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Intrinsic Disorder and Function of the HIV-1 Tat Protein
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Abstract: The type 1 Human Immunodeficiency Virus transcriptional regulator Tat is a small RNA-binding protein es-
sential for viral gene expression and replication. The protein binds to a large number of proteins within infected cells and
non-infected cells, and has been demonstrated to impact a wide variety of cellular activities. Early circular dichroism stud-
ies showed a lack of regular secondary structure in the protein whereas proton NMR studies suggested several different
conformations. Multinuclear NMR structure and dynamics analysis indicates that the reduced protein is intrinsically dis-
ordered with a predominantly extended conformation at pH 4. Multiple resonances for several atoms suggest the existence
of multiple local conformers in rapid equilibrium. An X-ray diffraction structure of equine Tat, in a complex with its cog-
nate RNA and cyclin T1, supports this conclusion. Intrinsic disorder explains the protein’s capacity to interact with multi-
ple partners and effect multiple biological functions; the large buried surface in the X-ray diffraction structure illustrates
how a disordered protein can have a high affinity and high specificity for its partners and how disordered Tat assembles a

protein complex to enhance transcription elongation.
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1. THE HUMAN IMMUNODEFICIENCY VIRUS

The Type 1 Human Immunodeficiency Virus (HIV-1) is
a lentivirus, the latter comprising a genus of retroviruses
displaying a characteristically long latency period [1,2]. Ret-
roviruses contain 2 copies of positive-sense single stranded
RNA genomes (Fig. (1a)) which are reverse-transcribed and
then integrated into the DNA of an infected cell [3]. The first
cells infected by HIV-1 are CD4+ T-lymphocytes, but
macrophages and microglial cells can also become infected
[1,4]. The mature HIV-1 virion, depicted in Fig. (1a), is
characterized by a cone-shaped capsid (CA) core enveloped
by a lipid bilayer derived from the host cell. The capsid con-
tains the viral RNA genome along with several viral en-
zymes necessary for early replication steps [5]. The HIV-1
genome contains nine open reading frames [6] as depicted in
Fig. (1b). The group-specific antigen gene (gag) encodes a
polyprotein (Gag) that contains the major structural compo-
nents of the virus (matrix, MA; capsid, CA; nucleocapsid,
NC) and p6. The pol gene encodes a polyprotein (Pol) con-
taining reverse transcriptase (RT), integrase (IN) and prote-
ase (PR). In the polyproteins, the individual folded proteins
are connected by unstructured linker segments which are
cleaved by the viral protease [2]. The envelope (env) gene
encodes the Env proteins glycoprotein 120 (gp120) and
glycoprotein 41 (gp41) which make up the surface unit (SU)
and transmembrane (TM) complexes [6]. The six additional
reading frames contain the genes for the regulatory proteins
transactivator of transcription (Tat) and regular expression of
virus (Rev), and the accessory proteins viral infectivity factor
(Vif), viral protein U (Vpu), viral protein R (Vpr), and nega-
tive factor (Nef) [2]. The Tat and Rev proteins are produced
by joining discontinuous segments of genomic RNA (Fig.

(1b)).
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Expression of viral DNA produces three major classes of
mRNA including unspliced (9 kb), partially spliced (4 kb)
and multiply spliced (1.8 kb) messages [7,8]. The full length,
unspliced mRNAs exit the nucleus and can serve for transla-
tion or they can assemble at the cell membrane for packaging
into a new virion. The most abundant partially spliced 4 kb
mRNA encodes the envelope glycoproteins [7]. Multiply-
spliced mRNAs are transported to the cytoplasm and trans-
lated into the viral regulatory proteins Tat and Rev along
with the accessory protein Nef. The viral regulatory protein
Tat is essential for virus expression — its main role, described
in Section 3, is to enhance the processivity of RNA Polym-
erase II (RNAP II) leading to the production of full-length
transcripts.

