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ABSTRACT: Tat protein is a trans-acting transcriptional activator of the human immunodeficiency virus type 
1 and is essential for viral transcription. By homology with other transcriptional activators, Tat is expected 
to possess a nucleic acid binding region and a separate adjacent activating region. In order to localize the 
activating region of Tat, we have synthesized the sequences 2-23 and 38-60 of the protein. These two peptides 
contain the two candidates for the activating regions proposed from mutation experiments in previous studies: 
sequence 1-13 and sequence 38-45. The argument advanced to justify the location of the activating region 
within the sequence 1-13 was the periodicity of acidic, polar, and hydrophobic residues consistent with that 
of an amphipathic a-helix, similar to the activating region of many eukaryotic transcriptional activators. 
We have monitored by vacuum UV circular dichroism the ability of each peptide to adopt an a-helical 
conformation under conditions that strongly favor the formation of secondary structures. Only peptide 38-60 
adopts an a-helical conformation in these conditions, in keeping with Chou-Fasman prediction. Energy 
minimization and molecular dynamics were carried out for several possible conformations of sequences 1-14 
and 38-60. Our results indicate that only the sequence 38-45 is able to form an a-helix with amphipathic 
characteristics. 

T e  protein Tat is a trans activator of the human immuno- 
deficiency virus type 1 (HIV-1)' in vivo (Arya et al., 1985; 
Sodroski et al., 1985). The major action of Tat is to increase 
the steady-state level of transcription from the HIV-1 long 
terminal repeat (LTR), although the mechanism of this trans 
activation remains unclear [see Rosen and Pavlakis (1990) and 
Cullen and Greene (1990) for reviews]. The Tat gene is 
composed of two exons predicting a protein of 86 amino acid 
residues (Figure 1); however, the first 72 N-terminal residues, 

corresponding to the first exon, are sufficient for the full ac- 
tivity (Cullen, 1986). Moreover, the residues 58-72 can also 
be deleted without impairing the activation function of Tat 
(Siegels et al., 1986; Wright et al., 1986). 

Mutational analyses of Tat (Garcia et al., 1988, 1989; 
Sadaie et al., 1989; Hauber et al., 1989; Kuppuswamy et al., 
1989; Green et al., 1989; Ruben et al., 1989; Rappaport et al., 
1989) made it possible to propose a functional organization 
of this protein (Figure 1). Two regions have been functionally 
characterized. Region 11, a cysteine-rich cluster containing 
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FIGURE 1: Amino acid sequence of the HIV-1 Tat protein with the two candidate activating regions enclosed in boxes. The different functional 
regions of Tat are indicated as previously proposed by Kuppuswamy et al. (1989). The first candidate region is located in the peptide 2-23 
and corresponds to the sequence 1-13, which has been considered as a potential amphipathic a-helix (Rappaport et a]., 1989). The second 
candidate region is located in the peptide 38-60 and corresponds to the sequence 38-47 (Green et a]., 1989). 

seven cysteines, is located between residues 21 and 38. The 
mutation of six of the seven cysteines (cysteine 31 is the ex- 
ception) completely abolishes Tat function. This region 
possesses a sequence motif similar to that of several other 
proteins that play a role in DNA binding [see Mitchell and 
Tjian (1989) for a review]. The Tat cysteine-rich cluster was 
shown to be essential for binding metal ligands, causing Tat 
to form metal-linked dimers (Frankel et al., 1988). However, 
recent experiments show that metal binding is not required 
for Tat function at  the transcription level (Jeyapaul et al., 
1990). A second important region is the highly basic sequence 
GRKKR at position 48-52 within region IV. Tat is localized 
mainly in the nucleus, and mutations within this sequence yield 
a cytoplasmic Tat protein that is nonfunctional (Hauber et 
al., 1989). 

Many eukaryotic transcriptional activators studied to date 
act by using a scheme that implies the presence of two surfaces: 
a DNA-binding region positions the protein on the DNA so 
that the other activating region can interact with the target 
protein to promote initiation of the transcription (Ptashne, 
1988). It is not clear whether Tat acts through a DNA or 
RNA target nucleotide sequence, although there is evidence 
that Tat recognizes RNAs and functions posttranscriptionally 
(Rosen et al., 1985, 1986; Ratner et ai., 1985; Muesing et al., 
1987; Dingwall et al., 1989; Southgate et al., 1990; Braddock 
et al., 1990; Weeks, 1990). However, there are also data 
indicating that Tat functions transcriptionally (Rice & 
Matthews, 1988; Jeang et al., 1988, Garcia et al., 1989), either 
at initiation (Gentz et al., 1989), at  elongation (Kao et al., 
1987), or at both initiation and elongation (Laspia et al., 1989). 
The fact remains that the binding of Tat to a target nucleotide 
sequence is probably necessary for trans activation, and this 
implies the presence of a binding region and an activating 
region. 

Attempts have been made to localize the activating region 
in Tat by using mutation experiments. Green and Lowenstein 
(1 988) proposed sequence 37-48 and 49-57 (region 111 and 
IV) as the activating region and binding region, respectively, 
and reported that a peptide corresponding to the sequence 
37-62 was able to trans activate in their assay. However, the 
same peptide synthesized by another group was completely 
inactive in their assay (Frankel et al., 1989). Region I11 
contains a highly conserved motif Lys-X-Leu-Gly-Ile-X-Tyr, 
and mutation of lysine 41 severely reduces Tat function 
(Kuppuswamy et al., 1989). Rappaport et al. (1989) proposed 
the 13 amino acid sequence adjacent to the N-terminus (Figure 
1) as being the activating region from mutation experiments 
of glutamic acid 2, aspartic acid 5 ,  and glutamic acid 9. The 
argument advanced to justify the location of the activating 
region within the N-terminal part was the periodicity of acidic, 
polar, and hydrophobic residues consistent with that of an 
amphipathic a-helix, similar to the activating region of many 
eukaryotic transcriptional activators (Ptashne, 1988). How- 
ever, in a recent study Tiley et al. (1990) show that this 13 
amino acid sequence adjacent to the N-terminus contributes 
in vivo but is not absolutely essential for Tat function, and the 
integrity of the sequence centered on lysine 41 is essential. 

They conclude that neither region fulfills the criteria for a 
discrete activation domain found with other transcription 
factors. 

These conflicting views inspired the present research. We 
have attempted to induce an a-helix in sequences 2-23 and 
38-60 of Tat, which contain the two candidates for the ac- 
tivating regions. We show that (1) under conditions that 
strongly favor the a-helix conformation, only peptide 38-60 
is able to adopt an a-helix; (2) in this sequence residues 38-45 
are predicted to form an a-helix with amphipathic charac- 
teristics; (3) the presence of an a-helix in the 13 amino acid 
sequence adjacent to the N-terminus, as previously proposed, 
is not likely. 

