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Abstract 

The 86 amino acid rruns-activator (Tat) protein of human immunodeficiency virus type 1 (HIV-I) is an RNA-binding 
transcriptional regulator. HIV-l Tat proteins (wild type and Thr40Lys mutant) and the HIV- I Tat peptide fragments 
Tat(32-48) and Tat(32-72) were chemically synthesized. One- and two-dimensional nuclear magnetic resonance spec- 
troscopy experiments were performed to elucidate the structural features of these proteins. In fluorescence quenching studies 
of the full-length Tat protein (Thr40Lys), Trpll was found to be only partially protected against solvent accessibility. 
Circular dichroism melting studies monitored a slight cooperative change in the conformation of the Tat with increasing 
temperature. Backbone NH protons of amino acids located in the main core element of the protein are partially protected 
against exchange. 
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1. Introduction 

Abbreviations: BIV: bovine immunodeficiency virus; CAT: 
chloramphenicol acetyl-transferase; CD, circular dichroism; 
CLEAN-TOCSY, TOCSY with suppression of ROESY-type 
cross-peaks; COSY, correlated spectroscopy; DQF-COSY. double 
quantum filtered COSY; DTT, dithiothreitol; EIAV, equine infec- 
tious anemia virus: HIV- I, human immunodeficiency virus type I ; 
LTR: long terminal repeat; NMR, nuclear magnetic resonance: 
NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser 
enhancement spectroscopy; TAR, trans.activation response ele- 
ment; Tat. warts-activator; TOCSY, total correlation spectroscopy 
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Tvclns-activator (Tat) proteins are essential regula- 
tory elements in the replication cycle of all known 
lentiviruses (see [ 1,2] and references cited therein). 
Tat proteins of immunodeficiency viruses form a 
complex with a viral RNA sequence (Tat-responsive 
element; TAR) and enhance the expression of viral 
genes in the host cell DNA in the presence of 
- cellular co-factors. Human immunodeficiency virus 
(HIV) is the causative agent of acquired human 
immunodeficiency syndrome (AIDS). HIV type I 
(HIV-I) Tat protein was suggested to form a com- 
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plex with transcription factor TFIID [3], but details 
of the mechanism of action of Tat proteins in com- 
plex formation and gene activation are largely un- 
known. In addition to its role in transcriptional regu- 
lation, HIV-l Tat protein may be involved in the 
generation of Kaposi’s sarcoma in AIDS patients [4] 
and in T-cell apoptosis [5,6]. 

Conventionally. the HIV-l Tat protein sequence 
is subdivided into regions on the basis of local 
homologies [7]; specifically, in an NH,-terminal re- 
gion (Met1 -Ala2 l), a cysteine-rich region (Cys22- 
Cys311, a core region (Phe32-Tyr47), a basic region 
(Gly48-Arg571, a glutamine-rich region (Ala58- 
Gln72) and a COOH-terminal region (Pro73-Glu86). 

To date, structural studies of HIV Tat proteins 
could only be carried out on a very limited scale, 
because of the shortage of transcriptionally active 
protein, although the development of an efficient 
expression, purification and refolding procedure was 
reported recently [8]. Investigations have been lim- 
ited to experiments using circular dichroism (CD) 
spectroscopy [9] and nuclear magnetic resonance 
(NMR) spectroscopy of synthetic peptides with the 
sequence of the RNA binding domain and, in some 
cases, adjacent residues [ 101. Nevertheless, the struc- 
tures of the HIV-l TAR RNA [ 1 l] and a peptide- 
TAR complex of bovine immunodeficiency virus 
(BIV) [12,5] have recently been determined. 

The structure of the Tat protein of equine infec- 
tious anemia virus (EIAV), which is a close relative 
of HIV-l, is known from two- and three-dimensional 
NMR spectroscopy and molecular dynamics calcula- 
tions [13]. EIAV Tat protein consists mainly of a 
hydrophobic core, and NH2- and COOH-terminal 
loop regions. It was inferred to be a highly flexible 
protein with a tendency to form very weak helical 
elements in the NH,-terminal, core and basic regions 
[ 131. Under mildly hydrophobic conditions, however, 
the helical secondary structure elements are stabi- 
lized, at the expense of the stability of the hydropho- 
bic core [14]. 