2. INTRINSICALLY DISORDERED PROTEINS

Over the past 20 years, it has become increasingly clear
that disordered proteins can be biologically active and that
the disordered segments of folded proteins are often func-
tional. In some cases, protein function is expressed during
transitions between different unfolded [9-11], partially
folded [9,12,13], molten globule [14], and amyloid states
[15-17] of proteins. The extent of protein disorder in the bio-
sphere has been measured with the use of algorithms that
detect disordered segments of proteins based on amino acid
properties such as charge, hydropathy, secondary structure
propensity and backbone flexibility, and their frequency of
occurrence throughout a protein [9,18-31]. Genome analysis
suggests that disordered segments of 30 or more consecutive
residues occur in 2.0% of archaean, 4.2% of eubacterial and
33.0% of eukaryotic proteins [29]. They also indicate that
viruses have the highest fraction of proteins containing a
disordered segment (37%) compared to bacteria (30%), eu-
karyotes (21%) and archaea (19%) [32]. Thus, evolution
appears to have selected amino acid sequences that can exist
in multiple conformational states; one of the advantages of
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this versatility is the possibility of assigning multiple func-
tions to individual proteins a property sometimes referred to
as “moonlighting” [33].
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Figure 1. (a) Features of the HIV-1 virion showing the conical
capsid comprised of ~1500 copies of the capsid protein (CA, p24).
The core contains the viral diploid single-strand RNA [5], nucleo-
capsid protein (NC, p9), protease (PR), integrase (IN), negative
factor (Nef), integrase (IN or p31) and reverse transcriptase (RT,
p51). The capsid core is enclosed in a protein matrix (MA, pl17).
The matrix is enveloped by a lipid bilayer derived from the host cell
along with some host cell proteins. The surface unit (SU) is com-
prised of trimers of glycoprotein 120 (gp120) which are anchored to
the envelope via the transmembrane (TM) complex consisting of a
trimer of glycoprotein 41 (gp41). (b) Open reading frames of the
HIV-1genome. The HIV-1 long terminal repeat (LTR) has an in-
ducible promoter [159] followed by the genes for: group-specific
antigen (gag) encoding a polyprotein containing the major struc-
tural components of the matrix, capsid and nucleocapsid com-
plexes; polyprotein (po/) encoding another polyprotein containing
the viral enzymes protease, reverse transcriptase and integrase;
accessory proteins viral infectivity factor (vif); viral protein R (vpr);
viral protein U (vpu) and negative factor (nef); envelope (env) en-
coding the surface and transmembrane glycoproteins; and the regu-
latory proteins transactivator of transcription (faf) and regular ex-
pression of virus (rev). Both of the regulatory proteins are encoded
by two exons.

The functions of intrinsically disordered protein (IDP)
have been classified into six broad categories [34-36]: Effec-
tors, proteins that activate, or more commonly inhibit, activi-
ties such as transcription initiation; assemblers of macromo-
lecular complexes such as ribosomes, chaperones that pro-
vide a protective function to proteins and RNA, display sites
for post-translational modification, scavengers of small
ligands such as calcium phosphate by casein, and entropic
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chains that can be dynamic linkers or regulators of access to
binding sites, active sites, and pores [10,34-42]. Recent
analysis supports earlier observations that intrinsically disor-
dered proteins are particularly abundant in processes involv-
ing the binding of DNA and RNA, and in the regulation of
cell cycle, transcription, differentiation, and growth [34,43].

Several advantages have been proposed for disordered
proteins over folded proteins [44-46]. IDPs have signifi-
cantly greater surface areas than folded proteins of the same
length endowing them with the ability to bind multiple part-
ners and to have multiple functions [17,47] [48]. This bind-
ing promiscuity, which can modulate the activity of different
targets, has been observed for several IDPs [10,34,49] and
can have opposing effects on the same target [34]. However,
in all of the categories except for the entropic chains, interac-
tions between a disordered protein or segment and its target
typically result in some degree of disorder-to-order transition
[34]. The large surface areas of unfolded proteins can con-
tribute to high specificity of binding but the large entropy
loss upon folding will, in principle, reduce binding affinity
[50]. Surprisingly, a survey of the binding affinities of folded
and intrinsically disordered proteins shows that the range of
binding affinities is remarkably similar in both classes [S1].
High-affinity binding in IDPs may be achieved in part by the
counteracting solvent entropy gain that occurs upon burial of
a large hydrophobic surface. It has also been suggested that
decoupling folding and binding permits faster dissociation of
high affinity IDPs than is possible for folded proteins
[34,51]. In this regard, recent dynamics analyses of several
proteins [52,53] and RNA [54] suggest that many bio-
molecular interactions entail conformational selection of a
target that samples the bound state in its unbound ensemble.
However, more work is needed to dissect the multiple en-
thalpic and entropic contributions that explain IDP folding
transitions [50].

2.1. NMR Spectroscopy and Disorder

Disorder in proteins can be detected by a variety of
methods but perhaps the most frequently used are circular
dichroism (CD) spectropolarimetry, nuclear magnetic reso-
nance (NMR) spectroscopy, X-ray diffraction, and protease
digestion. With the appropriate sample, NMR spectroscopy
is uniquely capable of determining the three-dimensional
structures of proteins in solution at atomic resolution [55]. A
further advantage of NMR spectroscopy is the ability to ob-
tain high-resolution dynamic information over a range of
timescales that spans 12 orders of magnitude from picosec-
onds to seconds [56]. Advances in NMR spectroscopy over
the past decade have made it particularly well suited to
studying the dynamics of flexible segments in folded pro-
teins, protein folding intermediates such as the molten glob-
ule, and denatured and intrinsically disordered proteins
[18,19,57,58]. A 'H one-dimensional NMR spectrum can
indicate disorder through the low dispersion of the reso-
nances [58]; more commonly, disorder is evident in the nar-
row dispersion of resonances in the 'H and "’N dimensions
of Heteronuclear Single-Quantum Coherence (HSQC) spec-
tra. Isotope enrichment of proteins in "N and °C is essen-
tial; the comparatively wide dispersion in the '“N-amide,
PC-carbonyl, and 'H-amide resonances in disordered pro-
teins in combination with multi-dimensional experiments
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and high magnetic fields permits the unambiguous resonance
assignment of disordered proteins that would be nearly im-
possible in unlabelled proteins [59,60].