EXPERIMENTAL PROCEDURES 
Peptide Synthesis. Peptides were assembled according to 

the method of Barany and Merrifield (1980) on 4-(oxy- 
methy1)phenylacetamidomethyl (PAM) resin (0.5 mmol) 
(Applied Biosystems Inc., Forster City, CA) on a semiauto- 
mated synthesizer (NPS4000, Neosystem, Strasbourg, 
France). Side-chain protection of the butyloxycarbonyl amino 
acids (Boc amino acid) (Neosystem) was as follows: Asp and 
Glu, cyclohexyl; Ser and Thr, benzyl; Lys, 2-chlorobenzyl- 
oxycarbonyl; Tyr, bromobenzyloxycarbonyl; Arg, tosyl; His, 
benzyloxycarbonyl; Trp, formyl; Cys, acetamidomethyl. 

The synthesis cycle used for each Boc amino acid incorpo- 
ration, according to the method of Coste et al. (1990), was 
(1) dichloromethane (DCM) wash, 1 min; (2) 65% tri- 
fluoroacetic acid (TFA) in DCM wash, 1 min; (3) 65% 
TFA-DCM wash, 15 min; (4) isopropanol wash, 1 min; ( 5 )  
two DCM wash, 1 min; (6) N-methylpyrrolidone (NMP) 
wash: 1 min; (7) Boc-amino acid (4 equiv) and benzo- 
triazole- l - yloxy-tris(pyrro1idino)phosphonium hexafluoro- 
phosphate (PyBOP) (Novabiochem, Laufelfingen, Switzer- 
land) (4 equiv) in NMP for the amino acid addition; (8) 
diisopropylethylamine (DIEA) (8 equiv) in situ for the cou- 
pling step (mean reaction time 20 min); (9) two NMP washes, 
1 min; and (10) DCM washes, 1 min. Each coupling step was 
monitored by using the ninhydrin test. 

The peptides were deprotected and removed from the resin 
by a high hydrogen fluoride (HF) procedure using 10% by 
volume of p-cresol as a scavenger. However, acetamido- 
methylcysteine remains stable in HF, and thus cysteine re- 
mains protected. The tryptophan residue of crude peptide 2-23 
was deformylated by treatment with 0.04 N sodium hydroxide, 
pH 11.5, for 3 min and then neutralized with glacial acetic 
acid, according to the method of Li et al. (1978). 

The crude peptides were purified by medium-pressure liquid 
chromatography (MPLC) on an apparatus composed of the 
following elements: a model 590 solvent delivery system from 
Waters (Milford, MA), a labomat VS200 solvent programmer 
from Labomatic (Sinsheim, Germany), a UV spectrophotom- 
eter (Model 2138), and a recorder (Model 2210) from LKB 
(Bromma, Sweden). The preparative MPLC column was a 
Eurosil Bioselect 100-20-C 18 (1 3 X 304 mm) from Knauer 
(Berlin, Germany). The solvent system was buffer A, 0.1% 
TFA in water; buffer B, 0.08% TFA in acetonitrile. Following 



HIV-I Tat Protein Biochemistry, Vol. 30, No. 24, 1991 60 15 

1986) under conditions that mimic a nonaqueous environment 
to minimize the interaction energies of side-chain and backbone 
atoms. To determine which of the structural elements of these 
models were most stable and would therefore contribute sig- 
nificantly to the structure of each peptide, the lowest energy 
models were subjected to molecular dynamics calculations. 
The models were allowed to relax for up to 12 ps at  room 
temperature (300 K) and at elevated temperatures (up to 600 
K) . 

All calculations were performed on a Silicon Graphics 
personal Iris workstation using the DISCOVER m0~eCUh.r me- 
chanics package from BioSym Technologies. The final de- 
rivatives for the final energy-minimized structure were less 
than 0.1 Gkcal/mol per interaction. 

RESULTS AND DISCUSSION 
Peptide Synthesis. Two peptides of similar size corre- 

sponding respectively to the Tat sequences 2-23 and 38-60 
(Figure 1) were chemically synthesized following the method 
of Barany and Merrifield (1980). The protocol used for as- 
sembly of the peptides was inspired by Coste et al. (1 990) using 
the newly discovered coupling reagent PyBOP. The total time 
for one synthesis cycle was about 45 min, including the nin- 
hydrin test, with a coupling time of about 20 min. This cycle 
lacks the neutralization step, thus avoiding some of the side 
reactions that take place in the very basic conditions. It was 
very efficient, and only three double-coupling reactions had 
to be performed to obtain complete incorporation of Boc amino 
acids in a total of 45 couplings. The peptides could be purified 
to better than 96% homogeneity as monitored by analytical 
C18 HPLC with a gradient of acetonitrile. Amino acid 
analyses were in good agreement with the expected ratios. 

W V  CD Spectra. Each peptide possesses one of the two 
sequences proposed as an activating region: the 13 amino acid 
sequence adjacent to the N-terminus for the peptide 2-23 
(Rappaport et al., 1989) and the sequence 38-48 for the 
peptide 38-60 (Green & Lowenstein, 1988). Mutation and 
sequence comparisons were used to identify the activating 
region in those previous works. No structural arguments were 
provided, except for a Chou-Fasman prediction of secondary 
structure, to justify the suggestion of an a-helix in the N- 
terminal part of the Tat protein (Arya et al., 1985). Moreover, 
the possibility that the N-terminal region of the Tat protein 
could adopt an acidic amphipathic a-helix, similar to a known 
consensus transcriptional activating region, prompted the 
proposal that this part of Tat was a discrete activating region 
(Rappaport et al., 1989). Thus we have measured by vacuum 
UV CD the ability of this candidate activating region to adopt 
an a-helix under conditions that favor the structure, and we 
have compared these results with those obtained for another 
peptide of the same size from the Tat sequence, which contains 
the second candidate activating region. 

The two peptides were studied in water at pH 7 (phosphate 
buffer, 20 mM) and in 90% TFE. TFE is a solvent that 
mimics the interior of a protein and induces secondary 
structures in peptides in solution (Urry, 1972). The presence 
of an a-helix, in solution, is easily identified by CD spectra 
measured between 178 and 260 nm, due to a well-charac- 
terized positive band at 190 nm, a negative band at 205-207 
nm related to a A-A* transition, and a negative band at  215 
nm related to a n-?r* transition [see Johnson (1985) and 
Woody (1985) for reviews]. 

Of the peptides studied, only the CD spectrum of peptide 
38-60 in 90% TFE shows the three CD bands typical of an 
a-helix (Figure 2). In aqueous solvent, the CD spectrum of 
this peptide shows only a negative band at 197 nm associated 

the MPLC run, the peptide fractions were monitored by 
analytical C18 HPLC, and homogeneous fractions were pooled 
and lyophilized. 