The structure of a chemically synthesized HIV-l 
Tat (Thr4OLys) protein was recently determined in 
solution by NMR spectroscopy [ 15,161. In general, 
the structure was similar to the EIAV Tat protein 
structure, but did not show any tendency towards 
helix formation. Here, we present details of spectro- 
scopic studies to gain some insight into the time-de- 

pendent behaviour of this chemically synthesized 
protein. 

2. Material and methods 

2. I. Protein synthesis and refolding 

Wild-type and Thr40Lys mutant HIV-l Tat pro- 
tein (SwissProt data bank sequence entry HVlZ2) 
were chemically synthesized, purified and refolded 
as follows [15,17]. 10 ml of a 1 mg ml-’ solution of 
Tat protein was unfolded in 1 1 of buffer solution 
that contained 20 mM potassium phosphate (pH 6.5), 
100 mM ZnCl,, 50 mM mannitol, 10 mM ascorbic 
acid, 0.5 mM phenylmethylsulphonyl fluoride, 0.5 
mM dithiothreitol (DTT) and 6 M urea. Refolding 
was performed by stepwise dialyses against 4 M, 2 
M and 0 M urea in the same buffer, and two final 
dialyses against 10 mM ammonium acetate (proce- 
dure A). For comparison, the same protocol was 
followed, except that 100 mM ZnCl, was present in 
all the solutions (procedure B). Helium-degassed 
buffers were used throughout, and the protein was 
lyophilized twice to remove ammonium acetate and 
then stored as a lyophilized powder. 

2.2. NMR sample preparation 

100 ml H,O, 30 mM NaCl and 0.02 vol.% NaN, 
was degassed for 2 min at a pressure of 10 N. The 
buffer was then bubbled with N? to saturation and 
kept under an N, atmosphere. Na,S,O, was added 
to give an amount of 50 FM, such that the final pH 
was approximately 6.0. The lyophilized protein was 
dissolved rapidly in 900 ~1 of buffer solution, still 
under N, atmosphere, and the volume was reduced 
to approximately 450 pl in a Speedvac vacuum 
concentrator. An NMR sample tube was flushed with 
N, for approximately 10 min and the pH value was 
determined to be approximately 6.3. N, was subse- 
quently passed over the sample in the NMR tube and 
the sample tube was then sealed. Protein concentra- 
tions of up to 2.8 mM could be obtained without 
precipitation with this procedure. 

During dialyses in the presence of DTT in excess 
of 5 mM, HIV-l Tat protein precipitated, and an 
increase in molecular mass of the order of an integer 
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multiple of the DTT molecular masses was detected 
by matrix-assisted laser desorption ionization-time 
of flight mass spectrometry. Observations that HIV- 1 
Tat protein is inactivated by DTT [18] are in agree- 
ment with these results. Thus. Na,S,O, was used as 
a reducing agent. 

2.3. NA4R spectroscopy 

For HIV-I Tat (wild type and Thr4OLys), the 
experimental conditions and data evaluation proce- 
dures were as described before [16]. Spectra at pH 8 
were recorded with a 2 mM oxygen-free protein 
solution (Thr40Lys) in 20 mM sodium borate 
buffer-HCI (pH 8) with 200 FM Na,S,O, and 
0.04% NaN, at 298 K. For the peptides, double 
quantum-filtered correlated spectroscopy (DQF- 
COSY) and CLEAN total correlation spectroscopy 
(TOCSY) were used with a mixing time of 90 ms, 
along with nuclear Overhauser enhancement spec- 
troscopy (NOESY) with a mixing time of 200 ms at 
a temperature of 298 K. The peptide concentration 
was 2 mM, with 50 mM NaCl and 0.04 vol.% NaN, 
in potassium phosphate buffer (pH 6.3), as well as 
40 vol.% trifluoroethanol (TFE). 

In the HD-exchange experiment, an oxygen-free 
protein solution (1 mM Thr40Lys) in 10 mM phos- 
phate buffer (pH 6.0-6.3) with 100 p,M Na,S,O, 
and 0.02 vol.% NaN, was lyophilized and stored at 
- 20 “C for 10 h. Prior to the experiment, the protein 
powder was diluted in 500 pl of a preincubated (298 
Kl Nz-flushed D,O solution and injected into a 5 
mm NMR tube. After a short shimming procedure, 
one-dimensional NMR spectra at were recorded at 
298 K, using a 90” pulse of 10 I.LS and 16-32 scans 
per experiment. The dead time before starting acqui- 
sition (dilution and shimming) was about 2 min. The 
data were evaluated on X-window workstations us- 
ing the NDee program package (Software Symbiose 
GmbH, Bayreuth). 