A disadvantage of NMR spectroscopy is the fact that it
requires sample concentrations in the 0.5-1 mM range, al-
though this can be as low as 100 uM in very high magnetic
fields. This can be a serious problem in the study of the dis-
ordered state since disordered proteins are prone to aggrega-
tion at these concentrations [58]. Disordered proteins are
usually not uniformly hydrophilic and their hydrophobic
residues lead to low solubility. Thus, preparing and main-
taining a monodisperse sample can be challenging [61].

3. THE HIV-1 TRANSACTIVATOR OF TRAN-
SCRIPTION

All lentiviruses produce a transactivator of transcription
including the viruses found in primates, sheep, horses, cats,
and cattle [62]. HIV-1 Tat is expressed during the early
stages of viral infection and is essential to viral replication
[63]. Shortly after initiation of transcription of the HIV-1
DNA, RNA Polymerase II (RNAP II) halts as a result of the
binding of the negative transcription elongation factors N-
TEF (negative transcription elongation factor) and DSIF (5,
6-dichloro-1-B-D-ribofuranosylbenzimidazole  sensitivity-
inducing factor) [64-66]. In the absence of Tat protein, RNA
polymerase is hypophosphorylated, exhibits low processiv-
ity, and releases only short transcripts [67]. The main effect
of Tat is to stimulate hyperphosphorylation of the carboxyl
terminus of RNAP II enhancing the processivity of the en-
zyme and leading to the production of full-length transcripts.
A brief outline of the mechanism begins with the binding of
Tat to a stable, nuclease-resistant, stem-loop structure re-
ferred to as the transactivation response (TAR) element (Fig.
(2)). The TAR element is located downstream of the long
terminal repeat (LTR) promoter and spans nucleotides +1 to
+59 of the nascent RNA [68]. Tat stimulates elongation of
full-length transcripts by recruiting the positive transcription
elongation factor b (P-TEFb), a hetero-dimeric complex of a
regulatory cyclin T and CDK9. Upon formation of the P-
TEFb/Tat-TAR complex, CDK9 is brought into close prox-
imity of the carboxyl-terminal domain (CTD) of RNAP II.
CDKO9 then hyperphosphorylates the CTD of RNAP 11, the
components of N-TEF, and DSIF (Spt5) [69-71]; Tat acti-
vates P-TEFb by displacing Hexim1 from its cyclin T1 bind-
ing site [72]. Finally, the affinity of the Tat-cyclin T1-CDK9
complex for TAR is decreased through Tat acetylation at
Lys-50 by histone acetyl transferases (HAT) in p300/CBP
(CREB binding protein) and PCAF (p300-CREB binding
protein associated factor) [66,73] leading to dissociation of
Tat and P-TEFb from TAR and the enhancement of tran-
scription elongation [66,74].

HIV-1 Tat is a 101-residue protein encoded by two exons
(Figs. (1b) and (3)). Several HIV-1 laboratory strains yield
Tat proteins with 86 residues that likely originate from the
HXB2 reference strain (subtype B) [75]. The 86-residue
variants are not found in natural viral isolates [76] and it has
been suggested that they arose during tissue culture passag-
ing of the virus; a single nucleotide correction in the labora-
tory genomes yields the expected 101 residue protein [77].
HIV-1 Tat exon-1 defines amino acids 1-72 and is shown in
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Fig. (3) where it is compared to the sequence of the equine
infectious anemia virus (EIAV) Tat. Based on amino acid
composition, several sequence domains have been identified:
an acidic and proline-rich N-terminus (1-21), a cysteine-rich
region (22-37), a core (38—47), an arginine-rich basic region
(48-57), and a Gln-rich segment (58-72) [78]. The second tat
exon defines residues 73—101 and is highly enriched in polar
and charged residues as well as proline. The 72-residue seg-
ment of Tat can activate transcription with the same profi-
ciency as the 86-residue protein [65,79-81]. Recently how-
ever, HIV-1 expressing the full-length 101-residue protein
was shown to have enhanced NFxB activation, transactiva-
tion, and replication in T-cells compared to the exon-1 prod-
uct [82] strongly suggesting that future work on the protein
include the segment from exon-2.
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Figure 2. The transcription elongation regulatory complex. The
regulatory complex formed by recognition of the TAR stem-loop
bulge by Tat and the Tat-associated kinases of P-TEFb (Cyclin T1
and CDK9). Tat recognition primarily involves interactions be-
tween the Arg-rich region of its basic domain and the phosphates of
the UCU bulge in the TAR element of the RNA. The Tat-cyclin T1
interaction may involve cysteine residues in both proteins through
coordination with zinc ions. The complex allows the hyperphos-
phorylation of the CTD of RNAP II by CDK®9 leading to transcrip-
tion elongation.