Amino Acid Analyses. Amino acid analyses were performed 
on a model 6300 Beckman analyzer. Purified peptides (1-4 
nmol) were hydrolyzed in 6 M HCl for 20 or 72 h at 110 OC. 
These analyses were used to determine peptide concentration 
and subsequently the extinction coefficient at  190 nm on a per 
amide basis, 8500 for peptide 2-23 in buffer or 90% TFE, 
13400 for peptide 38-60 in buffer, and 12500 for peptide 
38-60 in 90% TFE. 

Circular Dichroism Spectra. Circular dichroism (CD) 
spectra were measured with a vacuum ultraviolet (VUV) CD 
spectrophotometer described elsewhere (Johnson, 197 1). The 
instrument was calibrated with (+)- 10-camphorsulfonic acid, 
with the assumption that At(290.5) = +2.36 and At(192.5) 
= -4.9. The cell path length was 50 or 100 pm, and to avoid 
absorption artifacts the total optical density of the cell, solvent, 
and sample never exceeded 1.0 over the range of the CD 
spectrum. All spectra were measured at 20 OC. Data were 
collected at 0.5-nm intervals with a scan rate of 1 nm per 
minute, and the spectral slit was 2 nm. At is on a per amide 
basis. 

Analysis of W V  CD Spectra. The VUV CD data were 
analyzed for secondary structure according to the method of 
Manavalan and Johnson (1983). Variable selection removes 
unimportant variables from an underdetermined system of 
equations. For instance, there are five independent equations 
in the CD spectrum of a protein measured into the VUV region 
to 178 nm. However, the CD spectrum of a protein depends 
upon many parameters, e.g., a-helix, parallel and antiparallel 
&sheet, the various types of P-turns, aromatic side chains, 
prosthetic groups, nonrepetitive structures, etc. Because the 
CD spectrum of a protein is analyzed by using the CD spectra 
of a set of reference proteins with known secondary structures, 
it is reasonable to remove reference proteins that have con- 
tributions to their CD spectra from parameters not found in 
the protein to be analyzed with the set. The goal of removing 
reference proteins with extraneous contributions to the CD 
is to reduce the number of variables to five, which is consistent 
with the information content of our data. It is not known a 
priori which reference proteins have extraneous contributions 
in their CD that invalidate the analysis. Therefore, calculations 
were performed for all possible subsets. The fractions of 
secondary structures are not constrained to be positive, nor 
is the sum of fractions of secondary structures constrained to 
1 .O. The following criteria were used to select solutions from 
among the subsets: (1) the sum of fractions for predicted 
secondary structures must be in the range 0.95-1.05; (2) no 
fraction should have a value less than -0.05; (3) the average 
sum of squares of the residuals between the reconstructed CD 
and observed CD should be less than 0.25; (4) the fraction of 
a-helix should not change significantly on removing reference 
proteins; (5) of the subsets meeting these criteria, the analyses 
with the largest number of reference proteins will be used. For 
our work, each subset contained at least 19 of the 22 reference 
proteins. 

Computer Modeling. Structures of sequence 1-13 and 
38-60 of the Tat protein were generated by computer modeling 
to study the possible conformations that could be adopted by 
the two peptide fragments. Initial models were built around 
the conformations of analogous sequences located in struc- 
turally defined regions of proteins in the Brookhaven crys- 
tallographic data base. These were then refined with the 
AMBER molecular mechanics force field (Weiner et al., 1984, 
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A 
Table 11: Type of Random-Like CD Observed at Different 
Temperatures and oHs for the Peptide 2-23O 

a i  \ 

I I I , I I 

FIGURE 2: Vacuum UV CD spectra of potential Tat activating regions. 
Peptides 2-23 (--) and 38-60 (-) in 20 mM phosphate buffer, pH 
7. Peptides 2-23 (----) and 38-60 (---) in 90% trifluoroethanol 
and 10% water. Ac is on a per amide basis expressed as M-' cm-I. 

170 190 210 230 250 
Wavelength (nm) 

Table I: Secondary Structure Analyses' 
peptide solvent H A P T 0 total 
38-60 aqueousb 0.05 0.28 (-0.01) 0.27 0.38 0.97 

2-23 aqueousb 0.13 0.21 (-0.02) 0.30 0.39 1.03 
38-60 90% TFEC 0.44 0.16 0.01 0.18 0.19 0.97 

2-23 90% TFEc 0.13 0.21 0.00 0.25 0.42 1.00 
"Abbreviations: H, a-helix; A, antiparallel 8-sheet; P, parallel 8- 

sheet; T, @-turn; 0, other structures. bAqueous solvent with 20 mM 
phosphate buffer, pH 7. eSolvent composed of 90% trifluoroethanol 
and 10% water. 

with the random-coil structure. In contrast, the CD spectrum 
of peptide 2-23 is almost unchanged in solvents ranging from 
water to 90% TFE. The two spectra show the negative band 
at 197 nm typical of random coil and a low negative band at 
21 5 nm, which could be due to the prolines, as in random-coil 
collagen (Jenness et al., 1976), or to the aromatic ring of the 
tryptophan (Woody, 1985). 

The CD spectrum of the peptide 2-23 was also studied with 
different hydrophobic solvents, in aqueous solution at different 
pHs and at  different temperatures (spectra not shown). A 
mixture of 70% ethanol and 30% water as well as a mixture 
of 30% ethanol, 30% cyclohexane, and 40% octanol give a 
random-like spectrum similar to the one observed in 90% TFE 
of Figure 2. At 20 "C, the spectrum at pH 3 and 9 is a 
random-like spectrum similar to the one observed at pH 7 in 
Figure 2 (called A in Table 11). Interestingly, temperature 
has a different effect at different pHs. From 2 to 65 OC, the 
CD spectrum remains unchanged at  pH 3 and 9 (A-type), 
while above 45 OC a spectrum similar to the one in 90% TFE 
appears at pH 7 (B-type). The change occurs between 37 and 
45 "C. These experiments indicate that in aqueous solution 
the uncharged amino acids block the temperature effect. The 
spectrum in  70% ethanol, pH 9 and 45 "C is similar to the 
one in 90% TFE (B-type). The CD spectrum of peptide 2-23 
was also measured after different incubation times (2, 6, 24, 
and 48 h) because the slow trans-cis isomerization of the many 
prolines might influence the secondary structure. However, 
the spectra obtained were independent of the time. 

