fit of '3Cadmium chemical shift

against concentration of metal.
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3.5 UV Absorption Analysis of Tat in the presence of Cadmium

In Figure 3.39A, the UV absorption spectra of apo-Tat and Tat at pH 4.5 in the
presence of increasing concentrations of Cd(II) show a pronounced absorption
mcrease at 250 nm in the presence of 0.5 mole equivalents Cd(II) followed by minor
changes with further Cd(II) titration. This suggests that the binding of Cd(II) to the
Tat protein saturates at metal concentrations above 0.5 mole equivalents. The
mcrease in absorption at 250 nm is likely due to thiolate-to-Cd(II) electron transfer
[161]. Figure 3.39B shows a graph of the absorbance at 250 nm with respect to the
mole equivalents of cadmium added. Clearly, saturation occurs after the initial
addition of 0.5 mole equivalents of cadmium lending further support to the

formation of a metal-linked dimer.



Figure 3.39: (A) Ultraviolet absorption spectra of apo-Tat with 0.5-2.0 molar
equivalents of cadmium using a 1 cm cuvette at pH 4.5. The UV spectrometer is
blanked with acetate buffer at pH 4.5. Protein concentration was 16 uM. (B) Graph

of absorption at 250 nm vs. mole equivalents of cadmium added.
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4. Discussion

4.1 Protein Purification and Expression

Isopropyl B-D-1-thiogalactopyranoside (IPTG) was used to induce the transcription
of the Tat exon 1 (amino acids 1-72) gene within the expression vector pET-28c(+)
which contains a commonly used His-affinity tag for purification via cobalt metal-
affinity chromatography. Purification of the protein using this method is based on
the change in ionization of the imidazole ring of the histidine residues controlled by
varying the pH of the buffers. Binding buffer, at pH 7.2, causes the imidazole ring of
the histidine residues within the affinity tag to become deprotonated permitting the
interaction between the N, atom of His (pK, = 5.86) and the immobilized cobalt.
The elution of the Tat protein occurs when the pH of the buffer drops below 5.86
after which the N, atoms become protonated and the protein dissociates from the
column.

To prevent oxidation of the cysteine residues at neutral pH, tris(2-
carboxyethyl)phosphine (TCEP) was added as a sulfhydryl reducing agent [132]. In
terms of stoichiometry, one mole of TCEP reduces one mole of disulfide [Equation 6]
[167]. The mechanism of TCEP reduction of disulfide bonds has the cleavage of the

disulphide as the rate-determining step in Equation 6.
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In practice, all disulfide bonds can be reduced with a 5-20% excess of TCEP [169].
No denaturing agent is required to increase efficacy of TCEP reduction. However, it
1s noted that in the case where the reduced protein precipitates the presence of
denaturing agent may be necessary. The efficacy of reduction by TCEP has been
shown to cover a wider range of pH values as compared to dithiothreitol (DTT) and
B-mercaptoethanol (BME) [167]. DTT is prone to oxidization in the presence of
metal ions and 1s not stable in reduced form for a long period of time. In contrast,
TCEP 1s much more stable and has the added advantage of being a weaker chelator
of biologically relevant metal ions (such as Zn(II)) than DTT [168] permitting the
studies of protein metal-binding interactions in reduced conditions. In the case of
the Tat protein however, metal titrations in the presence of TCEP were not feasible
as TCEP precipitates the protein in the absence of guanidine-HCI.

Although guanidine-HCI has been commonly used as a denaturing agent in
protein biochemistry [197], it has been proven to be beneficial in stabilizing the Tat
protein during purification. The purpose of adding 6 M guanidine-HCI to all buffers
mvolved in the Tat protein purification is to maximize the yield of purified Tat
protein. It has been shown that in the presence of 6 M guanidine-HCI the Tat
protein elutes from the metal affinity resins in a volume of 10 ml rather than 40 ml

[137]. It 1s likely that high guanidine-HCl concentrations prevent interactions
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between the cationic protein and the chromatographic resin permitting elution in a
minimum volume. Since the Tat protein has been s'hown to be a disordered protein
[26], the denaturing effect of guanidine can be ignored. Another advantage of 6 M
guanidine-HCI is that it prevents Tat precipitation in the presence of TCEP at
neutral pH presumably by blocking interactions between the Tat protein’s basic
region and the carboxylic groups from TCEP. Several steps have been carefully
placed within the purification protocol to minimize the risk of oxidation of the Tat
protein. In particular, the dialysis of the Tat protein was carried out in a reducing
environment where the buffers were at low pH (3.50), degassed, and then purged

with argon.

4.2 SDS-PAGE

On SDS-polyacrylamide gel electrophoresis (SDS-PAGE), the 92-residue monomeric
Tat protein migrates at an apparent molecular size of 17-kDa, which is comparable
to literature values showing an 86 amino acid Tat protein migrating at 15-kDa [39].
It 1s possible that the presence of the His-tag accounts for the difference of 2-kDa in
apparent molecular size. The significant difference in the apparent molecular size of
Tat (17-kDa) and the theoretical mass (10,509 Da) [137] is due to the protein’s high
net positive charge that retards its electrophoretic mobility.

In SDS-PAGE, the Tat protein has been shown to be susceptible to

oligomerization due to the oxidation of the cysteine residues as it migrates through
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the resolving gel at pH 8.8 even in the presence of DTT [see Figure 3.2.2 in
Results]. TCEP has been commonly used as a reducing agent pr.ior to SDS-PAGE
analysis [132]. In the presence of 10 mM TCEP, a predominantly monomeric Tat
band 1s observed due to the more complete reduction of disulfide bonds afforded by
the more powerful oxidizing agent. Since the protein is prepared at low pH, TCEP is
ideally suited to preventing the cross-linking between the cysteine residues. The
fact that TCEP reduces the Tat oligomers to the monomeric form via disruption of
disulfide bond formation provides indirect evidence that the cysteine residues play a
significant role in Tat protein oligomerization [198]. Results in this thesis show also
that caution must be exercised in the use of TCEP as it will readily reduce the pH of

the sample and in high concentrations alter the electrophoretic mobility of proteins.