A recent survey of interactions between human proteins
and the proteins of human pathogens indicates that viruses
and bacteria mainly manipulate host cell cycle, apoptosis,
immune response, and nuclear transport [83]. HIV-1 Tat has
been implicated in all but the last of these major cellular
processes [84-86]. For example, Tat lengthens the G1 phase
of the cell cycle and ten human proteins involved in G1 are
known to interact with Tat [83]. Tat has also been implicated
in mitochondrial apoptosis of T-cells [87,88] and inducing
oxidative stress [89,90]. Tat may also be involved in derep-
ression of heterochromatin, in transcription initiation [91],
and in reverse-transcription [92]. More recently, Tat has
been shown to regulate capping of HIV-1 mRNA [93], to
interact with Dicer and suppress the production of small in-
terfering RNA [94], and to act as a nucleic acid chaperone
[95]. Absence of Tat and low levels of Tat-associated host
factors cyclin dependent kinase 9 (CDK9) and cyclin T1 in
resting CD4+ T-cells are all implicated in the latency of the
virus, a major roadblock in antiretroviral therapy [96].
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Tat protein also appears to be able to escape infected
cells and has been implicated in an extraordinarily wide
range of activities including supporting endothelial cell pro-
liferation and thereby contributing to the development of
Kaposi’s Sarcoma, [97-99], decreasing expression of tight
junction proteins [100], and promoting angiogenesis [101],
to name a few. A major event in the progression of HIV-1
infection is neuronal damage despite the fact that neurons
cannot be infected with the virus [102]. Tat can be released
from infected microglia and astrocytes within the central
nervous system (CNS) [103] and is able to cross the blood-
brain barrier [104] resulting in cell death of neurons
[89,105]. NeuroAIDS encompasses a range of disorders aris-
ing from damage to the peripheral and central nervous sys-
tems including HIV-associated dementia (HAD) and HIV-
associated encephalitis (HIVE) [103,106]. Several HIV pro-
teins have been implicated in neural dysfunction including
gp120, gp41, Rev, Nef and Tat [105]. However, it is difficult
to prove that enough protein is released by infected cells to
account for the observed pathology. Furthermore, overacti-
vation of the immune system, and in particular macrophages,
may be the main contributor to neuropathy [107]. In general
though, the pathological activities of Tat appear to contribute
significantly to both immune and non-immune dysfunction
resulting in an overall increase in the impact of viral infec-
tion.

Some of the biological activities of Tat have been as-
signed to a sequence domain of the protein. Residues 1-24
form the KIX domain binding site on p300/CBP [108]. Cy-
clin T1 is thought to interact with the Cys-rich region of Tat
[109]. Mutation of any one of the cysteine residues in the
protein, except for Cys-31, results in loss of transactivation
[65]. Cys-31 is common in most major subtypes of HIV-1,
but it is not present in the HIV-1 subtype C strain which ac-
counts for more than 50% of infections worldwide [110].
The end of the Cys-rich region and the core are involved in
mitochondrial apoptosis of bystander non-infected cells
through their ability to bind tubulin and prevent its depolym-
erization [111]. The basic region is critical for RNA binding
[112] as well as nuclear localization; peptide fragments cor-
responding to the region of Tat spanning Tyr-47 and Arg-57
have been used to transport a large variety of materials in-
cluding proteins, DNA, drugs, imaging agents, liposomes,
and nanoparticles across cell and nuclear membranes [113].
The Gln-rich region has been implicated in mitochondrial
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apoptosis of T-cells [87]. The minimum transactivation pro-
tein spans residues 1 —48 [65].

The second exon-encoded polypeptide has far fewer bio-
logical activities ascribed to it presumably because it has
been studied less intensively [81,92]. Studies have shown
that the segment encoded by the second exon is involved in
repressing the expression of major histocompatibility com-
plex (MHC) class I molecules whose presence at the cell
surface serve as targets for cytotoxic T lymphocytes [114-
116]. This repressive function from the exon-2 encoded
segment may contribute to HIV-infected cells escaping an
immune response [114,115]. The second exon segment also
includes an RGD motif that may mediate Tat binding to cell
surface integrins [117]. A summary of published interactions
between HIV-1 proteins and human proteins counted 830
unique, direct, physical interactions [86] and found that Tat
is the most prolific interactor.

