
ing homology (15). Second, the alignments 
are well defined. No gaps are needed to align 
the eukaryotic and eocytic EF-la sequences, 
and no gaps are needed to align the EF-2 and 
the IF-2 sequences with those EF-la se- 
quences that contain the four-amino acid 
segment (except for three amino acids 
unique to Methanococcus uannielii) . Third, 
the sequences encoding EF-la are not likely 
to be laterally transferred between orga- 
nisms. EF-la is present in all cells and, 
during protein synthesis, interacts with cel- 
lular components encoded by genes dis- 
persed throughout the bacterial genome, 
including aminoacyl-tRNAs, ribosomal pro- 
teins, elongation factor EF-Ts, and 16s and 
18s ribosomal RNAs (16). 

Other results also support a sister rela- 
tionship between the eukaryotes and eo- 
cytes. For example, the major heat shock 
urotein of Sulfolobus shibatae is a molecular 
chaperone related to a eukaryotic t-com- 
plex gene (1 7). Similarly, the eukaryotic 
ribosomal RNA operons (18) are organized 
like those of Sulfolobus, Desulfurococcus, 
Themproteus, and Themcoccus. By con- 
trast, the tRNA-containing ribosomal 
RNA operons of halobacteria, methano- 
gens, and eubacteria (19) share a different 
Dattern. 

Although many characters support the 
eocyte tree (20), some do not. First, eubac- 
teria, halobacteria, and eukaryotes share 
ester-linked fatty acids and functional fatty 
acid synthetases (21). This does not support 
either the archaebacterial or eocyte tree but 
does support an alternative topology. Sec- 
ond, halobacteria, methanogens, and eo- 
cytes have at least traces of a distinct ether 
lipid (22), which supports the archaebacte- 
rial tree and does not support the eocyte 
tree. If both exceptions were valid, no tree 
would be acceptable. The exceptions there- 
fore emphasize the need for caution and an 
appreciation of the chimeric origins (23) of 
some nuclear sequences in an analysis of the 
phylogenetic relationships of eukaryotes. 
Reconstruction of the prokaryotic ancestry 
of eukaryotes requires caution; however, 
the phylogenetic distribution of the 11- 
amino acid segment implies that the eo- 
cytes are the closest surviving relatives of 
eukaryotes. This lends support to the pro- 
posal (12) that the eukaryotes and eocytes 
comprise a monophyletic superkingdom, 
the karyotes. 
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Conformation of the TAR RNA-Arginine Complex by 
NMR Spectroscopy 

Joseph D. Puglisi, Ruoying Tan, Barbara J. Calnan, 
Alan D. Frankel, James R. Williamson* 

The messenger RNAs of human immunodeficiency virus-1 (HIV-1) have an RNA hairpin 
structure, TAR, at their 5' ends that contains a six-nucleotide loop and a three-nucleotide 
bulge. The conformations of TAR RNA and of TAR with an arginine analog specifically 
bound at the binding site for the viral protein, Tat, were characterized by nuclear magnetic 
resonance (NMR) spectroscopy. Upon arginine binding, the bulge changes conformation, 
and essential nucleotides for binding, U23 and A27438, form a base-triple interaction that 
stabilizes arginine hydrogen bonding to G26 and phosphates. Specificity in the arginine- 
TAR interaction appears to be derived largely from the structure of the RNA. 

T h e  diverse structures formed by RNA 
molecules contribute to their specific recog- 
nition by proteins (1, 2). The interaction of 
the HIV Tat protein with TAR, an RNA 
hairpin located at the 5' end of the viral 
mRNAs, provides a well-characterized sys- 
tem for the study of RNA-protein recogni- 
tion. The binding of Tat to TAR is essen- 
tial for Tat to function as a transcriptional 
activator (3-6). The predicted secondary 

that are important for specific binding of 
Tat (4, 7-10). The loop region is not 
involved in Tat binding but is important for 
activation of transcription (4-6, 10, 1 1). 
Specific binding of Tat to TAR is mediated 
by a single arginine (12) within a nine- 
residue stretch of basic amino acids, as 
shown by specific binding of model peptides 
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in vitro (6, 10, 13) and by transactivation 
by mutant Tat proteins in vivo (6, 12, 14). 
Free arginine also binds specifically to 
TAR, and chemical interference experi- 
ments indicate that arginine interacts with 
TAR in a similar manner, whether as the 
free amino acid or in the context of the 
peptide (1 5). We performed NMR studies 
on wild-type and mutant TAR RNAs in the 
presence or absence of argininamide, a 
tight-binding arginine analog, that reveal 
structural features of the RNA responsible 
for specific Tat-TAR recognition. 