4.2.1 Alkylation of Tat
The purpose of alkylating the Tat protein was based on a previously published
study of the Bovine pancreatic trypsin inhibitor (BPTI) [63] whereby the folding
mechanism was investigated through measuring the rate constants of disulfide
formation with glutathione using strong acid as a quenching agent and HPLC to
separate the folding intermediates.

The chemical modification of cysteine residues within the Cys-rich region of
the Tat protein was carried out using the uncharged alkylation reagent,
1odoacetamide. It i1s noteworthy that initial attempts at alkylation of the cysteine

residues were carried out using iodoacetic acid. Iodoacetic acid has been shown to be
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an excellent modifier of sulfhydryl groups of glutathione and cysteine that led to the
mactivation of glyoxalase [180]. Alkylation attempts with iodoacetic acid 'were
unsuccessful due to frequent precipitation of the Tat protein in the presence of the
reagent. A plausible explanation for the observation of protein precipitate is the
iteraction of the basic region of one monomer to the negatively charged carboxyl
groups of the alkylated cysteines on another monomer. The use of iodoacetamide
introduces an uncharged amide on the cysteine side chain and prevents
precipitation.

The identification of alkylated Tat protein was conducted using SDS-PAGE
whereby a monomeric band at 17-kDa i1s expected. In SDS-PAGE, the modified
protein showed a lower abundance of oligomers compared to the un-alkylated
control suggesting the presence of largely alkylated monomeric Tat protein.
Confirmation of the extent of alkylation by mass spectrometry was not done as this
part of the project was discontinued. In a study of the human extracellular
superoxide dismutase (EC-SOD) [199], the protein was allowed to react with
1odoacetamide and subsequently applied onto the SDS-PAGE. Results of the study
showed a band at 28 kDa corresponding to monomeric EC-SOD. It is noteworthy
that EC-SOD readily undergoes homodimerization via disulfide bond linkage of

Cys-219.
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HPLC analysis of alkylated Tat protein was not successful due to problems
with protein detection and solubility. Many factors might have caused this. For
example, it 1s possible that the pH of the buffers within the column may not have
been suitable for the Tat protein leading to a possibility of the protein precipitating
during chromatography. The observation of multiple peaks on the chromatograms
may 1ndicate a source of contamination in the guard column or solvent buffer. It is
noteworthy that hittle information on cysteine alkylation of the Tat protein is found

in the literature.

4.3 Circular Dichroism

4.3.1. Secondary Structural Analysis of Apo-Tat and Content predicted by Dichroweb
Circular dichroism (CD) i1s a well-established spectroscopic technique that predicts
the secondary structure of the protein of interest. The wavelength range of interest
was chosen to be 240 to 180 nm (far-UV band) because it contains contributions
from the peptide bonds (amide chromophores) that in turn can provide secondary
structural information on the Tat protein. The CD spectrum of HIV-1 Tat protein at
pH 4 reveals that the secondarj structure of the protein is lhikely composed of a
random coil as evidenced by the strong negative band at 199 nm and a weak
negative band at 220 nm [62]. This result agrees with the literature on CD of the
Tat protein. Far-UV CD studies of five synthesized HIV-1 Tat variants (86-101
residues) [171] all showed distinct strong negative bands at 199 nm accompanied by
a weaker negative band at 230 nm, thus supporting our conclusion that the Tat
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protein is mainly disordered. Furthermore, the literature suggests little secondary
structural differences among these Tat variants.

Dichroweb deconvolution of the Tat CD spectrum suggests that the protein is
comprised of 35.3 % disordered structure, 22.6% B-turns, 24.3% B-sheet, and 6.3 % -
helix. In the secondary structural analysis of CD data of the Tat Mal variant (87
amino acid residues) [172], isolated from a subtype D HIV-1 strain, it was revealed
that the protein is composed of 43% unordered structure, 30% beta-turns, 22% beta-
sheet, and 5% a-helix. Comparison of the secondary structural percentages of Tat.72
with the Tat Mal variant shows an agreement among all four types of secondary
structure. These results are also in general agreement with the view that true
random coil conformations exist in equilibrium with B-turns, p-strand, and
polyproline II helix (Figure 4.1) [135]. Furthermore, the basic segment of the
protein is likely to exist in an extended B-sheet-like conformation owing to the
concentration of positive charge in that segment at pH 4.0. It seems likely as well
that the N-terminus may sample the polyproline helix conformation owing to the
presence of five Pro in the first 18 residues and a nearby sixth Pro in the N-terminal
affinity tag [see Figure 1.4 in Introductions]. Note that deconvolution of
polyproline II helix and random coil structures are not usually attempted owing to
the similarity of the CD spectra. These results also agree with NMR studies on the

conformation of the Tat protein that describes the protein as a random coil [55].
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Figure 4.1: Illustration of the equilibrium between multiple conformations:

Polyprohine II Helix, Disordered, B-strand, and B-turn [135].

A possible explanation for the slight deviation of Tat’s secondary structure
percentage from the literature values 1s that different algorithms were used for the
calculations and that Dichroweb [145] may contain a significantly more updated
reference dataset. In addition, our version of the protein contains the His affinity

tag.

4.3.2 Effects of pH Titration

A pH titration on apo-Tat was conducted to determine whether the protein’s
secondary structure is influenced by the environment’s pH. As the pH increases,
the ellipticity at 199 nm significantly decreases suggestive of a pH-dependent
structural change that results in a substantial loss of random coil structure. Raising

the pH of the solution will change the ionization of the residue’s side chains. In
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particular, the ionization of Asp, Glu, and His will reduce the net positive charge on
the protein which may directly change the structure of the protein by decreasing the
amount of extended structure. In addition, at neutral pH the acidic N-terminus may
directly interact with the basic segment reducing the random coil content.
Reducing the net charge on the protein may also permit some helical conformation
to form; recall that the a-helix is the most compact of the common conformations of
proteins.