The Tat amino acid sequence (Fig. (3)) has a high net
positive charge, a low overall hydrophobicity, and a low-
sequence-complexity, meaning low variability of the 20
amino acids within a segment of the protein and repetition of
amino acids. Analyses by several disorder prediction algo-
rithms suggested that it is intrinsically disordered with a po-
tential for order in the cysteine-rich region [118]. Early cir-
cular dichroism (CD) spectropolarimetry experiments
showed that the protein lacks secondary structure but showed
evidence of minor conformational changes upon addition of
zinc [108]. The strong negative ellipticity at 198 nm shown
in Fig. (4) is characteristic of a backbone dominated by the
random coil conformation.

There have been several attempts to determine solution
conformations of Tat and its segments, both alone and in
complexes and here we briefly summarize several. Most of
the studies have suffered from the limited resolution attain-
able in homonuclear '"H NMR spectra of unlabelled proteins.
At pH 4.5, in the absence of reducing agents a low-
resolution, globular conformation with some flexible seg-
ments, particularly in the basic region, was deduced for *C*
Gly-labelled synthetic Tat,gs (Bru) (Fig. (5a)) [119]. In an
NMR model of the 87-residue Tat Mal protein at pH 4.5 un-
der oxidizing conditions, the N-terminal Trp-11 formed a
hydrophobic core through interactions with Phe-38 and Tyr-
47 (Fig. (5b)) [120]. The basic region is in an extended
conformation and the Cys-rich region contains -turns; an o.-
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Figure 3. (a) The HIV-1 Tat sequence (BH10 isolate) encoded by exon 1. The 72-residue segment encompasses an N-terminal proline-rich
region (1-21) containing the only three acidic residues, a cysteine-rich region (22-37), a core (38—47), a basic region (48-57), and a Gln-rich
segment (58-72). Residues 73—101 are encoded by exon 2. (b) Sequence alignment of the first exon-encoded region of Tat; 7, of Tat BH10
isolate and the 75-residue Tat protein from EIAV (Swiss-Prot accession number 20920) [156].
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helix is found in the Gln-rich segment. 'H NMR spectros-
copy and molecular dynamics simulations suggested that at
pH 6.3 under reducing conditions a Z-variant Tat; g¢ forms
condensed domains encompassing the core and Gln-rich
regions, whereas the basic and Cys-rich regions were found
to be highly flexible (Fig. (5¢)) [121]. The lack of agreement
among the conformations illustrated in Fig. (5) suggests that
the protein does not form a stably folded conformation and
supports the hypothesis that HIV-1 Tat is an IDP [60]. Since
the structures were determined under different conditions it
is worth considering that metal ions, oxidized thiols, pH or
other solution conditions may have contributed to the het-
erogeneity of the structures and offers the possibility that
binding partners may induce structure in all or part of the
protein.
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Figure 4. A baseline-subtracted far-ultra-violet CD spectrum of
HIV-1 Tat,_7; at room temperature. Tat protein concentration was
173 uM dissolved in 10 mM acetate buffer at pH 4.17.

There have been several studies of Tat fragments in com-
plex with TAR RNA mainly focusing on the conformation of
TAR [122-126]. NMR spectroscopy suggested a conforma-
tional change in Tats,.7,, in the region of Gly-42 and Gly-44,
upon binding to TAR [125]. "H NMR also showed that Taty.
55, acetylated at Lys-50, is bound in an extended conforma-
tion to the bromodomain of p300/CBP-associated factor
(PCAF) [66]. CD spectra suggested the possibility of a con-
formational change in Tat;g¢ upon binding to the KIX do-
main of p300/CBP [108]. '’N NMR relaxation measurements
showed that Taty7.s3 becomes slightly more ordered on bind-
ing heparin [127], while CD studies of overlapping peptide
fragments suggested that the most flexible regions of Tat are
those adjacent to the basic region [128]. An oxidized Ten-
damistat-Tat, 3; fusion protein showed multiple conforma-
tions with some evidence of helicity in the Cys-rich region
(20-33) at pH 3.5 [129]. A fusion protein consisting of the
activation domain from the Equine Infectious Anemia Virus
and Tatyg 57 showed high helical content in the basic domain
by NMR spectroscopy and CD [130]. One structural study
has been published on a 101-residue Tat (Eli) protein at pH
4.5 and at pH 7 [131]. Circular dichroism spectra of the pro-
tein exhibit a strong band at 198 nm typical of disordered
proteins (see Fig. (4)). Structural restraints deduced from 'H
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NMR spectra were used to deduce a globular conformation
however the chemical shift dispersion of the amide protons
suggests that the protein is disordered [131].