2.4. Molecular dynamics calculations 

Structures were calculated using the X-PLOR pro- 
gram package [19], as described elsewhere [ 161. 

2.5. CD spectroscop) 

CD spectra were recorded from 250 to 190 nm 
using a Jasco J 600 CD spectropolarimeter at 10 and 

60°C. The sample used contained 20 I.LM HV 122 
Tat protein (Thr40Lys) in IO mM potassium phos- 
phate buffer (pH 6.3) with 10 mM NaCl. The spectra 
were accumulated fourfold with a scan speed of 20 
nm min ~’ and corrected for buffer effects. For mea- 
surements of the temperature dependence of 

[@I MRE222nm, the protein solution was equilibrated at 
10, 20, 30, 35, 40, 45, 50 and 60 “C for IO min. The 

[@I MREZ12nm values for each temperature were aver- 
aged (2 min) and corrected for buffer effects. 

2.6. Fluorescence spectroscopy 

Fluorescence emission spectra were recorded us- 
ing a Hitachi F-4500 spectrolluorimeter equipped 
with a stirrer. The fluorescence was excited at 280 
nm (bandwidth, 3 nm), and the emission was recorded 
with a bandwidth of 5 nm. The protein concentration 
(Thr40Lys) was 2 p_M in 10 mM potassium phos- 
phate buffer (pH 6.3) that contained 10 mM NaCI, or 
in 10 mM potassium phosphate buffer (pH 6.3) that 
contained 10 mM NaCl and 6 M GdmCl. All the 
spectra were corrected for buffer fluorescence. 

2.7. Fluorescence quench& 

Aliquots of a 6 M acrylamide solution in IO mM 
potassium phosphate buffer (pH 6.3) with 10 mM 
NaCl or 100 mM tris (pH 7.0), with 150 mM NaCl 
were added to a 5 pM protein solution (Thr40Lys) in 
identical buffer solutions up to an acrylamide con- 
centration of 0.4 M. The fluorescence emission at 
355 nm was recorded after each addition (bandwidth, 
10 nm), following selective excitation of tryptophan 
fluorescence at 295 nm (bandwidth, I nm). The 
fluorescence intensities were multiplied by IO ‘/‘* 
where A is the UV absorption at 295 nm in 1 cm 
cuvettes, to correct for the inner filter effect caused 
by the absorption of acrylamide at this wavelength; 
the results were also corrected for volume increases. 

3. Results and discussion 

The biological activity of Tat protein obtained as 
described above was shown by the transactivation of 
HIV-I long terminal repeat (LTR) in HeLa cells 
transfected with an HIV- 1 LTR-chloramphenicol 
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acetyl-transferase (CAT) reporter construct [20,21]. 
The structure of the free HIV-l Tat protein 
(Thr40Lys) in solution under oxygen-free conditions 
exhibited a hydrophobic core built partly from the 
core- and glutamine-rich regions, and partly from the 
NH *-terminal region, including the amino acid Trp 11 
[16]. Only a few long-range nuclear Overhauser ef- 
fects (NOES) from side-chain protons characterize 
this main structural element. Because NOES measure 
only a time-averaged distance, they may be caused 
by two protons being in close proximity for a short 
period of time only. In this case, the high interior 
dynamics of the HIV-l Tat protein NH,-terminus 
could lead to a more solvent-exposed Trpll than 
would expected from the rigid structural model, 
where this residue exhibits NOES on core amino 
acids. 

To investigate this possibility, fluorescence mea- 
surements of the protein (Thr4OLys) in the phosphate 
buffer solution were performed. The emission spec- 
tra exhibit a maximum at 355 nm in the presence as 
well as in the absence of 6 M guanidinium chloride 
(Fig. l), which corresponds to the emission maxi- 
mum of tryptophan in aqueous solutions [22]. Thus, 

fluorescence emission spectra 

60 

00 
300 320 340 360 380 400 420 440 

wavelength (nm) 

Fig. 1. Fluorescence spectra of HIV-l Tat (ThrilOLys, 2 PM) in 
phosphate buffer solution (10 mM, pH 6.3, with 10 mM NaCI): 
(a) with and (b) without 6 M guanidinium chloride at 25°C. 