The pH titrations of Tat did not exhibit an isodichroic point. In general, when
a protein exists in only two main conformations a pH or temperature change shifts
the equilibrium populations and the two-state transition is diagnosed by an
1sodichroic point in the spectrum. An isodichroic point is observed when the CD
curves obtained under different conditions intersect. For example, an isodichroic
point 1s observed at 208 nm during the pH titration study the XAO peptide [215].
whereby algradual decrease in the ellipticity at 199 nm and a gradual increase in
ellipticity at 215 nm are observed as a function of pH indicating equilibrium
between the polyvproline conformation and B-strand. Since the CD spectra of Tat at
different pHs do not show a gradual increase at 215 nm, no isodichroic point is
observed. The lack of an isodichroic point in the CD spectra suggests two possible
mterpretations. One 1s that the protein exists in more than two conformations in
equilibrium. This is not surprising in view of the Dichroweb secondary structure
analysis indicating 3 well-populated conformations. The second is that changes in

the far UV ellipticity of aromatic groups mask a two-state transition.
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In a CD study of a Tat fragment (47-72) by Loret et al. [182], it was shown
that the negative peak at 198 nm decreased in intensity as the pH of the Tat
solution was increased from 7 to 11 indicating that further decreases in random coil
conformation can occur at higher pH’s than measured here. Furthermore, analysis
of the CD spectra of the Tat fragment showed that as the pH was raised, the
percentage of Tat’s a-helical structure increased by 2 % while the percentage of
other structure decreased by 2 %. The importance of the environment’s pH towards
Tat’s biological function was studied by Ravne et al. whereby they determined that
exogenous HIV-1 Tat protein requires low endosomal pH (5 or 6) in order to reach
the cytosol of T-cells [174]. Besides the effects of pH on the structure of the protein
described above 1t should also be recalled that the Tat protein is highly reactive at
pH values higher than 6.0 due to formation of disulfide cross-linking and this may
contribute to the increased activity at lower pHs.

To further investigate the effects of increasing the pH on Tat’s conformation,
a deconvolution of the CD spectrum of Tat at pH 8.04 was carried out using
Dichroweb. Results show that as the pH is raised from 4.17 to 8.04, the percentage
of random coil decreased by 3.2 % while the percentage of a-helix increased by 10.9
%. Thus, the increase in pH caused the.conformation of the Tat protein to become
more ordered due to ionization of side chains corresponding to key residues involved
in stabilizing the protein’s secondary structure.

In a CD study of the Tat peptide that consists of the cysteine-rich region (21-

38) by Huang et al. [41], it was shown that in the presence of 0.5 mole equivalents of
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Zn(II), a significant loss of ellipticity at 199 nm was observed indicative of a
conformational change induced by Zn(II) through chelation with the thiols of the
cysteine residues at pH 7.0. Unfortunately, it does not provide any information

about the pH-dependency of the Tat-Zn(II) complex.

4.3.3 Effects of Zn(Il) at pH 4.0, 5.0, and 7.2

Examination of CD spectra of the apo-Tat protein in the presence of increasing
concentrations of Zn(Il) at pH 4.0 show no significant change in ellipticity at 199
nm indicative of little change in the protein’s conformation upon binding with the
metal. Interestingly, at pH 5.0, a significant reduction in ellipticity at 0.5 mole
equivalents of Zn(Il) 1s observed suggesting that a change in the ionization states of
certain residues 1s significantly influencing the metal-binding properties of Tat. The
pKy's of Asp, Glu, His, and Cys are 3.7, 4.3, 6.0, and 8.2, respectively suggesting an
order of likelihood of interaction with the metal as the pH is increased. Ordinarily,
one would not expect cysteine thiols to interact with Zn(II) at pH 5.0 however, it is
possible that one or more cysteines have a lower pK, and could be ionized at pH 5.0.
This 1s suggested by the poor solubility of the protein above pH 4.5. The loss in
ellipticity at 199 nm suggests a loss of random coil structure upon the binding of
Zn(II). The inflection point in the titration curve at 0.5 mole equivalents of metal
added supports the suggestion of the formation of a metal-linked dimer. The
ellipticity changes at higher mole equivalents show that additional Zn(Il) binding is

possible.
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The CD spectra of the Tat protein in the presence of increasing
concentrations of Zn(II) at pH 7.2 show significant losses in ellipticity at each metal
addition suggestive of metal-induced reduction in random coil content. The fact
that the ellipticity losses are greatest after addition of 0.5 mole equivalents of Zn(II)
also supports the formation of a Zn(I)-linked dimer at pH 7.2. The larger
magnitude of the ellipticity change at pH 7.2 compared to pH 5.0, suggests that the
binding affinity is higher resulting in a larger conformational change at higher pH.
In view of the known high affinity of histidine and cysteine side chains for Zn(I]) it
seems likely that the His tag and Cys-rich regions are the sites of Zn(II) binding.
Previously published CD spectra of HIV-1 Tat in the presence of divalent cations
such as Zn(II) or Cd(II) agree with our results. In particular, a CD study of the Tat
peptide comprised of the cysteine-rich region (Tats;.35) showed distinct losses in the
ellipticity at 199 nm upon addition of 1 and 2 mole equivalents of Zn(II) [41]. It is
noteworthy that the CD spectrum of apo-Tats;.35 showed a very similar band at 199

and 230 nm to our Tat protein.

4.3.4 Effects of Cd(1l) at pH 4.0, 5.0, and 7.1

The Tat protein’s conformation in the presence of Cd(II) was examined using far-UV
CD spectropolarimetry. Based on competition experiments, Tat has been shown to
have a higher binding affinity towards Cd(II) than Zn(II) using UV absorption
spectroscopy [39]. Examination of the CD spectra of apo-Tat and the Tat-Cd{I)

complex at pH 3.95 shows only very small decreases in ellipticity suggesting that a
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very weak metal-binding interaction has only slightly changed the conformation of
the proteiﬁ. This agrees with the CD results of apo-Tat in the presence of Zn(II) at
pH 4.0 which also showed no change in ellipticity. A previously published CD study
on Tat in the absence and presence of CdCls reported by Frankel et al. showed that
the addition of Cd(II) did not lead to a noticeable change in the ellipticity of the Tat
spectrum a‘t pH 7.2. However, the addition of 6 M urea to the apo-Tat prior to the
metal titration experiment may have prevented binding of metal [39].