The V U V  CD data were analyzed for the percentage of 
secondary structure (Table I ) .  A high percentage of a-helix 
(44%) was observed for peptide 38-60 in 90% TFE, while there 
was only 5% in aqueous solution. The analyses for peptides 
2-23 were similar, the percentage of a-helix remaining un- 
changed (13%). CD is a function of the amide chromophores 
located between amino acid residues, and the percentage of 
a-helix calculated from CD data makes it possible to calculate 

pH 2 ° C  37 O C  45 O C  65 "C 
3 A A A A 
7 A A B B 
9 A A A A 

'A-type CD is similar to that observed in 20 mM phosphate buffer 
at pH 7. B-type CD is similar to that observed in 90% TFE (see Fig- 
ure 2). 

F I :  

I t 7  

FIGURE 3: Helical wheel representation of the a-helix for the sequence 
38-45. Hydrophobic residues are located to the left of the dotted 
line and the hydrophilic and neutral residues to the right of the dotted 
line, showing an amphipathic characteristic for this a-helix. Hy- 
drophobicity of the amino acid residues using the scale from Kyte 
and Doolittle (1982) is showed on the right. 

the number of peptide bonds in an a-helix conformation, as- 
suming a single structure in solution. For peptide 2-23 there 
are 21 amide chromophores, so 13% a-helix corresponds 
roughly to three amides (four residues), which is just enough 
to form just one turn of an a-helix. Analysis of the CD data 
shows that peptide 38-60 in 90% TFE has 9-10 amides (10-1 1 
residues) in an a-helix. 

Sequence Prediction of Secondary Structure. The Tat 
sequence was analyzed for prediction of secondary structure 
according to the method of Chou and Fasman (1978). The 
results show that the highest probability of a-helix is for the 
sequence 37-43, which corresponds to a part of the activating 
region proposed by Green and Lowenstein (1988). There is 
a lower but significant probability of a-helix for two other 
sequences (6-9 and 48-55). However, sequence 6-9 is too 
short for the prediction of an a-helix by this method, contrary 
to what was indicated by Rappaport et al. (1989). Indeed, 
there are three prolines in positions 3, 6, 10, and, according 
to the prediction method,, proline cannot occur in the inner 
helix or at  the C-terminal end but can occupy the first turn 
in the N-terminal helix (Previlege & Fasman, 1989). 

Helical wheel representation (Schiffer & Edmundson, 1967) 
of the a-helix for sequence 38-45 (Figure 3) shows a gathering 
of hydrophobic residues on a side of the helix, while hydrophilic 
and neutral residues are located on the other side. This feature 
provides an amphipathic characteristic to this a-helix. In- 
spection of activating sequences suggests that many of them 
could, in principle, form amphipathic a-helices. The presence 
of negatively charged residues (Asp and Glu) on the hydro- 
philic surface of the a-helix was retained originally as a 
common feature for activating regions (Ptashne, 1988). 
However, two other types of activating regions have been 
described (Mitchell & Tjian, 1989): an a-helix rich in glu- 
tamine and very few charged amino acid residues, and a 
proline-rich motif. This enlarged the criterion to describe a 
discrete activating region and perhaps means that other types 
of activating regions exist. 
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lecular dynamics at elevated temperatures to determine which 
amino acids in the chains were most stable in the helical 
conformation. For both fragments, a 12-ps dynamics run was 
found to be sufficient to distinguish between domains that 
would be stable as a helix from those that were not as stable. 
For the 38-60 fragment, the external energy at 450 K was 
sufficient to extend the cationic C-terminal tail out of the 
helical conformation. For the 1-14 sequence, the dynamics 
was run at  a slightly higher temperature (600 K) to provide 
the prolines with enough energy to undergo a trans-to-cis 
conversion and vice versa. Although cis-prolines are rare, they 
have been found in the left-handed helix of polyproline I and 
may help to stabilize a helical structure for this fragment. The 
detailed results from these studies for each sequence are 
discussed below. 

Computer Modeling of Sequence 1-14. A search through 
the Brookhaven protein data base did not yield a match 
identical  with the  T a t  protein sequence 
MERVDPRLEPWKHP at position 1-14. Two sequences 
were found in the data base that conformed to the general 
formula XPXXPXXXPXXXXP, where X is any amino acid 
residue. One was in the M chain of the photosynthetic reaction 
center (Deisenhofer et al., 1989), while the second was found 
in the structure of human rhinovirus coat protein (Arnold & 
Rosmann, 1988). The positions of the first three prolines are 
identical with that of the Tat sequence, while one additional 
amino acid separated the third and fourth prolines. Both of 
these sequences from the crystallographic data base are very 
hydrophobic and neither are in helical structures. This is 
consistent with the expectation that the high proline content 
would not favor formation of an a-helix. 

Residues 302-315 in the M chain of the photosynthetic 
reaction center (Ala-Pro-Asp-Tyr-Pro-Ala-Tyr-Leu-Pro- 
Ala-Thr-Pro-Aspho, where the residues in boldface represent 
exact matches) form a bent loop structure with the bend 
centered between residues positions Tyr 308 and Leu 309. The 
sequence Ile-Pro-Ile-Ala-Pro-Leu-Thr-Val-Pro-Thr-Gly- 
Ala-Thr-Pro is a compact loop structure at positions 223-236 
of subunit 2 in the coat protein of human rhinovirus. Two 
bends centered at  residues Ile 224 and Thr 232 and a hy- 
drophobic core formed by the side chains of Leu 228, Val 230, 
Ala 234, and Pro 236 contribute to the compactness of this 
latter structure. The side chains of the hydrophilic threonine 
residues at  229, 232, and 234 extend out from the exterior 
surface of the loop. 

To test the possibility that the N-terminal 14 amino acids 
may form an a-helix, we searched the data base for this 
secondary structure for sequences having multiple prolines 
spaced three to four residues apart. Only a single such se- 
quence was found: taka-amylase contains two prolines sepa- 
rated by four amino acid residues within an a-helical con- 
formation. 

Structural models were constructed around each of the 
conformations located within the proteins of the crystallo- 
graphic data base. In all cases, the side chains were initially 
generated in their extended conformations. Two compact loop 
models (Al-Rhino and A2-Rhino) were constructed by using 
the rhinovirus sequences as templates. In the first (Al-Rhino), 
the two bends from the rhinovirus loop were maintained at  
their respective amino acid positions relative to the prolines. 
This resulted in a structure in which the majority of the 
charged residues were placed in the interior core of the loop, 
and the hydrophobic residues protruded out from the exterior 
surface. A second structure (AZRhino) was built where each 
proline was shifted-1 toward the N-terminus relative to the 
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FIGURE 4: Flexibility and hydrophobicity of Tat. The flexibility plot 
was calculated according to the method of Karplus and Schulz (1985) 
by using a sliding average of seven amino acid residues. Positions 
having a value less than 1 are considered as rather flexible. 