Detailed NMR structures have been 
reported for several small RNA molecules 
(< 20 nucleotides) (1 6), and nucleotide 
conformation and base stacking have been 
reported for larger molecules (17). We 
determined the conformation of TAR 
RNA (31 nucleotides) (Fig. 1A) by two- 
dimensional NMR spectroscopy (Figs. 1, 
B to D, and 2, A and C). The two stem 
regions form base-paired, A-form helices 
with standard nucleotide conformations 
(18-20). U23, the 5' nucleotide in the 
bulge, is stacked on A22. The other two 
nucleotides give internucleotide base-sug- 
ar nuclear Overhauser effects (NOEs) con- 
sistent with partial stacking, but the con- 
formation of these nucleotides is not well 
defined by the NMR data (Fig. 2, A and 
C). We observed NOES between helical 
nucleotides C39 and U40, which suggests 
only a minor distortion in helix conforma- 
tion opposite the stacked bulge. The 
stacked structure of the bulge induces 
bending in the overall helix axis (21), 
although our NMR data do not provide 
direct evidence for bending. The six-nu- 
cleotide loop is not directly involved in 
the interaction of Tat with TAR, and we 
have not characterized the structure of this 
loop in detail. 

Free arginine interacts with TAR in a 
manner similar to that of arginine in the 
context of Tat peptides, as shown by 
competition and chemical interference ex- 
periments (1 5). To characterize specific 
binding of arginine to TAR, we monitored 
the chemical shifts of TAR resonances as a 
function of argininamide concentration 
(22). Changes of chemical shift of NMR 
resonances are a sensitive indicator of 
changes in local environment that result 
from binding or conformational changes. 
The addition of argininamide affected the 
chemical shifts of nucleotides in the re- 
gion of the bulge but had little or no effect 
in the stems or loop (Fig. 3). Chemical 
shift profiles as a function of argininamide 
concentration indicate that argininamide 
binding is specific and saturable (23). All 
three bulge nucleotides exhibited large 
downfield changes in chemical shift, and 
A22(H2) proton resonance below the 
bulge exhibited a 0.4-ppm shift upfield. 

Helical nucleotides surrounding the bulge 
and G28(H8) in the upper stem also ex- 
hibited shift changes. 

The conformational change of the 
bulge upon argininamide binding involves 
unstacking of the three bulge nucleotides, 
coaxial stacking of the two stems, and 
formation of an additional RNA-RNA 
interaction (Fig. 2, B and D). In the 
argininamide complex, bulge nucleotides 

C A Loop 

cg G, 

stern 

A Lower 
C G stem 
C G 

were not stacked between the two helical 
stems, consistent with the large downfield 
chemical shifts of resonances from these 
nucleotides and with the loss of internu- 
cleotide NOEs upon argininamide bind- 
ing. The NOE data indicated that U23 is 
positioned near A27 in the major groove 
of the upper stem. No internucleotide 
NOEs were observed from C24 and U25, 
which suggests that these nucleotides are 