Addition of Cd(II) to Tat at pH 5.0 resulted in a major loss of ellipticity at 0.5
mole equivalents of metal added and only minor changes at higher pHs in
reasonably good agreement with the Zn(Il) titration at the same pH. A CD study of
the metal-binding properties of Cd(II) to peptides rich in cysteine residues showed
significant structural changes as observed by the decrease in negative ellipticity at
199 nm. This supports our suggestion that decreases in ellipticity at 199 nm reflect
conformational changes that convert random coil backbone into a conformation

suitable for the binding of metal.

CD spectral analysis of apo-Tat in the presence of 0.5 to 3.0 mole equivalents
of Cd{I) at pH 7.12 showed small but gradual changes in ellipticity at low metal
concentration followed by a significant change at higher metal concentration [see
Figure 3.16 in Results]. This experiment was hampered by the low concentrations
of Tat which, in hindsight, appear to be the result of the method used to prepare the
protein. In this experiment the protein was dissolved up in a pH 7.12 buffer

solution and metal was then added. The result was a low concentration of protein
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making it difficult to ‘measure the effects of added metal. In contrast, the
experiments with Zn(Ii) mvolved dissolving up the protein at pH 4.0, raising the
pH, and then adding metal. This approach resulted in much higher concentrations
of protein so it would be very worthwhile to repeat the Tat titration with cadmium
at pH 7 by preparing the protein-metal mixtures at pH 4.0 followed by elevating the

pH.

4.4 Nuclear Magnetic Resonance Spectroscopy

4.4.1 TH-I5N Heteronuclear Single Quantum Correlation Spectroscopy

TH-1N HSQC NMR spectral analysis of unlabeled Tat protein showed clustering of
similar amino acid residues within a narrow chemical shift range indicative of a
disordered protein [183]. For example, resonances corresponding to glycine residues
of the Tat protein were observed within the narrow range of 8.0-8.5 ppm ('H
dimension) [see Figure 3.5.2 in Results], which closely matches the random coil
chemical shift values for glycine residues of a model peptide (Ac-G-G-X-G-G-NH>) in
the presence of acidic 8 M wurea reported by Schwarzinger et al. [177]. The
conclusion that apo-Tat is a disordered protein based on 'H-'»N HSQC data is also
substantiated by previous NMR and CD results showing that the Tat protein’s

conformation is predominantly a random coil [26].
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4.4.2 Effect of Zn(1l)

In Light of the CD experiments that s.howed Zn(II) and Cd(II) binding by Tat at a pH
of greater than or equal to five, NMR spectroscopy was applied to determine the
nature of the conformational change and the identity of the metal binding residues.
Because many attempts to solubilize Tat at pH 7 at the relatively high
concentrations necessary for NMR spectroscopy were unsuccessful, NMR spectra
could only be measured at low pH values. Examination of the 'H-15N HSQC NMR
spectra of apo-Tat and Tat at pH 4.02 in the presence of 0.5 mole equivalents of
Zn(Il) reveals significant line .broadening of all cross-peaks. A possible
iterpretation of the observation of line broadening is a change in the kinetics of
dynamic equilibrium among multiple conformations induced by the addition of
metal [178]. It can be rationalized that fast dynamic inter-conversion between
different conformations on the nano-second to pico-second timescale leads to an
averaging of all the contributing resonances whereby a single resonance is observed
in the apo-protein[12]. Addition of metal appears to slow down the averaging
bringing the exchange into the microsecond to millisecond timescale where it results
in appreciable line-broadening. However, analysis of the amide intensity along the
entire length of the protein showed several resonances dramatically diminished in
intensity as a result of Zn(II) addition [see Figure 3.20 in Results]. In particular,
amino acid residues within the cysteine-rich region were shown to disappear.
Resonance intensity comparisons between the apo-Tat and Tat-Zn(II) spectra

suggest that the effect of Zn(Il) on the intensities of the peaks in the Cys-rich



segment 1s significantly greater than the effect on the rest of the protein. This
suggests a specific intel'aétioxl between the cysteine side-chains and the metal. The
interaction must be very weak however, as the global conformation of the protein is
unchanged according to CD spectropolarimetry and indicates that at pH 4 the metal
affects the dynamics of protein conformational interconversion but not the average
fold measured by CD. Indeed, it is surprising that the changes in the Cys-rich
region are greater than in the acidic segment considering the likely ionization states
of the side-chains at pH 4.0, namely partially deprotonated for Asp and Glu and
fully protonated for Cys. Another possible explanation for the overall line-
broadening is metal-induced aggregation of the Tat protein [185]. However. this is
unlikely because the Tat protein is known to be stable at low pH [65] and no
precipitation was observed in the NMR sample.

Spectral superposition of the apo-Tat HSQC spectrum and the Tat spectrum
in the presence of 0.5 mole equivalents of Zn(II) shows observable but small
chemical shift changes within the histidine-tag and the Arg-rich motif indicative of
the possible involvement of the histidine and arginine residues as metal ligands or
of an indirect conformational effect of metal interactions with the Asp, Glu, or Cys
residues. This latter rationalization is supported by the observation of chemical
shift changes for residues Glu-22, Glu-29, and Asp-25. It is difficult to rule out a
direct interaction with these residues and indeed the metal may be dynamically
exchanging among many sites on the protein at low pH. It is noteworthy however,

that these residues are only found within the N-terminus region and may function



as a stabilizing factor due to its proximity to the His-tag. In an NMR study of
Bacitracin by Wasylishen et al. [184], 1t was shown that the binding of Cu(ll) and
Mg(II) by histidine residues is stabilized by the carboxylic acid groups of glutamic
and aspartic acid. It is plausible that even at low pH, the histidine residues are
permitted to bind to Zn(II) with the help of stabilizing interactions through residues
from the N-terminus. The side chains of glutamic and aspartic acid have been
shown to stabilize the histidine-Zn(II) interaction by the formation of a hydrogen-
bond between the Ns1-Hs) and the oxygen atom of the carboxylates [85] (Figure 4.2).
At pH 4, the Asp (3.8) and Glu (4.3) pK.'s would permit partial negative charges on
their side-chains that might encourage thev displacement of a proton from the

histidine imidazole by a zinc atom.