1TV id) ITRC

Figure 5. NMR derived conformations of HIV-1 Tat found in the
RCSB Protein Data bank (PDB): (a) Tat Bru (group M subtype B),
86 residues (PDB ID: 1JFW) [119]; (b) Tat Mal (group M subtype
A) [120], 87 residues (PDB ID:1K5K); (¢) Tat Z2 (group M sub-
type D) 86 residues (PDB ID: 1TIV) [121]; and (d) Tat Z2 (group
M subtype D) 86 residues (PDB ID: 1TBC) (Boehm, M., Sticht, H.,
Seidel, G., and Roesch, P. unpublished).

Based mainly on binding studies between fragments of
Tat and site-specific mutants of TAR, the low resolution
features of the interaction between Tat and TAR were de-
lineated as indicated in Fig. (2). Tat binds directly to TAR
through electrostatic interactions between its basic arginine-
rich region and the negatively charged phosphates at a stem-
loop UCU-bulge (uridine23-cytidine24-uridine25) of the
RNA and the complex has a dissociation constant of K4= 12
nM [132]. The two base pairs (G4:C39 and A,7:Usg) immedi-
ately above the TAR bulge are also believed to be critical for
Tat recognition and the two base pairs (Az:Uyp and Gy1:Cyy)
below the bulge also contribute to the binding affinity [133].
Phosphates at positions 22, 23 and 40 on the RNA are also
critical for Tat binding interactions [123]. The basic Arg-rich
and Gln-rich regions of Tat govern the binding affinity of
Tat to TAR RNA, but it is the core region that seems to con-
trol the specificity of Tat for the TAR element [134,135].

4. MULTINUCLEAR NMR SPECTROSCOPY AND X-
RAY DIFFRACTION STUDIES OF TAT

With its identifiable sequence domains, low-amino acid-
sequence-complexity, low overall hydrophobicity, and high
net positive charge, Tat has all of the hallmarks of intrinsic
disorder making it a good candidate for investigation by
NMR spectroscopy. A major stumbling block has been the
difficulty in preparing homogenous solutions of the protein
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at concentrations amenable to NMR owing to the readily
oxidized Cys-rich region of the protein that gives rise to a
heterogeneous mixture of multimers. The high net positive
charge is also problematic as it causes the protein to bind
tightly to anionic surfaces including glass, and to polyanionic
species in cell lysates such as DNA and RNA. Preparation of
reduced, monomeric exon-1 Tat protein labelled with "N
and "°C at pH 4.1 was achieved by extraction of E. coli with
the strong reducing agent tris(carboxyethyl)phosphine and
the denaturant guanidine hydrochloride, purification using
immobilized metal affinity chromatography, and subsequent
removal of the denaturants and reducing agent by dialysis
[60]. Experiments for assigning the backbone chemical shifts
along with measurements of T H* coupling constants, °N
relaxation rates, and steady-state nuclear Overhauser effects
(NOE) between "N and "H nuclei were done at pH 4.1 in
order to maintain the protein in a reduced monomeric state.
Tat transactivates transcription in the interior of a cell that is
a reduced environment where most proteins do not contain
intramolecular disulfide bonds. In the rare cases where intra-
cellular disulfides have been observed they are usually in-
volved in redox cycling, are transiently formed, and not re-
quired to maintain the structure of the protein [136]. In
agreement with this, evidence suggests that the reduced Tat
monomer is the form of the protein that is active in transacti-
vation [137].

Multinuclear labelling of Tat was essential to obtaining

Shojania and O’Neil

and for high-resolution dynamics experiments [60]. The as-
signments of the Cys residues are particularly informative as
they confirmed that all of the Cys residues in the NMR sam-
ple were reduced (Fig. (6)); all of the >C* and "*CP chemical
shifts observed in a 3-dimensional HNCACB [138] spec-
trum, are in the range of the random coil chemical shifts of
reduced cysteine (58.6 ppm and 28.3 ppm) [139] differing
significantly from those of oxidized cysteine (55.6 ppm and
41.2 ppm) involved in disulfide bonds. The dispersion of the
resonances in "N-'"H HSQC spectra of Tat; 7, (Fig. (7)) is
typical for disordered proteins lacking regular secondary
structure and agrees with previous homonuclear NMR stud-
ies [119,120,129,140,141]. The resonance line-widths of
1545 Hz for 'H and 6+1 Hz for "°N are broad compared to
those measured for folded proteins of a comparable size (6-9
Hz and 3 Hz respectively) [142]. The broad linewidths sug-
gest backbone conformational exchange on the [s-ms times-
cale. Furthermore, multiple minor resonances are detected
for many residues suggesting the presence of multiple, likely
unfolded, conformers in equilibrium [60].