0 8.4 
I I I 

6.0 5.6 5.2 

Flg. 1. (A) Secondary structure of TAR RNA. Nucleotides important for recognition by Tat are 
boxed; phosphates whose ethylation interferes with binding of Tat peptides or arginine are marked 
by arrows. Stem, bulge, and loop regions are labeled. Numbering refers to nucleotides in HIV 
HXB-2 isolate relative to the cap site; G16, G17, C45, and C46 are not part of HIV TAR and were 
added to increase the efficiency of in vitro transcription. Different numbering schemes have been 
used in other studies (usually having values that are one less than shown). (B) Two-dimensional 
NOE (NOESY) spectrum of TAR showing NOEs between aromatic protons (H8lH61H2) and 
pyrimidine H5 and ribose H1 '. Sequential NOES between aromatic H8/H6 (n + 1) and sugar HI '  
(n) protons from G16 to C24 are indicated by lines connecting cross peaks. Labeled cross peaks 
correspond to intranucleotide aromatic H I '  NOEs. Cross peaks corresponding to NOEs of 
structural interest are boxed. (C) Same region of the NOESY spectrum as shown in (B) for TAR in 
the presence of 6 mM argininamide; NOEs that indicate a conformational change are boxed and 
labeled. Cross peaks for three bulge nucleotides and A22 that shift considerably upon addition of 
argininamide are highlighted; shaded boxes indicate their position in the absence of argininamide. 
(D) Portion of the NOESY spectrum of TAR + argininamide (6 mM) that shows NOEs between 
argininamide (6) protons and protons in TAR. All of the NOESY spectra were obtained with the 
standard pulse sequence and phase cycling (34). A 400-ms mixing time was used for these 
experiments. All measurements in (B) to (D) are in parts per million. 
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not well structured. Although nucleotides 
C39 and U40 opposite the bulge remained 
stacked, the stacking of the two base pairs 
bordering the bulge was probably distorted 
from standard A-form geometry, as the 
NOEs between A22 and G26 were much 
weaker than expected for A-form geome- 
try. All jlP resonances of TAR exhibited 
normal chemical shifts in both the ab- 
sence and presence of argininamide. No 
significant changes in the stem or loop 
structure were observed. 

We observed NOEs (24) between argi- 
ninamide (6) protons (adjacent to the 
guanidinium group) and protons on A22, 

U23, and A27 (Fig. ID). The most direct 
interpretation is that the conformational 
change of TAR results from formation of a 
single arginine binding pocket, such that 
these protons are close to the arginina- 
mide (6) protons. Although we could not 
directly determine the number of arginine 
binding sites from the NMR data, the data 
are consistent with a single site. 

NMR experiments on a peptide-TAR 
complex yielded further support for a sin- 
gle arginine binding site. We character- 
ized the structure of TAR bound to an 
1 1-amino acid peptide (YKKKRKKK- 
KKA, where Y is Tyr, K is Lys, R is Arg, 

Flg. 2. Schematic structures of the bulge regions of TAR in the absence (A) or presence (B) of 
argininamide that summarize the NMR results. Base pair hydrogen bonding d e r i i  from imino 
proton resonances is shown by wide dashed lines beheen bases. Ribose, base H8JH6, adenine 
H2, and imino protons are represented by dots within pentagons, on the outside of the bases, on 
the inside of adenines, or within hydrogen bonds, respectively. Observed intemucleotide NOEs are 
indicated bv dashed lines connectina dots: there is no direct correlation between the lendh of lines 
indicated &d strength of NOEs. ~ha ied  sugars have a C,.-endoconformation, and all otrher sugars 
have primarily a C,.-endo conformation. Functionally im~ortant nucleotides are indicated bv bold 
boxes. Dark circles highlight phosphates whose eth;lati&. interferes with arginine and Tat peptide 
binding. In (B), no NOEs were observed between C24 and U25, and these nucleotides are 
represented as disordered. Three-dimensional structures of TAR in the absence (C) and presence 
@) of argininamide were generated as described (35). The A27sU38 base pair is yellow, U23 is 
pink, and G26 and phosphates P22 and P23 are green. In (D), the pseudo-atom corresponding to 
the arginine (8) proton is red. 

and A is Ala) that contains a single 
arginine and binds specifically to TAR 
with high afhnity (1 2). Peptide binding at 
1 : 1 stoichiometry induced chemical shift 
changes of TAR resonances similar to 
those observed on argininamide binding 
(Fig. 3). The conformation of TAR bound 
to this peptide was similar to that of TAR 
bound to argininamide. Intermolecular 
NOEs were observed between peptide pro- 
tons and protons on U23 and A22 that 
indicate specific interaction of the peptide 
with the bulge region of TAR. The agree- 
ment between NMR results obtained with 
argininamide and those obtained with the 
peptide is consistent with other biochem- 
ical studies (1 2, 15, 25). 