Figure 4.2: Schematic representation of a hydrogen bond between a carboxylic
group of glutamic or aspartic acid with the imidazole ring of the histidine which is
directly coordinated with zinc. Hlustration was reprinted with permission of Auld et

al. [85].

Another region of the Tat protein that may be involved in Zn(II) binding is
the Arg-rich motif since chemical shift changes were observed for these residues. It

1s unclear how the arginine residues could play a role in the Tat protein binding to
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Zn(II) but several possibilities do exist. The pK, of the arginine side chain 1s 12.5,
which at low pH 1s positively charge (protonated). it 1s noteworthy that the side
chain of the arginine residue resembles that of guanidine, which is rarely found to
function as a metal ligand. However, in a study of the stereochemistry of guanidine-
metal interaction by Costanzo et al [186], it was shown by analysis of several
molecule crystal structures that the neutral guanidine form is capable of metal
coordination interactions with preference for in-plane coordination. Thus, it is
highly unlikely that the arginine residues are directly coordinating with zinc at low
pH. In Figure 4.3, a model diagram of the possible dimerization of the Tat protein
in the presence of metal ions is proposed to exist in an anti-parallel orientation [61].
One can speculate that the arginine residues help stabilize this orientation through

electrostatic interaction with the negative residues found within the N-terminus.
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Figure 4.3: Model representation of a Tat metal-linked dimer. The M and S denote
the metal ions and thiolate ligands, respectively. Each monomer contributes seven
cysteine residues. The orientation of the dimer 1s anti-parallel with the basic region
(Arg-rich) represented by positive charges. Illustration was reprinted with

permission of Frankel et al. [61].

Despite observable changes in chemical shift and intensity of cross-peaks of
the NMR spectra of Tat in the absence and presence of Zn(II) at pH 4.0, CD spectra
showed no significant change to Tat’s conformation in the presence of the metal at
the same pH. A plausible explanation for the discrepancy in the two methods is that
the protein concentration is much higher in the NMR experiments (on average 500
pM) than in the CD experiments (on average 160 pM). Thus, it is conceivable that

the effects observed by NMR depend on the high concentrations of the protein. It



could also be that the Zn(II) is weakly coordinating with the Tat protein in a way

that does not change the protein’s conformation.

4.4.3 1H-1H Nuclear Overhauser Effect Spectroscopy

4.4.3.1 NOESY vs. ROESY

Two-dimensional nuclear Overhauser effect (NOESY) spectroscopy is a key method
in elucidating the 3D structure and folding of proteins. In general, NOESY NMR
provides information for the determination of sequential connectivities and
identifies long range contacts. Spectral comparison between NOESY and ROESY
experiments of the Tat protein show significantly more NOE cross-peaks in the
former than the latter. Comparison of peak intensity between the NOESY and
ROESY experiments is valid as long as appropriate consideration is given to the
fact that the maximum intensity from both experiments on the same protein sample
will be different. However, based on NOE results from the two experiments, it can
be concluded that the Tat protein’s rotational dynamics do not fall within the
regime between fast and slow rotational correlation times that often results in the
NOE of zero. Furthermore, one can speculate that the Tat’s rotational correlation
time may fall within the regime corresponding to large molecules where the NOE

intensity of the NOESY experiment is larger than the ROESY experiment [36].
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4.4.3.2 NOESY Analysis of Apo-Tat and Tat-Zn(II) Complex

Comparison of the NOESY spectra of apo-Tat and Tat at pH 4 in the presence of 0.5
mole equivalents of Zn(II) showed no significant difference in the number of
observable cross-peaks. To understand the structural effects of Tat-Zn(II) binding,
comparison of the Tat-Zn(II) NOESY results with the literature is needed.
Unfortunately, very few papers have been published on NOESY NMR studies of the
HIV-1 Tat protein. In a NOESY NMR study of the equine infectious anemia variant
(EIAV) 1-72 Tat by Sticht et al. [187], it was shown that the protein exists in a
predominantly helical conformation in a solution of 40 % trifluoroethanol/water but
this 1s clearly not helpful to us. Interestingly, numerous publications on the use of
NOESY NMR to study the Tat-TAR interactions exist in literature but the primary
focus is on the TAR spectrum [188, 189]

Typically, the effect of metal-binding on a protein usually results in the
appearance of additional cross-peaks in the NOESY spectrum indicating a metal-
induced conformational folding [190]. However, this may not always be the case. In
a NOESY NMR study of the metal-binding properties of the P5 helix of the group 1
intron [191] with Co(NH3)3%s, the observation of significant chemical shift changes
('H-N HSQC) were accompanied by no dramatic changes in the intensity and
pattern of the N'OESY spectrum indicating that the binding of Co(NH3)3*¢ had no
influence on the conformation of the protein. The fact that significant changes in
the chemical shift in the HSQC data of the Tat-Zn(II) complex were observed but no

additional cross-peaks in the NOESY spectrum were observed suggests that no



dramatic conformational changes were induced upon interaction with Zn(II) and
this agrees very well with the CD results. It should also be noted that the NOESY
results do not support the speculation of a metal-induced Tat dimer. In theory,
dimerization of two Tat monomers would yield additional NOESY cross-peaks due
to the probability of two protons on each monomer to come close in proximity.
However, this is not surprising given the low pH at which the experiments were
conducted. Also, the lack of any difference in the NOESY spectra of apo-Tat and
Tat-Zn(Il) contradicts the notion of the stabilizing electrostatic interaction between
the arginine-rich and the N-terminal regions.