The use of the chemical shift as an indicator of secondary
structure [143] has been successfully applied to the analysis
of proteins under denaturing conditions to identify regions of
residual structure [144-146] but required adaptation to ac-
count for local sequence effects on the reference shifts for
the random coil [139,147,148]. In some cases, non-native
residual structure has been identified that may indicate tran-
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way [144,145]. In the case of the His-tagged Tat; 7, the ma-
jority of the backbone chemical shift differences from se-
quence-corrected random coil shifts were found to be within
the bounds of the random coil conformation [60]. Subse-
quently, Marsh et al. described a method for combining the
secondary chemical shifts from many nuclei into a single
probe score to obtain a secondary structural propensity (SSP)
especially suited to detecting transient structure and struc-
tural propensity in IDPs [149]. In this procedure, consecutive
residues with SSP scores of 1 or -1 indicate a fully formed o-
or B-structural element, respectively. Lower scores corre-
spond to the fraction of the ensemble that is in a particular
structural state. We have re-analyzed the chemical shifts of
Tat [60] and present the SSP scores in Fig. (8). They show
that most residues lie between the +20% boundary lines
meaning that, among the ensemble of conformations, fewer
than 20% of the residues are in any particular regular secon-
dary structure. Particularly noteworthy, are the SSP scores
for the region centered on residue 52 that indicate a propen-
sity towards 3 structure followed by a propensity to o-helix
for a region centered on residue 66. The two regions corre-
spond to the Cys-rich region and a region that encompasses
the core and basic regions shown in Fig. (3).

Despite the relatively poor chemical shift dispersion in
the NMR spectra of Tat, relaxation data were obtained for
77% and 72% of the observable resonances (non-proline and
non-N-terminal) at 600 MHz and 800 MHz spectrometer
frequencies respectively. The steady-state heteronuclear '*N-
'H NOEs exhibited a flattened bell-shaped variation with
amino acid sequence [60], diagnostic of a disordered pro-

tein [150]. The lack of any significant variation in the "N-'H
NOEs, coupled with their negative values, are good indica-
tors of the degree of uniform disorder throughout the protein
backbone on the ns-ps timescale. Longitudinal relaxation
rates (R,) observed for Tat [60] were consistent with slower
relaxation and faster dynamics at the ns-ps timescale than for
a folded protein of similar size and both the >N-'"H NOEs
and R, values were very similar to those measured for a gua-
nidine-denatured protein [151]. The rotating frame longitu-
dinal relaxation rates (R,,) were slightly higher than average
at the end of the Cys-rich region (Cys-57 to Ile-59) possibly
indicating contributions from slow conformational exchange.

Analysis of the relaxation rates by reduced spectral den-
sity mapping [151-153] showed little variation over the
length of the sequence and show a range of values similar to
those observed for the guanidine-denatured state of drkN
SH3 [151], acid-denatured apomyoglobin [145], low pH/urea
denatured apomyoglobin [152], and the intrinsically disor-
dered pro-peptide of subtilisin [154]. Interestingly, the acid-
urea-unfolded state of apomyoglobin shows minima in the
high-frequency plots that appear to be diagnostic of residual
structure because they correspond to maxima in buried sur-
face area in the folded protein [145]. The lack of definition
in the plots of high-frequency motion for reduced Tat, 7,
implies a lack of formation of any transient structure at pH
4.1. However, residues Asn-44, Lys-61 and Ala-62 were
found to have faster than average motions in the mid-
frequency plots. Schwarzinger et al [148] made a similar
observation in their studies of acid-urea denatured apomyo-
globin and noted that high proportions of glycine and alanine
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are present in the most flexible regions of the protein. The
region of Tat following the Cys-rich region contains one
alanine and two glycines (Ala-62, Gly-64 and Gly-68) which
may explain the higher dynamics there. Calculation of
Lipari-Szabo order parameters from the relaxation data gave
an average value of 0.5 where a value of 1 represents order
and 0 represents disorder and where most unfolded proteins
show values in the range of 0.4 — 0.6 [151,154].

The cross-peaks in the HSQC spectra of Tat diminish in
intensity as the pH is raised from 3.3 to 6.7, whereas the
chemical shifts of the resonances move very little. For the
most part the loss of resonance intensity could be explained
by the pH-dependent increase in hydrogen exchange rates
and suggests that the protein does not fold at the elevated pH
because buried resonances would be expected to exchange
more slowly and remain visible in the spectrum. However, it
cannot be ruled out that the protein forms a molten globule
conformation at elevated pH in which conformational ex-
change causes broadening of the resonances. And although
the dynamics experiments and chemical shift analysis sug-
gest that the protein is in a random coil conformation at pH 4
it is also conceivable that measurement of '"H-NOEs might
detect minor condensed conformations in the ensemble.