Tat Flexibility. The flexibility of Tat was calculated ac- 
cording to the method of Karplus and Schulz (1985). The 
results (Figure 4) show that the sequence 23-48 in region I1 
and 111 (Figure 1) is the most flexible part of Tat while region 
I is rather rigid, which is confirmed by the similarity of the 
CD spectrum in the aqueous solution and 90% TFE. The 
flexibility of region 111 agrees with the proposed function of 
the activating region. Indeed, it has been observed in the case 
of transcriptional activator that the binding region exerts 
control on the activating region in allowing activation only if 
the activator is complexed with its target nucleotidic sequence 
(Ptashne, 1988). This suggests that the activating region 
should adopt its fully active conformation only after the 
binding region is complexed, implying that this region should 
be flexible. 

Computer Modeling of Peptide Fragments. We used two 
approaches to construct structural models for the Tat peptide 
fragments, in those studies. First, the Brookhaven data base 
of protein structures was searched for sequences that were 
homologous to the Tat peptide fragments. This allowed us 
to determine the range of conformations that are adopted by 
the peptide sequences within the context of crystallographically 
defined protein structures. Sequences that were highly ho- 
mologous to the 1-14 and 38-60 fragments of the Tat protein 
were found in several structures in the protein data base. From 
this, it was clear that each sequence of these fragments falls 
into limited set of conformations. Sequences that are similar 
to the 1-14 fragment did not generally adopt a-helical con- 
formations in the proteins of the data base. There was some 
evidence from this homology search, however, to suggest that 
the first 9-10 residues of the 38-60 fragment would form an 
a-helix, while the remainder of the sequence would be extended 
or dynamic. 

Several conformations were constructed for each fragment 
by using the structures for the homologous sequences from the 
crystallographic data base. Each structure was subjected to 
1 ps of molecular dynamics to relieve the inherent stress and 
was then energy minimized with the AMBER force field (Weiner 
et al., 1984, 1986). Analysis of the final energies of each 
minimized conformation allowed US to compare the relative 
intrinsic stabilities of the structures for each fragment. 

We then asked the question of which, if any, residues within 
each fragment could adopt an a-helical conformation. There 
have been a number of arguments suggesting an a-helical 
structure for both fragments. Models were therefore con- 
structed for each fragment that was entirely a-helical. These 
models were first energy minimized, then subjected to mo- 
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FIGURE 5 :  Initial models for amino acids 1-14 of the Tat protein. The backbone is traced as a ribbon to emphasize the secondary structure 
of the peptide. A is model A-PRC, B is A-H, C is Al-Rhino, and D is A2-Rhino (see the legend to Table 111 for the key to model designations). 

bends. This placed a hydrophobic core a t  the interior, while 
all the charged side chains protruded out and away from the 
backbone. 

A bent loop model (A-PRC) was constructed by using the 
sequence from the photosynthetic reaction center as a template. 
In the initial structure, the Arg 7 side chain was rotated around 
the C,-C, bond to remove unfavorable contacts with the 
backbone and ring atoms of Trp 1 1. Finally, a model (A-H) 
was built around the a-helix of the taka-amylase protein 
(Matsuura et al., 1984), with the helix extended towards the 
N- and C-termini with standard 4 and 4 angles for a right- 
handed a-helix. 

The energy-minimized structures for each model are shown 
in Figure 5 .  In general, the backbone conformations did not 
distort significantly from the initial structures. The models 
built around the rhinovirus conformation showed some com- 
paction of the loop as a result of interactions within the interior 
of the loop structure that are analogous to the hydrophobic 
interactions of the rhinovirus structure. 

The final energies for each model are summarized in Table 
111. The absolute numbers for the energies are not mean- 
ingful, except to compare the stabilities of the individual 
models. The bond energies for lengths, angles, and dihedral 
angles were all very similar for all the models. The primary 
differences in the overall energies of each structure resulted 
from variations in hydrogen bonding, coulombic repulsion, and 
van der Waals interactions. The conformation with the least 
favorable final free energy was the structure built from the 
photosynthetic reaction center (-142 kcal/mol final total en- 
ergy). Because it was the most extended structure, this showed 
the lowest electrostatic repulsion of all the models (325 
kcal/mol) but also had the lowest potential for hydrogen bond 
formation (-529 kcal/mol). In the final structure, the tryp- 
tophan side chain extended into the interior of the core, while 
the majority of the remaining residues protruded out and away 

Table 111: Energies for Sequence 1-14 of the Tat Proteina 

(kcal/mol) AI-Rhino A2-Rhino A-PRC A-H ARD AHD 
bonding 94 75 63 72 90 90 

energies modelsb 

H-bonding -823 -135 -529 -755 -935 -940 
nonbonding 1 -5 -1  -25 -13 -7 
coulombic 503 436 325 496 595 595 

total -225 -229 -142 -212 -261 -259 
Energies were minimized by using the AMBER force fields (Weiner 

& Kollman, 1986) to a maximum derivative of 0.1 kcal/mol. The en- 
ergies of the four initial models (Al-Rhino, A2-Rhino, A-PRC, and 
A-H) as well as the lowest energy structures extracted from the mo- 
lecular dynamics calculations on A2-Rhino and A-H models (ARD 
and AHD, respectively) are compared after energy minimization of 
their structures. Models Al-Rhino and A2-Rhino were constructed 
by using the structure of the coat protein from human rhinovirus as a 
template. Al-Rhino has the bends of the loop positioned at residues 
V4 and W 11 of the Tat protein, while A2-Rhino places the bends at 
residues D5 and K12. Model A-PRC was built by using the structure 
of the photosynthetic reaction center as a template. A-H was con- 
structed as a helical model by using an a-helix in taka-amylase as a 
template, and it was extended by using standard 6 and I) angles for an 
a-helix. Models ARD and AHD are the lowest energy conformations 
after molecular dynamics calculations on the A2-Rhino (after 4 ps) 
and A-H (after 6 ps) models, respectively. 

from the exterior surface. In general, this structure was not 
significantly different from the photosynthetic reaction center 
template from which it was built. 

The two structures built from the human rhinovirus coat 
protein and the helical model constructed around the taka- 
amylase showed nearly identical energies. Model A 1-Rhino 
started with the two bends located a t  the same positions as 
in the rhinovirus protein. The resulting energy-minimized 
structure had the hydrophobic residues extending out along 
the exterior surface. The interior of the loop is lined primarily 
with longer charged residues, giving slightly greater coulombic 
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-110 and van der Waals repulsion in this structure. These repulsive 

forces, however, are more than compensated for by the -68 
kcal/mol more favorable hydrogen-bonding energy, again 
associated with packing the polar groups into the compact 
interior of the loop. 