Another possible explanation for the inconclusive results 1s that the
dynamics of the disordered Tat protein may lead to the observation of fewer NOE
cross-peaks relative to proteins that have a definitive secondary structure. It is
most likely that the Tat protein is interacting with Zn(II), however, the NOESY
NMR experiment is an inadequate method to detect such minute structural changes
in the Tat protein. It i1s noteworthy that it was not practical to measure NOESY

spectra of Tat bound to Zn(II) at higher pH because of protein precipitation.

4.4.3.3 Analysis of NOESY Spectra at Different Mixing Times

Based on comparing the number of NOE cross-peaks and their relative intensities,
the optimum mixing time was determined to be 300 ms. However, it should be
pointed out that NOESY distance determination depends on the NOE intensity only

on the assumption that the intensity is proportional to the rate of NOE build-up. In
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practice, NOE intensities can be used once it has been determined that the
measurements are in the range in which the build-up rate is linear, due to the
effects of spin diffusion [110]. Spin diffusion can dramatically influence the
intensity of the observed NOE through crosé relaxation. Consider a system of three
spins A, B, and C. A two-step cross-relaxation pathway from spin A to B followed by
B to C may be more efficient than directly going from A to C and will distort the
distance information in the cross-peak intensities at long mixing times.
Nevertheless, subtle spin diffusion effects would not be expected to alter
significantly the conclusions made here based on the similarity of the measured

NOESY and ROESY experiments.

4.4.3.4. NOESY and HSQC Analysis of Dialyzed Tat Sample

A NOESY analysis of a Tat protein that was dialyzed against Ni-free NTA to
remove residual cobalt was carried out to confirm the absence of paramagnetic
relaxation that may lead to broadening of cross-peaks. Comparison of NOESY
spectra of apo-Tat dialyzed against Ni-free NTA and apo-Tat purified under
standard conditions showed no significant increase in the number of observable
cross-peaks suggesting that no residual cobalt remained attached to the Tat protein.
Although the two samples were of different concentrations causing the comparison
to be qualitative, no large effect of dialysis was evident. An alternative method to
study the paramagnetic influence of residual cobalt was to conduct a 'H-1"N HSQC

experiment on the dialyzed Tat sample and compare the relative intensities of the
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resonances with the Tat sample purified under standard conditions, paying
particular attention to the cysteine resonances. It is noteworthy that cross-peak
intensities were normalized against Leu-89. Interestingly, the cross-peaks
corresponding to the cysteine residues within the Cys-rich region were absent in the
HSQC spectrum of the dialyzed Tat sample, quite the opposite of what was
expected. If the dialysis against NTA did remove trace metals this suggests that the
intensities of resonances in the Cys-rich region are broadened by a mechanism

other that paramagnetic relaxation by loosely held metals.

4.4.4 1H-15N Heteronuclear Multiple Quantum Correlation Spectroscopy
Based on 'H-15N HSQC results of the Tat-Zn(Il) complex, it was suggested that the
Zn(1I) ion may be coordinating with the histidine residues within the His-tag region.
To further investigate the role of the histidine residues in Tat-metal binding, long-
range HMBC NMR was carried out to focus on the effects of Zn(II) on the imidazole
rings of histidine. A binding interaction between Zn(II) and the histidine residues
1s suggested by the observation of chemical shift changes and a reduction in cross-
peak intensities in the HMBC spectra of apo-Tat and Tat in the presence of
mcreasing Zn(1I) concentration [see Figure 3.28B in Results]. However, it is
difficult to rule out the possibility that the effects are owing to a conformational
change induced by binding at another region of the protein.

Based on comparison of the 'H-»N HMBC spectra of apo-Tat with the

schematic diagram of the three possible imidazole tautomeric states, together with
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the fact that the pKa of the side chain i1s 5.86 [192], indicates that the histidine
residues are in a cationic tautomeric state at low pH, as expected. A possible
explanation for the disappearance of cross-peaks upon metal addition is the rapid
exchange of the metal between different histidine ligands leading to dramatic line
broadening. Furthermore, it appears that the cross-peaks are slowly migrating,
together with reduction in intensity, towards a single histidine cross-peak pattern

during each metal titration point.

4.4.5 TH-13C HMQC Analysis of Apo-Tat and Tat-Zn(II) Complex

Because the most dramatic effects of added Zn(II) on Tat 'H-1>N HSQC spectra were
observed in the Cys-rich region it seemed appropriate to examine the side-chain
resonances of the Cys residues. Specifically, the focus was on the detection of
changes in the 'H"'"’CP correlation signals upon metal-binding. Unfortunately,
spectral comparison between 'H-13C HMQC data of apo-Tat and Tat-Zn(II) showed
only minor changes in the chemical shifts of cross-peaks that are found within
regions where the cysteine residues would be expected to be observed and raises
doubts about the possibility that the cysteine residues are directly interacting with
the metal. It should be kept in mind that the cysteine thiols are expected to be
protonated at pH 4 and thus are not expected to interact strongly with metal at low

pH.
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4.4.6 113Cd NMR Spectroscopy

Using high-resolution 1D 173Cd NMR spectroscopy, one can study the binding
of Cd(II) to the Tat protein, which may lead to an understanding of the protein’s
multiple metal-binding sites. Analysis of the 1'3Cd titration experiment of the Tat
protein shows a hyperbolic relationship between '13Cd chemical shift and mole
equivalents of metal added. This is characterized by an initial increase in chemical
shift followed by a plateau at higher metal concentrations. The ''3Cd NMR spectra
in the presence of the Tat protein show significant chemical shift changes upon each
titration of metal indicative of metal-binding. The cadmium chemical shift of Tat in
the presence of 1 mole equivalent of Cd(II) is approximately 8.5 ppm, which is
substantially different from the literature values reported by Otvos et al. for the
Cd7-metallothionein-2 (Cd-MT-2) protein complex [217]. In this study, 113Cd NMR
chemical shifts for Cd-MT-2 were found to be in the range of 600 — 680 ppm and
diagnostic of cysteine thiolate binding. At 8 ppm the cadmium chemical shift
suggests binding by oxygen and/or nitrogen ligands. Another possible explanation
for the dramatic difference in observed chemical shift relative to the literature
values is dynamic chemical exchange between the free-Cd(I) (0 ppm) and Cd(II)
bound to the Tat protein with a strong shift towards the free form. This fast
exchange would average the two chemical shifts. The speculation of dynamic
exchange is substantiated by a study of the cadmium interaction of the extracellular
organic matter (EOM) excreted by Selenastrum capricornutum [194] in which it was

determined that the observed chemical shift for Cd(II)-EOM arises from an
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equilibrium between free and bound Cd(II) species. It is noteworthy that the range
iﬁ chemical shifts of Cd(II) bound to EOM is 1.3 to 6.6 ppm. Furthermore, the
observed Cd(II) chemical shift is also strongly affected by coordination with N, S,
and OH ligands.