Although HIV-1 Tat has never been crystallized, a 69-
residue EIAV Tat fused to the cyclin box domain of human
cyclin T1 formed crystals with electron density observed for
residues 8 — 263 of the cyclin T1 [155]. EIAV Tat contains
only 2 Cys residues in contrast to the 6 (Type C) or 7 (Type
B) present in the HIV-1 proteins, considerably simplifying
expression and purification of the protein. No electron den-
sity was observed for EIAV Tat indicating that cyclin T1
does not induce a stable conformation in Tat [155]. Crystal-
lization of an EIAV cyclin T1-Tat fusion protein in the pres-
ence of TAR RNA resulted the detection of electron density
for residues 41 — 69 of Tat [156] (Fig. (9)). Residues 41 — 47
in the core region (see Fig. (3)) exist in an extended confor-
mation interacting mostly with the cyclin T1. Residues 48 —
59 in the basic segment (see Fig. (3)) form a helix that binds
to the major groove of the TAR stem-loop structure (Fig.
(9)). This region is followed by a tight turn and an extended
segment that inserts the C-terminal Leu-68 and Leu-69 into a
hydrophobic groove on cyclin T1. It is interesting to note
that the strongest indication of a propensity to fold based on

the chemical shift analysis in Fig. (8) is found in the basic
region of the Tat protein [81]. The structure of the tripartite
complex explains the specificity of Tat proteins for T-type
cyclins, the binding specificities of cyclin Tls for Tat-TAR
complexes from different species, the structural implication
of the acetylation of Lys-50, and likely reveals the binding
site for HEXIM-1 on cyclin T1. The cyclin T1-Tat interface
encompasses 806 A’, the Tat-TAR interface covers 582 A’
and the cyclin T1-TAR complex buries only 193 A%, Clearly
the role of Tat is to bring the two molecules together. Al-
though this structure does not directly reveal the dynamics of
Tat and TAR it clearly illustrates the large surface area
available to an unfolded protein permitting high affinity and
high specificity of binding. The structure also shows the
power of molecular structures to illuminate biological activ-
ity even in the realm of IDPs and suggests that the crystalli-
zation of fusion proteins will be a rich source of information
on IDPs.

CONCLUSIONS

Recent multinuclear NMR [60] and X-ray diffraction
studies [155,156] show that Tat proteins are intrinsically
disordered but undergo a partial disorder-to-order transition
upon formation of the Tat-TAR-Cyclin T1 complex. Intrinsic
disorder is likely a key to the protein’s capacity to interact
with multiple partners and effect multiple biological func-
tions; the large buried surface in the X-ray diffraction struc-
ture illustrates how a disordered protein can have a high af-
finity and a high specificity for its partners and how disor-
dered Tat assembles a protein complex to enhance transcrip-
tion elongation. An interesting aspect of the binding of Tat is
that its target, TAR RNA, is also highly conformationally
flexible as revealed by NMR spectroscopy [54] suggesting a
significant entropy penalty in the formation of a Tat-TAR
complex. Do Tat and TAR passively select a suitable con-
formation from among the possibilities offered by their part-
ner [18] or do they induce the desired conformation in their
partner [19]? Another option is that Tat is presented to TAR
in a relatively fixed conformation in the cyclin T1 complex
but the current X-ray diffraction structure of the bimolecular
complex shows that Tat is disordered [155,156]. Resolution
of this problem will require detailed kinetic and thermody-
namic analysis of the interactions.
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Figure 9. X-ray diffraction structure of the Cyclin T1-Tat-TAR
complex from EIAV [156] showing the C-terminal region of EIAV
Tat (residues 41-69) bound to the cyclin box repeat of cyclin T1
and the major groove and loop region of TAR. The remainder of the
EIAV Tat protein is missing from the electron density map

There is substantial evidence that Tat interacts with cy-
clin Tl by shared coordination of zinc [136,157,158].
Multinuclear NMR data suggested possible transient struc-
ture formation in the Cys-rich region of the protein but the
X-ray diffraction structure of EIAV Tat does not define the
structure of this region of the protein. Furthermore, EIAV
Tat contains only two Cys residues and may not be stabilized
by zinc binding in a manner similar to the HIV-1 protein.
Delineating the role of metal ions in formation of an active
Tat transcriptional activation complex requires the develop-
ment of methods to study the HIV-1 version of Tat. Also
important will be multinuclear NMR studies of the structure
and dynamics of Tat at physiological pH to determine if
lowering the net charge of the protein permits more transient
structure formation or induces the formation of a molten
globule-like conformation. Future studies of Tat by NMR
should also include the full 101-residue protein. Although
the 72-residue protein encoded by the first taf exon is fully
competent in transcription activation, the remaining 29 resi-
dues must be of significance to the virus since it is conserved
in all natural HIV-1 isolates. With one exception [129], the
full-length protein has been ignored in structural studies. In
addition to providing epitopes for developing Tat vaccines
across many HIV-1subtypes, the presence of residues 73-101
may have an important effect on some of the non-
transcriptional activities of Tat that also need to be ad-
dressed.
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SSP = Secondary structure propensity
SU = Surface unit

TAR = Transactivation response
Tat/tat = Transactivator of transcription
™ = Transmembrane

Vif/vif = Viral infectivity factor
Vpr/vpr = Viral protein r

Vpu/vpu = Viral protein u
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