Stern-Volmer-plot 

0,oo 0.10 0,20 0.30 

[acrylrmide] (M) 

Fig. 2. Fluorescence quenching studies of Tat (Thr40Lys, 5 FM) 
in potassium phosphate (10 mM, pH 6.3, with 10 mM NaCI) and 
tris buffer (100 mM, pH 7.0, with 150 mM NaCI) at 25°C. F 
denotes the relative fluorescence and F, denotes the relative 
fluorescence of the protein without acrylamide. The quenching 
constants KQ,phnr and KQ,,,,, are 3.0 and 3.3 M-’ respectively. 

there is no indication of a change in the polarity of 
the environment of the Trpll on unfolding. There- 
fore, the solvent accessibility of Trpll was investi- 
gated with acrylamide as a quenching agent (Fig. 2). 
The protection factor for the tryptophan in HIV-l 
Tat protein is around 4 (K, = 3 M-‘), taking N- 
acetyl-tryptophan-amide as a fully solvent-exposed 
standard (K, = 1 1 M- ’ ). Thus, it is suggested that 
Trpll is only partially protected and that it is not 
entirely buried in a rigid structure. This is in good 
agreement with the proposed high internal dynamics 
of the NH,-terminal chain. 

Melting studies using CD at various temperatures 
from 10 to 60°C were carried out to monitor possi- 
ble cooperativity in the temperature behaviour of Tat 
(Fig. 3(a)). The spectral changes observed with in- 
creasing temperature are reversible. Similar spectra 
have been recorded in studies on hydrophobic pep- 
tides of platelet factor 4 [23]. A small increase in 
P-sheet could be concluded from the CD difference 
spectrum, with its typical maximum and minimum 
(Fig. 3(b)). P-sheet structures could also be detected 
in Tat proteins binding to their corresponding TAR- 
RNA, as in the case of BIV-Tat [12,24]. Moreover, 
an extended P-type structure on HIV-l Tat-TAR 
complexation was suggested from CD and Fourier 
transform IR studies [25]. 
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Fig. 3. CD spectra of HIV-1 Tat (Thr4OLys, 20 p,M) in potassium phosphate buffer (10 mM, pH 6.3. with 10 mM NaCI) at various 
temperatures: (a) spectra at 10 and 60 “C; (b) CD difference spectrum (CD,,c-CD,,.,). R eversible refolding of the protein was achieved by 
cooling down to 10°C in about I h, followed by an equilibration step of duration 30 min at 10°C. 
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Fig. 4. Temperature dependence (IO-60°C) of the mean residue 
ellipticity at 222 nm for Tat (Thr4OLys, 20 p,M) in potassium 
phosphate buffer (10 mM, pH 6.3, with 10 mM NaCI). 

Following the ellipticity at 222 nm, we could 
observe a slight cooperative change in the HIV-l Tat 
conformation (Fig. 4). This behaviour may be ex- 
plained by strengthened hydrophobic interactions in 
the main core structure of HIV-l Tat protein at 
increased temperatures. The formation of a P-sheet 
structure might be involved in this process. A red- 
shift of the Trpl 1 absorption with increasing temper- 
ature confirms the change in the aromatic side-chain 
to a more hydrophobic environment (data not shown). 

CD and NMR spectroscopy of HIV Tat 
(Thr40Lys) did not indicate the presence of extended 
secondary structural elements at room temperature 
[16]. To verify this, HD-exchange experiments were 
performed with full-length HIV-l Tat protein 
(Thr40Lys). A sodium buffer solution (10 mM (pH 
6.0-6.3) with 100 FM Na,S,O, and 0.02 vol.‘% 
NaN,) of the protein was lyophilized and resus- 
pended in D20 (see Section 2). NH protons involved 
in hydrogen bridging, such as in regular secondary 
structures with some exceptions (first four residues 
of an a-helix, first three residues of a 3,,-helix and 
every second residue of a peripheral P-strand; [26]), 
should (for a certain timescale) be protected against 
exchange, so should be visible in ’ H-NMR spectra. 
All unprotected NH protons, however, undergo a 
much faster exchange process and should not be 
observable. 