The A2-Rhino model was built with the proline residues 
displaced by one position toward the N-terminus relative to 
the two bends in the loop structure. This conformation is 
essentially an inverted version of the AI-Rhino model, with 
all the charged side chains extending out along the exterior 
surface and the hydrophobic groups lining the interior surface 
of the loop structure. This model has a hydrophobicity pattern 
similar to that of the original loop in the rhinovirus protein. 
The N-terminus of the loop becomes more compact primarily 
as a result of the dense packing of hydrophobic side chains 
from residues Met 1, Val 4, Pro 6, and Leu 8. This is asso- 
ciated with a reduction in the van der Waals energy by -6.4 
kcal/mol relative to the Al-Rhino model. The center of the 
exterior surface alternates between positive and negative 
charges from residues Asp 5, Arg 7, Glu 9, and Lys 12. By 
placing the larger charged side chains along the exterior 
surface, the coulombic repulsion is reduced by -67 kcal/mol 
compared to the first rhinovirus model. The hydrogen-bonding 
energy, however, becomes less favorable by 88 kcal/mol rel- 
ative to AI-Rhino. In an aqueous environment, however, we 
would not expect the enthalpy contributions of the hydrogen 
bonds to be significantly different for the A2-Rhino versus 
Al-Rhino models. The entropic contribution may favor the 
A2-Rhino model if this is an external loop in the Tat protein. 
Finally, the overall bonding energy is -19 kcal/mol lower in 
this latter model, resulting from reduced strain on the back- 
bone, primarily at  the proline residues. 

The primary features of the a-helical model A-H are the 
two salt bridges resulting from the attractive charge-charge 
interactions between Asp 5 and Arg 7 and between Glu 9 and 
His 13. These coulombic energies dominate the overall 
energies of the helical model. To determine how stable each 
of these helical elements are for a four proline sequence, this 
model was subjected to molecular dynamics calculations for 
12 ps. The structure was initially equilibrated at room tem- 
perature for 1 ps and then allowed to relax at  600 K for 12 
ps (structure AHD). The conformations at approximately 1-ps 
intervals were saved and subsequently reequilibrated at 300 
K for 1 ps and then energy minimized. The plot of the final 
minimized energies shows three distinct minima at 2, 6, and 
10 ps (Figure 6). Diagonal contact plots were generated to 
correlate each energy minimum with a structural transition 
associated with the relaxation of specific domains of the helix 
(Figure 6 insets). The dots at the intersection of the resi- 
due-residue plot connect amino acids that are separated by 
4.5-6.5 A in their C, carbons. Patterns showing contacts 
within this range of residues separated by three to four amino 
acids along the chain are indicative of a-helical structures. 

Plot A at 0 ps shows that the a-helix conformation of A-H 
for the starting energy resides primarily between residues 3 
and 13, with a small intervening turn centered at Arg 7. As 
the dynamics run proceeds at 600 K, the a-helical region 
between residues 3 and 7 is extended into a standard turn. The 
N-terminal residues 2-9 persists as a series of helical turns, 
with approximately a 2.5-residue repeat, through 5 ps of the 
dynamics calculation. This series of turns unravel beyond the 
5-ps time frame, leaving the N-terminus as a series of extended 
loops. Thus the energy minimum at 2 ps is associated with 
melting of one a-helical turn at  residues 3-7. The second 
minimum at 5-6 ps appears to be primarily associated with 
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FIGURE 6: Energies and diagonal ntact plots for structures along 
the molecular dynamics path for residues 1-15 of the Tat protein. 
The top panel shows the energy after minimization of conformations 
extracted at 0, 1,2, 3, 3.5,4,4.5,5,7, 8,9, and 12 ps into the dynamics 
calculation. The curve was drawn as an interpolation of these points. 
Panels A-G are the diagonal contact plots associated with these 
conformations. The residues are plotted along the x and y axes. Each 
point at  the intersections indicates that the C, carbons of the two 
residues are separated by 4.5-6.5 A. The size of the points are 
indicative of the contact distance, with the larger points designating 
a closer contact. 

side-chain rearrangements, leaving the secondary structural 
elements intact. The third minimum at 9-10 ps occurs after 
unraveling of the turns at  the N-terminus. This requires 
overcoming a relatively large energy barrier. The single 
structural element that persists throughout this dynamics 
calculation is the a-helix residing between residues Leu 8 and 
His 13. This region is held intact primarily by the salt bridge 
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FIGURE 7: Comparison of the lowest energy conformations extracted 
from the molecular dynamics pathway for model A-H and A2-Rhino 
models. The backbone atoms are traced with ribbons to emphasize 
the secondary structures within each conformation. (A) Energy- 
minimized conformation of model A-H (designated AHD) after 6 
ps of molecular dynamics and subsequent energy minimization by 
molecular mechanics using the AMBER force fields. (B) Energy- 
minimized conformation of model A2-Rhino (designated ARD) after 
4 ps of molecular dynamics and subsequent energy minimization by 
molecular mechanics using the AMBER force fields. 

between Glu 9 and His 13. Assuming that the imidazole ring 
of His 13 is protonated in the peptide, this a-helical turn 
appears to be the most stable element of the entire 14 amino 
acid stretch. The low energy structure at 6 ps is designated 
AHD. 

A similar dynamics calculation was performed on the model 
A2-Rhino constructed from the rhinovirus coat protein. No 
distinguishing characteristics were observed in the diagonal 
plots of this model, showing that no helical structures formed 
within this entire sequence during the dynamics calculation. 
The turn at the N-terminus that forms a hydrophobic core was 
the only structure that persisted through the dynamics cal- 
culations. The middle eight residues of the peptide formed 
extended loops similar to those found in the helical model after 
12 ps of dynamics calculations. The residues from position 
8 to the C-terminus started as a bend at residues 10-15. This 
bend completely melted out by 3 ps and was replaced by a 
more stable bend centered between Pro 10 and Trp 11. The 
salt bridge between Glu 9 and His 13 in the helical model was 
thus replaced by an analogous interaction between Glu 9 and 
Lys 12. The resulting secondary structure for these residues 
was not helical. 

A comparison of the results from the two dynamics calcu- 
lations show that a helical structure may be stabilized by 
attractive coulombic forces that bridge the side chains of 
residues separated by three to four amino acids along the chain. 
However, the Glu 9 to His 13 interaction in the helical loop 
will not be stable in the peptide, if the imidazole ring of the 
His residue is not protonated. The Glu 9 to Lys 12 salt bridge 
observed in the rhinovirus model is, therefore, likely to be a 
more prevalent interaction, arguing strongly against the ex- 
istence of any helical structure in the 1-14 sequence. 

The two lowest energy conformations starting from the 
a-helix and the A2-Rhino models are compared in Figure 7. 
They both have final minimized energies of approximately 
-260 kcal/mol, which are at least 30 kcal/mol lower in energy 
than any of the starting models. The final structure starting 
from the a-helical model maintains the helix from residues 
8 to 13, while the remainder of the chain is in extended helical 

loops. Starting from the rhinovirus protein, the resulting 
peptide maintains the hydrophobic core at  the N-terminal 
amino acids, but the C-terminal end forms a bend rather than 
a helical turn. The energetics of these structures suggest that 
both are viable models, with the actual structure perhaps 
combining features from both (Table 111). 