To further examine specificity of argi- 
nine binding, we characterized the struc- 
tures of two TAR mutants, U23 to C23 or 
A27sU38 to U27sA38, that showed re- 
duced binding a h i t y  of Tat peptides (8). 
Both mutations disrupted specific argini- 
namide binding (15) and the conforma- 
tional change observed with wild-type 
TAR. In the absence of argininamide, the 
bulge nucleotides in each mutant were 
stacked between the two stems in a con- 
formation similar to that observed in wild- 
type TAR. Thus, these mutations do not 
reduce peptide or arginine binding by 
changing the unbound structure of TAR. 
The structures of both mutants in the 
presence of 6 mM argininamide resembled 
that of wild-type TAR in the absence of 
argininamide. Bulge nucleotide 23 in both 
mutants remained stacked on A22 in the 
presence of argininamide. The presence or 
absence of conformational changes has 
been observed by circular dichroism exper- 
iments on TAR and TAR mutants (25). 
For both mutants, NOEs were not ob- 
served between argininamide and the set 
of nucleotides for which NOES were seen 
in wild-type TAR (26). These results fur- 
ther demonstrate the interdependence of 
specific arginine binding and RNA struc- 
ture. 

Nucleotides in TAR critical for Tat 
binding and function, such as U23, 
G26.89, A27aU38, and phosphates be- 
tween G21 and A22 (P22) and between 
A22 and U23 (P23) are distant in the 
absence of arginine (Fig. 2C) but are in 
close proximity in the arginine-bound 
structure (Fig. 2D). A22 and G26 are 
coaxially stacked in the bound structure. 
Our NOE data positioned U23 within 
hydrogen bonding distance of A27sU38 in 
the major groove, and we propose a base- 
triple interaction between 023 and A27 
(27, 28). The strong NOE from the argin- 
inamide (6) proton to U23(H5) and weak- 
er NOES to A22 and A27 position argin- 
inamide below U23, near G26 (Fig. 2D). 
A model for the arginine interaction that 
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is most consistent with our NMR data 
(Fig. 4) consists of a pair of hydrogen 
bonds between the guanidinium group and 
G26 in the major groove and hydrogen 
bonds to phosphates P22 and P23 that are 
favorably positioned in the bound struc- 
ture. The major features of our model are 
well constrained by the NMR data, and 
alternate models, in which arginine con- 
tacts U23 and A27 directly, do not satisfy 
the NMR constraints. 

Mutational, chemical interference, and 
functional studies support a role in Tat 
binding for every functional group involved 
in the proposed base-triple interaction and 
formation of the arginine binding site (4- 
10, 12, 13, 15, 25). Mutation of A27eU38 

Arg H' 

*1;49 
RO' 'OR 

P22 

Flg. 3. (Top) Plot of changes in chemical shii 
for TAR W 8 ,  HI', and H2M5 resonances 
upon addition of argininamide (3 mM). (Bot- 
tom) Plot of changes in chemical shii for TAR 
W 8 ,  HI', and H2M5 resonances upon for- 
mation of 1 :1 complex (0.85 mM) with an 11- 
amino acid peptide that contained a single k g  
(R52) (12). Chemiical shii is measured in parts 
per millii (pprn) from trimethylsilyl propionic 
acid. Nucleotide positii as well as stem, 
bulge, and loop regions are marked on the 
abscissa. The H8M6 proton shii changes are 
indicated by unfilled bars, HI' protons by 
hatched bars, and H2M5 protons by solid bars. 
The peptide was synthesized and purified as 
described (12). 