In one-dimensional NMR spectra at pH 6, we 
found that all the NH protons disappeared within the 
deadtime of the experiment. From these data, one 
would conclude that the protein exhibits no sec- 
ondary structural elements stabilized by hydrogen 
bridging under the given conditions. Because Tat 
seems to be a very flexible molecule, internal dy- 
namical processes that take place on a millisecond or 
second timescale might lead to solvent accessibility 
of NH protons buried in a hydrophobic core. There- 
fore, an experimental deadtime of the order of min- 
utes would allow all the amide protons to exchange. 

To make a distinction between NH protons that 
are protected and those that are not, we recorded 

CORE GLN 
Fig. 5. Exchange of NH protons of (a) Tat (2 mM Thr40Lys, 20 mM sodium borate buffer-HCl (pH 81, with 200 p,M Na,S,O,, 0.04 vol.8 
NaN, at 298 K) and (b) Tat(32-72) (peptide concentration is 2 mM, with 50 mM NaCl and 0.04 vol.% NaN,, and 20 mM potassium 
phosphate buffer (pH 6.3)) in D,O. The amino acids of the NH protons that have not exchanged or that have partially exchanged within the 
first hour of measurement are marked by black dots. Those which could not be assigned unambiguously are marked by shaded dots. 
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one-dimensional NMR spectra at pH 8 (2 mM pro- 
tein (Thr4OLys), 20 mM borate buffer, 200 p_M 
Na,S>O, and 0.04 vol.% NaN,) and a temperature 
of 298 K in H,O. The intrinsic exchange rate con- 
stants of unprotected backbone amide protons at pH 
8 (298 K) were in the range lo’-lo4 mini’ [27]. 
Thus. the observation of labile backbone amide pro- 
tons with ’ H-NMR spectroscopy is only possible if 
solvent exchange is slow, i.e. much less than lo1 
min ’ . The spectra showed non-exchanged back- 
bone amide protons belonging to Va14 or Va136 
(ambiguous), Leu43, Gln66, Ile69, Lys7 1, Glu86, 
and Ile8 or Ile45 (ambiguous; Fig. 5). 

The backbone amide protons of the eight amino 
acids are probably less solvent accessible. so are 
better protected against exchange, but are not in- 
volved in rigid hydrogen bridging, according to the 
HD-exchange experiments. Although a structure de- 
termination of Tat at pH 8 has not been possible up 
to now. there is an obvious correlation between the 
amide protons involved in NOE contacts ([16]; Fig. 
6) at pH 6.0-6.3 and the ‘slow’ exchanging NH 
protons observed at pH 8. All these amino acids- 
except for Glu86-are involved in the main core 
element of the protein. 

Statistical evaluation of 90 calculated structures of 
HIV-l Tat (Fig. 7) using about 600 NOES [16] and 
an X-PLOR molecular dynamics protocol [28] 
demonstrates that these amino acids are located in 

20 40 60 80 

residue 

Fig. 7. Statistical evaluation of secondary structural elements ol 
HIV- I Tat (ThrlOLys) using about 600 NOE constraints [ 161 and 
an X-PLOR distance geometry/simulated annealing hybrid proto- 
col, as described elsewhere [28]. White bars indicate turn struc- 
turea, while black bars indicate helical elements. according to the 
DSSP program [33] (DSSP is a software for the searching of 
secondary structural elements in proteins). 

structural elements that indicate partially turn charac- 
teristics. Only in a few structures could helical ele- 
ments be detected. An additional D,O exchange 

MDPVDPNIEPWNBPGSQPRTA~~~C~CQVCFI~GLGISYG~~QR~PS~~~QDPIPKQPSSQPRGDPTGP~ 

101 201 301 401 601 601 701 801 

d,,(i,i+2) 
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d.,(i,i+2) I I__ II I I I I 

d,,(i.i+3) == m -- 

d-(&i+) z 

Fig. 6. NOE connectivities of the full-length Tat protein. The height of the bar indicates qualitatively the relative strength of the cross-peak? 
ior the three categories weak, medium and strong. as described elsewhere [28]. The NOESY mixing time was 200 ms [It>]. 
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Fig. 8. Chemical shift differences of Co protons between random 
coil values and Tat (Thr40Lys) at 298 K. The random coil values 
(pH 5, 298 K) of the Co-shifts were chosen from 1291. Correction 
was made for shifts of residues prior to a proline in the sequence. 
4,4-dimethyl 4-silapentane sodium sulfonate was used as an inter- 
nal standard. Interpretation of the Co-shifts of amino acids that 
have pK values between 5 and 7 (such as histidine) has to be 
carried out cautiously, because no pH correction of the sample 
could be achieved. 