Computer Modeling of Sequence 38-60. A search through 
the Brookhaven protein data base yielded three classes of 
sequences that were highly homologous with residues 38-47, 
residues 45-49, and residues 49-60 of the Tat protein. The 
results of this search lead to a model for this region of the Tat 
protein where the N-terminus forms two turns of an a-helix, 
followed by a five-residue S-shaped bend, and an extended 
chain at the highly basic C-terminus tail. 

A nine-residue sequence (Phe-Gly-Val-Ser- Arg-Ala-Leu- 
Gly-m) was found in the middle of a seven-turn a-helix chain 
in citrate synthase at  residues 397-405 of both the A and B 
subunits (Wiegand et al., 1984). This shows four exact amino 
acid matches with the Tat protein (Phe 397 with 38, Ala 402 
with 42, Leu 403 with 43, and Gly 404 with 44 when com- 
paring the citrate synthase to Tat sequences, respectively, as 
indicated by the residue in boldface). Of the remaining amino 
acids, four are analogous replacements (Val 399 for Ile 39, 
Ser 400 for Thr 40, Arg 401 for Lys 4 1, and Val 405 for Ile 
45 in the citrate synthase versus Tat sequences, respectively, 
as indicated by the underlined residues); one position (Gly 398) 
is an insertion within the citrate synthase structure that is 
absent in the Tat sequence. This strongly suggests that these 
residues within the Tat protein also form an a-helix, consistent 
with the results from the Chou-Fasman predictions. 

The sequence Gly-Ile-Thr-Ser-~-Gly-His was found be- 
tween positions 116-122 in the kallikrein B subunit of porcine 
serine protease (Bode et al., 1983). In addition, an analogous 
sequence (Gly-Ile-Val-Ser-Tyr-Gly-Hk) was located a t  
194-200 of a serine protease from rat mast cells (Remington 
et al., 1988). All these sequences form S-shaped bends at the 
N-terminus that lead into a &strand. The latter sequence 
showed the highest degree of homology with the Tat sequence, 
with five exact residue matches (Gly 194 to 44, Ile 95 to 45, 
Ser 197 to 46, Tyr 198 to 47, and Gly 199 to 48, protease to 
Tat, respectively), one analogous substitution (His 200 for Arg 
49 comparing the protease to Tat), and a single insertion of 
a valine residue at position 196 of the protease that is not 
present in the Tat sequence. This peptide from the rat serine 
protease was used to model the region from 44 to 48 in the 
Tat protein. 

Finally, the highly basic region from 49 to 60 (with the 
sequence Arg-Lys-Lys-Arg- Arg-Gln- Arg-Arg-Arg) of the Tat 
protein was found to be highly homologous to the basic region 
from residues 22 to 31 (with the sequence Arg-Am-Lys- 
Arg-Arg-Ala-b-Arg-Arg) of the southern mosaic bean virus 
coat protein (Namba et al., 1989). This stretch forms part 
of the N-terminus domain of the coat protein that is located 
toward the interior of the virus. Unfortunately, the first 61 
residues at the N-terminus were crystallographically disordered 
in the structure and therefore could not provide a template 
with which to build a model. The long stretch of basic residues, 
however, suggests that this stretch of amino acids is extended 
due to electrostatic repulsion of the positively charged side 
chains and does not form a helical structure. Indeed, a search 
through the crystallographic data base for stretches of se- 
quences that were composed of at  least five out six basic 
residues showed that nearly all were in loop structures. The 
exceptions include residues 407-4 12 of tRNA synthetase 
(Brick et al., 1989), which showed only weak electron density 
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FIGURE 8: Models for amino acids 38-60 of the Tat protein. The backbone is traced as a ribbon to emphasize the secondary structure of the 
peptide. (A) Model TATH; (B) model TAT38a; and (C) model TAT38b (see the legend to Table IV for the key to model designations). 

and therefore could not be assigned, and a short stretch of 
Arg-Leu-Lys-Lys-Arg-Arg (residues 7-1 2) imbedded in 
middle of a four-turn a-helix of a corepressor (Mondragon 
et al., 1989). In this latter sequence, the arginine residue at 
position 7 was preceded by an acidic glutamic acid. This 
negatively charged residue may facilitate propagation of the 
helix through the five positively charged residues by interacting 
with the two lysine side chains at positions 9 and 10. The 
stretch of basic residues in the Tat protein is neither preceded 
nor followed by any acidic residues, which therefore precludes 
any electrostatic stabilization of a helix through this region. 
This stretch of basic amino acids was thus modeled as an 
extended chain. 

The final three amino acids residues (Pro-Pro-Gln) were 
simply modeled by using the conformations of two trans- 
prolines and a glutamine in an extended conformation. The 
complete structure of residues 38-60 was thus modeled by 
patching a helix to an S-shaped bend, followed by a long 
stretch of positively charged amino acids and prolines in an 
extended chain conformation. 

Three unique models were built from for the sequence 38-60 
of the Tat protein. The first two (TAT38a and TAT38b) were 
built from the protein templates with a two-turn a-helix ex- 
tending from Phe 38 to Leu 43 and an S-shaped bend at 
residues Gly 44 to Tyr 47 connecting this helix to the extended 
basic tail. These two models were constructed with the glycine 
conforming either in the helix conformation or in the S-bend 
conformation for the models TAT38a and TAT38b, respec- 
tively. A third model (TATH) was constructed with the entire 
38-60 sequence of Tat in an a-helix. This latter model allows 
us to test the prediction that the long stretch of basic residues 
would not favor an a-helix. 

After energy minimization, the TATH model that was en- 
tirely helical (Figure 8) had the highest (least favorable) 
overall energy (Table IV).  This resulted from an average 
+ 124 kcal/mol increase in the electrostatic repulsion of the 
basic side chains. This more than compensated for the -63 
kcal/mol hydrogen-bonding stabilization resulting from ex- 
tension of the helix. Extending the helix to residue 60 had 
an average overall destabilizing effect of + 18 kcal/mol on the 
Tat protein. We therefore predict that only the N-terminal 

Table IV: Energies for Sequence 38-60 of the Tat Proteino 

Ikcallmol) TATH TAT38a TAT38b TATHD TAT38D 
energies modelsb 

bonding 51 71 64 94 84 
H-bonding -1349 -1321 -1249 -1722 -1593 

coulombic 1197 1097 1049 1405 1248 
nonbonding -45 -14 -24 -29 -4 

total -146 -167 -160 -25 1 -265 
‘Energies were minimized by using the AMBER force fields (Weiner 

& Kollman, 1986) to a maximum derivative of 0.1 kcal/mol. The final 
energies after minimization of the three starting models (TATH, 
TAT38a, and TAT38b) are compared along with the lowest energy 
conformations (TATHD and TAT38D) extracted from molecular dy- 
namics calculations on TATH and TAT38a, respectively. Model 
TATH was constructed as a helical model by using standard 4 and $ 
angles for an a-helix, with the proline residues in their trans confor- 
mations. Models TAT38a and TAT38b were constructed by using the 
crystal structures of citrate synthetase and rat serine protease as 
templates for helical region. TAT38a has the residue G44 adopting 
the conformation of the preceding helix, while, in TAT38b, this residue 
adopts the conformation of the following S-bend. Model TATHD and 
TAT38D are the lowest energy conformations extracted from molecu- 
lar dynamics calculations on TATH and TAT38a. respectively. 

part of this sequence from the Tat protein would adopt a 
helical conformation. 