Further complications in the analysis of '"3Cd NMR results arise if the
dynamic exchange 1s between multiple species of Cd(II) complexes with binding
ligands or water [112]. A possible solution to overcome fast exchange resonance
averaging 1s to alter the time scale of the exchange process to the slow exchange
regime by modifying the pH, lowering the temperature, or changing ionic strength
conditions of the sample [113].

The observation of sharp resonance lines throughout the Cd(II) titration also
indicates the absence of intermediate exchange among different Tat-Cd(II)
conformations. Another possible explanation for the inconsistencies of the observed
chemical shift 1s that Cd(II) may be coordinating more strongly to the histidine
residues and the carboxyl group of Asp and Glu rather than the cysteine residues.
This may explain the observed '3Cd chemical shift between 50 — 8 ppm. The
typical 113Cd NMR chemical shift of which the coordinating ligand is a nitrogen and
oxygen atoms fall in the range of 0 to 300 ppm and -100 to 0 ppm, respectively [112].
Thus, 113Cd NMR results may be a product of the averaging of the chemical shift
between nitrogen and oxvgen rather than sulfur ligands.

Algorithms used in Mathematica, together with the chemical shift data taken

from the 113Cd NMR experiment, led to the determination of a metal dissociation



constant of the Tat-Cd(II) complex at pH 4.6 to be 1.81 mM. The dissociation
constant of C&(II) to the Tat protein is relatively low as compared to cadmium-
binding protein in rat liver (Kp= 1.2 X 108 M ), human serum albumin (Kp = 3.8 X
10> M ), and metallothionein (Kp < 10-1! M) [196]. The determined dissociation
constant of Tat-Cd(II) may be indicative of a weak binding at low pH. One can
assume that as the pH increases, the ionization of important residue side chains
changes which may lead to an increase in Tat’s metal-binding affinity. Thus, at

higher pH, the dissociation constant may decrease.

4.5 UV Spectroscopy of Metal-binding using Cd(II)

Using UV absorption spectroscopy, we can monitor the binding of the Cd(I) to the
Tat protein. Examination of the UV absorption titration experiment of the Tat
protein showed an initial increase in absorption at 250 nm at a Cd:protein ratio of
0.5:1 at pH 4.5 [see Figure 3.7 in Results]. Further increase in CddID)
concentrations does not lead to significant changes in absorption at 250 nm. The
initial increase in absorption at 250 nm is suggestive of a thiolate-to-Cd(1I) charge
transfer complex [195]. In a study of the Cd(II)-complexes with mammalian B-
metallothionein-1 protein reported by Tio et al., it was observed that in the presence
of 0.5 mole equvalents of Cd(I), the UV absorption difference underwent a
significant increase at 250 nm accompanied by small changes at higher mole

equivalents of Cd(II). This is indicative of the sulfur ligand binding to the Cd(II)

186



with saturation of metal-binding sites [161]. It also substantiates the notion that
the Tat protein is capable ofbinding Cd(I) with low affinity, at pH below 6.

A discrepancy arises in the comparison between the UV absorption and 113Cd
NMR results. In the UV analysis, the Tat-Cd(II) complex saturates at 0.5 mole
equivalents of Cd(II) whereas the 1'3Cd NMR titr'ation shows a gradual increase in
chemical shift change at higher metal concentrations. A plausible explanation is
that the UV analyses only showed the binding interaction between the Tat protein
and the sulfur groups of the cysteine residues whereas the 113Cd NMR experiment
characterized the interaction of Cd(II) to all the Tat binding sites, suggesting that
in addition to binding to thiolates Cd(II) also binds weakly to carboxylates and other
side-chains. This 1s supported by the chemical shift range of the '13Cd during the
titration. However, the saturation of the UV absorption change at 0.5 mole
equivalents of Cd(I) further support the suggestion of a metal-linker dimer

complex.

Future Perspectives

Based on the NMR and CD results of the Tat protein interaction with divalent
cations Zn(ll) and Cd(1l), further experiments are required to fully understand the
binding kinetics and structural changes. Using Biacore (Surface Plasmon
Resonance) as an analytical technique, one could study the binding kinetics of the

Tat protein and determine whether or not a dimeric Tat can be formed. One
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possibility would be to attach a biotinylated Tat monomer to the Biacore sensor chip
SA via interaction with the streptavidinéold-dextran surface. Initial binding of the
Tat protein onto the surface is measured in resonance units (RU). A microfluidic
system containing a solution of the Tat monomer and Zn(II) or Cd(II) would be
injected and flow over the solid Tat gold surface. The interaction between the Tat
monomers will change the mass of the Tat monomer bound to the surface which will
lead to changes in the RU over time [201]. The quantitative measurement of the
dissociation and association rates of the two Tat monomers in the presence of Zn(I)
or Cd(II) can then be converted into a binding affinity constant. In a Biacore study
of the killer cell Ig-like receptor (KIR), it was shown that Zn(II) induces the
multimerization of KIR proteins [202]. It is noteworthy that the idea of only using a
solution of Zn(II) or Cd(II) as the mobile phase and studying the binding affinity of
the Tat-Zn(Il) or Tat-Cd(I) complex using Biacore is not feasible due to the
mability to detect the low M, of the Zn(II) and Cd(I).