experiment with Tat(32-72) in aqueous solution in- 
dicated amino acids that contained amide backbone 
protons that exchange with a half-life of approxi- 
mately 1 h at pH 6.0. Again, these protons belong to 
the core- and glutamine-rich domain, but not to the 
basic domain (Fig. 5). This result is in good agree- 
ment with the NMR structure of the full-length 
HIV-l Tat protein. 

From analysis of chemical shift values of C, 
protons [29] in aqueous solution at room tempera- 
ture, a tendency to form helical secondary structures 
rather than B-sheet structures may be inferred for the 
HIV- 1 Tat protein (Fig. 8). Most of the medium-range 
NOES are observed between resonances of side-chain 
protons (Fig. 61, corroborating the lack of rigid 
secondary structure under the present conditions. 
Only a small number of very weak non-sequential 
NOESY cross-peaks close to the NH,-terminus at 

the beginning of the core sequence region and in the 
glutamine-rich region could be interpreted as indicat- 
ing the transient presence of helical elements or 
turns. A lack of regular secondary structure elements 
in uncomplexed HIV-l Tat protein is also indicated 
by studies of peptide analogues to the basic region 
[30,31]. In contrast, an o-helical structure was re- 
ported for the basic sequence region in a fusion 
peptide spanning the EIAV Tat protein core region 
and a modified HIV-l Tat protein basic region [32]. 

In previous studies on EIAV Tat protein, elements 
of regular secondary structure could only be detected 
as limiting structures or as structures in hydrophobic 
solutions [ 13,141. Because the full-length HIV-l Tat 
was not soluble in TFE-water solutions in concen- 
trations suitable for NMR spectroscopy, we chemi- 
cally synthesized a Tat peptide that contained the 15 
amino acid core domain only. This peptide could be 
studied with the same conditions under which the 
EIAV Tat protein (TFE/buffer, 40/60 (v/v); pH 
6.3) was found to be helical [14]. For Tat(32-48) in 
TFE-buffer, cwN(i, i + 3), aB(i, i + 3) and oN(i, 
i + 4) NOES indicate the presence of an o-helix 
from amino acids Gln35 to Lys41, whereas the 

a b 
YxcQvcPIncGLcIsY YEcQvcPI~GLcIsY 

d,Ji,i+l) -I- d,,,&i+l) -mm 

d,,(i,i+l) ~- d,,,(i,i+l) 

d,,(i ,i+3) =_ 
= 

d,(i,i+3) 

d&i+3 I k,,Cti+3) 

d,(i,i+4) - d,(iW) 

d,&i,i+4) - d&W 

Fig. 9. NOE connectivities of Tat(32-48) in (a) TFI-buffer 
(40:60 (v:v)) and (b) DMSO (black bars). Positions where NOES 
could not be assigned unambiguously are marked by shaded bars. 
The NOESY mixing time was 200 ms. 



peptide shows random coil behaviour in dimethyl- 
sulphoxide (DMSO) solution (Fig. 9). 

4. Conclusions 

The situation with the HIV-l Tat protein is simi- 
lar to the situation with the EIAV Tat protein [ 131. 
The number of Ii - jl > 5 NOESY cross-peaks that 
define the tertiary structure is very low in both 
proteins (EIAV Tat, 34; HIV-l Tat, 25). The main 
structural element of both Tat proteins is a hy- 
drophobic core (EIAV Tat, Tyr35-Tyr49; HIV-I 
Tat, Phe/Tyr32-Tyr47). NH protons of amino acids 
that belong to this region are partially protected 
against exchange with solvent protons. However, 
fluorescence experiments indicate that the side-chain 
of Trpl I is not entirely buried in the hydrophobic 
core. This may be explained by high flexibility of the 
whole N-terminal domain. 
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