The two structures constructed from the crystallographic 
templates were both similar in overall energies, but for different 
structural reasons (Figure 8). The model TAT38a, built with 
G44 assuming the conformation of the preceding helix, formed 
a more compact bend structure connecting the helix and basic 
chain domains. The second model TAT38b built with G44 
in the S-bend, was more extended. This resulted in a 48 
kcal/mol difference in the coulombic terms of the energies, 
with the compact TAT38a model showing more electrostatic 
repulsion. This repulsion is from an interaction of the positively 
charged basic tail with the helical dipole (which points toward 
the C-terminus, positive to negative). The extended TAT38b 
structure places the acidic tail such that the positive charges 
help to reinforce the helical dipole, while the orientation of 
the tail is nearly perpendicular to the helix in the compact 
TAT38a structure. In contrast, the more compact TAT38a 
structure can form more hydrogen bonds between the loop and 
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FIGURE 9: Diagonal contact plots of conformations extracted along 
the molecular dynamics path for model TATH. Contact plots were 
generated from conformations extracted at 2-12 ps during the mo- 
lecular dynamics calculation on the TATH model. The residues are 
numbered according to where each residue occurs in the native Tat 
protein (38-60). The residues are plotted along the x and y axes. 
Each point at the intersections indicates that the C, carbons of the 
two residues are separated by 4.5-6.5 A. The size of the points are 
indicative of the contact distance, with the larger points designating 
a closer contact. 

the helix than can the extended form. The two effects are 
compensatory, leaving only 6.4 kcal/mol separating the two 
conformations. Thus both or either structure may exist in 
solution. These models place an a-helix at the seven N-ter- 
minal residues of this domain in the Tat protein, which is 
consistent with the percent of helical residues determined from 
the CD spectra for this peptide in 90% TFE. 

Molecular dynamics calculations were performed on the 
TAT38a model and the fully a-helical TATH model to de- 
termine which, if any, of the structural elements are stable. 
These calculations were run for 13 ps, starting with a l-ps 
equilibration at  room temperature, followed by 12 ps at  450 
K. The model starting from the TAT38a model became en- 
tirely unwound after 5 ps of dynamics. The helix constructed 
at the 10 N-terminal residues unwound starting from residue 
1 and worked its way toward the C-terminus. It was no longer 
helical after 3 ps. The bend at  residues Ser 46 to Lys 50 
persisted through 5 ps of dynamics. The polybasic C-terminal 
tail remained extended throughout the calculation. 

When the fully helical TATH model was subjected to the 
energetics of the dynamics calculations, the structure was 
found to be more resilient to melting. The last 14 amino acids 
at the C-terminus lost its helicity during the initial equilibration 
steps. The melting of the helix proceeded from both the N- 
and the C-termini through 6 ps of dynamics. At that point, 
the N-terminus stabilized, showing no additional melting. 

0 

N 

FIGURE 10: Molecular model of the lowest energy conformation for 
residues 38-60 of the Tat protein. The sequence is drawn from the 
N- to C-terminus. A ribbon tram the backbone atoms to emphasize 
the secondary structure along the chain. 

After 12 ps of dynamics, the helical region stabilized some- 
where between residue Thr 40 and Lys 50, existing as either 
a continuous two turn helix or a three turn helix that is in- 
terrupted intermittently by helical loops. Residue-residue 
contact plots are given in Figure 9. 

These molecular dynamics calculations provided us with the 
best model for this region of the Tat peptide. Of all the 
conformations searched during this process, the lowest min- 
imized energy structure resulted after 1 ps of dynamics starting 
with the TAT38a model, designated TAT38D. Its final 
minimized energy (-265 kcal/mol) was over 100 kcal/mol 
lower than any of the starting structures (see Table IV for 
comparisons). The final energy-minimized structure for this 
peptide (shown in Figure 10) shows approximately 1.5 turns 
of an a-helix starting at residue Lys 41 and ending at Tyr 47. 
The dynamics calculations on the TATH model shows that 
the coulombic repulsion at  the basic tail tends to favor the 
extended conformation. The compact S-shaped bend in 
TAT38a was found to be reasonably stable over the course 
of the dynamics calculation. The four residues at  the N- 
terminus of the TAT38a peptide melted out from the helical 
structure. This is probably an end effect peculiar to the iso- 
lated peptide. The dynamics results from the helical starting 
structure suggests that, in the presence of other stabilizing 
factors, the melting of the helix from the N-terminus stops 
at residue Lys 41. This suggests that, in the intact Tat protein, 
the a-helix extends back to residue Phe 38, as suggested from 
the Chou-Fasman predictions. 

Conclusions. In this study, we have shown by CD that 
peptide 38-60, but not peptide 2-23, is able to adopt some 
a-helical structure in 90% TFE (Figure 2). The presence of 
an a-helix for sequence 38-45 (region 111) is predicted by 
energy minimization with molecular dynamics and the 
Chou-Fasman method and possesses an amphipathic char- 
acteristic (Figure 3). Region IV, containing a nuclear 
localization signal, is described as an extended structure by 
energy minimization with molecular dynamics and as an a- 
helix by the Chou-Fasman prediction. Assuming a single 
structure in solution, CD data analysis (Table I) gives 9 or 
10 residues in an a-helix for peptide 38-60 and thus supports 
the models TAT38a and TAT38b obtained by computer 
modeling (Figure 10). An a-helical conformation for the 13 
amino acid sequence adjacent to the N-terminus, as previously 
proposed, is not likely, on the basis of CD spectra and computer 
modeling. Activating regions are known that are proline rich 
(Mitchell & Tjian, 1989) and sequence 1-14 could be an 
activating region for this reason but not because it is an a-helix. 
Sequence 38-45 has the amphipathic characteristics of known 
a-helical activating region and is adjacent to the expected 
nuclear localization signal. 
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