The next step towards further understanding the Tat-Cd(II) complex should be
to conduct 113Cd-"H HMQC NMR experiments that may identify ligands coordinated
to Cd(Il) through detection of long range couplings. This may be feasible at neutral
pH if the solution is prepared by titration of the Tat-Cd(I1I) complex from lo§v pH to
neutrality. In an NMR study of the Cdg-metallothionein complex [203], it was
shown that the 113Cd-"H HMQC method can identify the Cd(II)-coupled to the HP of
the cysteine residues. Furthermore, the 113Cd-'H HMQC method can be useful in

defining the geometry of the binding site, which can provide additional 3D
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information. In a study of the metalloproteins by Zerbe et al. [204], it was
determined that a Karplus-type correlation exists betv'veen HP-CP-S*-Cd(I) dihedral
angle and the magnitude of the 3J(113Cd, H) coupling constant for the HP. Thus, once
the magnitude of the coupling constant is determined, one can determine the

dihedral angle.
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5. Conclusions

The focus of this research is to study the influence of metals on Tat's secondary
structure and to characterize the regions within the protein that are believed to be
mvolved in metal-binding. It 1s plausible that in the presence of metals such as
Zn(11) and Cd(II), the Tat protein may adopt a stable conformation. However, it is
more likely that the divalent cations will influence the protein’s rate of
conformational change.

The efficient purification of the HIV-1 Tat protein via cobalt metal-affinity
chromatography depends on the presence of a reducing agent TCEP and 6 M
guanidine-HCl. TCEP assists in the purification process by preventing
oligomerization of the Tat protein while guanidine-HCI inhibits precipitation due to
the formation of Tat-TCEP complexes. Based on SDS-PAGE analysis, the Tat
protein predominantly exists in a monomeric state in the presence of 10 mM TCEP,
mdicating that the formation of disulfide-bonds between inter and intra-molecular
cysteine residues within the Cys-rich region are responsible for oligomerization of
the protein.

Results from CD conformational studies of Tat in the presence of Zn(II) and
Cd(I) revealed distinct changes that may provide structural insights into the
protem-metal complex. Clearly, the Tat protein has a very low binding affinity for
both Zn(II) and Cd(II) at low pH. As the ionization of the side chain changes, the

binding affinity of the Tat protein towards the metal increases. More specifically,
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the Tat protein’s conformation changes significantly in the presence of 0.5 mole
equivalents of either Zn(II) or Cd(II) at pH 5.0. Furthermore, as the pH increases -to
7.0, an increase 1n binding of the Tat protein toward Zn(II) is observed.

NMR investigations of Tat in the presence of Zn(II) and Cd(II) revealed minor
structural changes in regions that are most likely to be involved in metal-binding.
Results from 'H-15N HSQC NMR experiments of Tat in the presence of Zn(ID
revealed dynamic exchange between different cysteine residues believed to be
mvolved in metal binding. Furthermore, histidine residues within the His-tag
underwent significant chemical shift changes at each addition of Zn(II). In addition
to the 1H-13N HSQC, the H-1"N HMBC experiment substantiates the rational that
the histidine residues within the His-tag are involved in metal-binding. In the 'H-
1BC  HMQC experiment, small changes in chemical shifts of cross-peaks found
within regions predicted to belong to cysteine residues are observed, providing
additional evidence of the involvement of the Cys-rich region in metal-binding.
Using 'Cd NMR the binding interaction of the Tat protein towards Cd(II) is
characterized as a weak binding with a dissociation constant of 1.81 mM.
Furthermore, the observed chemical shift range of the experiment indicates the
involvement of oxygen and nitrogen ligands in metal-binding.

In summary, results from NMR, CD, and UV studies showed that the Tat
protein undergoes significant structural change only in the presence of 0.5 mole
equivalents of metal with the His-tag and Cys-rich region most likely to be directly

involved. It is plausible that the divalent cations induce the formation of an anti-
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parallel Tat dimer with a protein:metal ratio of 2:1. Unfortunately, the formation of
a Tat dimer did not help stabilize the protein’s conformation at higher pH. Thus,
the need for further study on stabilizing the Tat protein at neutral pH is needed.
13Cd NMR analysis reveals a weak binding affinity in the millimolar range. This
may be due to the fact that in the presence of metal, the Tat protein is undergoing
conformational exchange in the intermediate regime between monomeric and

dimeric Tat conformers.
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Appendix A

List of chemical shift values for cross-peaks observed during HMBC 2-J

coupling experiment of HIV-1 Tat

Cross-Peak N
Position (ppm) (ppm)
1 173.609 | 8.556
2 173.719 1 8.521
3 176.106 | 8.553
4 176.554 | 8.558
5 177618 | 8.556
6 178.481 8.529
7 178.792 | 8.566
8 179.278 | 8.5655
9 180.331| 8.516
10 181.739 | 8.499
11 182.698 | 8.499
12 182.780 | 8.467
13 184.162 | 8.466
14 184.800 | 8.446
15 185.729 | 8.441
16 185647 | 7.183
17 184920 7.154
18 184.294 | 7.214
19 182754 7.172
20 181.897 | 7.250
21 181.371 7.186
22 180645 7.254
23 179.231 | 7.253
24 178.726 | 7.261
25 178674 7.218
26 177.631 7.257
27 176.587 | 7.265
28 176.228 | 7.230
29 174.668 | 7.253
30 1745690 7.216
31 173.592 | 7.256
32 173.615| 7.217
33 173.853 1 7.168
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Appendix B

Cross-peak analysis of the aliphatic and the aromatic regions of 'H-13C
HMQC spectra of apo-Tat and Tat in the presence of 0.5 mole equivalents

of Zn(1l) at pH 4.0 at 293 K.

Aliphatic Region Aromatic Region
Peak | H (ppm)| C (ppm)| Peak |H (ppm)| C (ppm)
1 318 28.768 1 8.576 46.427
2 3.197 29.400 2 8.501 46.810
3 3.131 29.544 3 7.652 46.789
4 3.061 29.122 4 7.190 29.597
5 2.831 28.134 5 T.217 30.216
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