or ablation of A27(N7) interferes with 
peptide and arginine binding (8, 15); these 
modifications disrupt the A27(N6) and N7 
group required for the triple interaction. 
Similarly, modifications of the U23(04) 
(8, 9, 15) and N3 (9) group also abolished 
specific binding. The proposed contact of 
arginine with G26aC39 is supported by the 
reduced peptide a6nity for an A26mU39 
mutant (8) and by strong interference when 
G26(N7) is methylated (13); the proposed 
arginine-guanine interaction has been ob- 
served in crystal structures of many DNA- 
protein complexes (29). Mutation of the 
G26.09 base pair reduces transactivation 
in vivo (30). The interaction of arginine 
with the phosphate oxygens of P22 and P23 

is supported by ethylation interference of 
peptide and arginine binding (12, 15). The 
identity of other bulge nucleotides (C24 
and U25) is not important for Tat binding 
(8, 9). which is consistent with a bound 
structure in which these nucleotides are 
unstacked in solution and do not interact 
with arginine or TAR. In addition, a TAR 
mutant with a bulge of only two uridines 
binds Tat peptides as well as wild-type TAR 
(8); the base triple and other conformation- 
a1 changes that occur upon arginine binding 
should be accommodated by a bulge of only 
two nucleotides. 

Our model incorporates features of pre- 
vious models for specific interaction of Tat 
and TAR. In the arginine fork model 
(12). arginine is proposed to recognize 
TAR, at least in part, by forming hydro- 
gen bonds with two phosphates held in a 
precise orientation by the structure of the 
bulge. The interaction of arginine with 
phosphates in our model is stabilized by 
the base-triple interaction. Another mod- 
el proposes that the bulge serves to in- 
crease accessibility of specific groups in the 
major groove (8). This appears to be 
critical for the formation of the base-triple 
interaction between U23 and A27mU38 
and for direct arginine binding to G26. 
An alternate RNA tertiary interaction 
involving U23 and G26 has also been 
proposed (9). Our model assigns a func- 
tional role in the Tat-TAR interaction 
to each important chemical group de- 
termined by chemical and mutational 
studies. 

Rg. 4. (A) Schematic representatii of the proposed base Ll lpl= -L- 

U23 and A27sU38 and the interaction of arginine with 626 and two 
phosphate groups. (B) Stereo view of the model for the interaction of an 
arginine guanidinium group with TAR. The A27sU38 base pair is yellow, 
U23 is pink, and positions directly contacted by arginine, 626, and 

constructed as described (35), including assumed hydrogen bonds for 
the arginine and base-triple interatiis. Two hydrogen bond restraints 
were included between U23 and A27, two between arginine and G26, and 
one each to the nonbridging phosphate oxygens of P22 and P23. 
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The three-dimensional structure of TAR 
plays a critical role in specific arginine 
binding. Favorable binding energy is pro- 
vided by hydrogen bonds to arginine as well 
as by the base-triple interaction. This favor- 
able energy is partially offset by the ener- 
getic requirements of the RNA conforma- 
tional change but can readily account for 
the 10- to 40-fold discrimination (1 to 2 
kcal/mol) among TAR substrates (8). Spec- 
ificity may be further improved by other 
interactions in the context of peptides or 
intact Tat protein. 

The interaction of arginine with TAR 
highlights certain themes already observed 
in more complex RNA-protein interac- 
tions. Conformational changes involving 
unstacking of bases to make specific con- 
tacts have been observed in the two co- 
crystal structures of tRNAs with their 
cognate aminoacyl-tRNA synthetases (I, 
2). RNA-RNA interactions are important 
for stabilizing bound conformations in 
these complexes (I). Protein contacts of- 
ten occur in single-stranded regions or at 
the junction of single- and double-strand- 
ed regions where bases are more accessi- 
ble. Arginine may discriminate between 
base pairs in the major groove of TAR, 
and the presence of a bulge probably 
increases accessibility (2, 8). Arginine 
makes many types of contacts with both 
bases and the phosphodiester backbone in 
crystal structures of DNA-protein (31) 
and RNA-protein complexes (1) and 
binds specifically to the guanosine binding 
site in the Tetrahymena intron (32). In a 
zinc finger domain-DNA crystal structure, 
an arginine interaction with guanine is 
stabilized by an additional interaction 
with a negatively charged aspartic acid 
(27), performed in TAR by an analogous 
interaction with phosphates. The interac- 
tion of arginine with TAR occurs in the 
absence of a protein structural context and 
emphasizes the importance of RNA struc- 
ture in providing a specific binding site. 
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