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NMR Structure of a Classical Pseudoknot: 
Interplay of Single- and Double-Stranded RNA 

Michael H. Kolk, Marinette van der Graaf," 
Sybren S. Wijmenga,? Cornelis W. A. Pleij,$ Hans A. Heus, 

Cornelis W. HilbersD 

Pseudoknot formation folds the 3' ends of many plant viral genomic RNAs into 
structures that resemble transfer RNA in global folding and in their reactivity to transfer 
RNA-specific proteins. The solution structure of the pseudoknotted T arm and ac- 
ceptor arm of the transfer RNA-like structure of turnip yellow mosaic virus (TYMV) was 
determined by nuclear magnetic resonance (NMR) spectroscopy. The molecule is 
stabilized by the hairpin formed by the 5' end of the RNA, and by the intricate 
interactions related to the loops of the pseudoknot. Loop 1 spans the major groove 
of the helix with only two of its four nucleotides. Loop 2, which crosses the minor 
groove, interacts closely with its opposing helix, in particular through hydrogen bonds 
with a highly conserved adenine. The structure resulting from this interaction between 
the minor groove and single-stranded RNA at helical junctions displays internal mo- 
bility, which may be a general feature of RNA pseudoknots that regulates their in- 
teraction with proteins or other RNA molecules. 

RNA pseudoknots are found in virtually 
all classes of RNA and play key roles in a 
variety of biological processes. They often 
constitute a local structural element that 
may act as a recognition site for proteins 
involved in replication initiation or trans- 
lational regulation ( 1 ) .  The formation of 
most functional pseudoknots involves 
Watson-Crick base pairing of residues in 
an RNA hairpin loop with nucleotides 
outside that loop, yielding two stems that 
are mutually connected by two nonequiva- 
lent loops. Stacking of these helical seg- 
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ments is thought to add to the overall 
stability of the pseudoknot and represents 
a major feature of the functional 
pseudoknots described to date (2-4). Con- 
sistent with the RNA A-helical geometry, 
the connecting loops 1 and 2 are always 
located on opposite sides of the helix, at 
the major and minor groove side, respec- 
tivelv: however. detailed information on , , 
tertiary structure in the pseudoknot and 
on the determinants of its stabilitv has not 
been available. 

Here we describe the NMR structure of 
a pseudoknotted fragment that was re- 
solved at an atomic level in all reeions. " 
allowing an accurate description of the 
interplay of single- and double-stranded 
regions responsible for the distinct struc- 
tural and dynamic properties of the mole- 
cule. The system matches the complete T 
arm and valine acceptor arm of the tRNA- 
like structure of TYMV genomic RNA 
(Fig. 1A).  This structure was the earliest 

example found of this class of pseudoknot 
motifs (5, 6) ,  which is present in the 
genomic RNAs of many plant viruses (7). 
The tRNA mimicry is achieved through 
nseudoknot formation in the aminoacvl 
acceptor arm, which leads to a global fold- 
ine of the entire tRNA-like structure into 

u 

an L-shaped molecule, despite a secondary 
structure that is verv different from tRNA 
(6 ,  8) .  The struckural resemblance to 
tRNA is also evident from its reactivitv to 
tRNA-specific enzymes, such as cleavage 
by ribonuclease (RNase) P and aminoacy- 
lation by valyl-tRNA synthetase, as in the 
case of TYMV genomic RNA (7, 9). 

The 44-nucleotide RNA molecule we 
studied is identical to the 3'-terminal re- 
gion of TYMV RNA, with the exception of 
some structurally silent alterations in the 
stem and loop of the hairpin at the 5 '  side 
of the acceptor arm ( lo ) ,  which is required 
to seal down an otherwise unstable 
pseudoknot (1 1 ). The size of the molecule 
required the use of both uniformly and se- 
lectively (A-only and U-only) 13C- and 
15N-labeled samples for the NMR structure 
determination (12). Selective labeling 
proved essential for assigning the reso- 
nances of loop residues and of residues lo- 
cated near the helical junction sites, some 
of which are severely broadened (Fig. 1B). 
We could identifv most resonances with 
standard triple-resonance techniques, but 
some additional exoeriments were needed 
for complete assignment of the sugar-spin 
systems (13). Distance and dihedral re- 
straints derived from the NMR data were 
used for structure calculations (1  4 )  to ob- 
tain the final ensemble of 10 structures 
(Table 1 and Fig. 2). 

The average structure shows an A-type 
helical conformation for all three stem 
regions. Colinearity is maintained at both 
helical iunction sites. Slight torsional and - 
swaying motions between these helices on 
a millisecond time scale are most likely 
responsible for the observed line broaden- 
ing for residues near the interface of stems 
1 and 2. Changes in the ring-current ef- 
fects resulting from even a modest dislo- 
cation of an aromatic moietv can result in 
a significant change in the khemical shift 
of nearby protons (15), even if the latter 
themselves are within a stable Watson- 
Crick base pair. This type of dynamics 
probably also accounts for similar line 
broadenine reoorted for a different u .  

pseudoknot (3) ,  and we expect it to be a 
general phenomenon of this class of RNA 
motifs. 

The rod-shaped molecule is capped by a 
seven-membered loop that is comparable 
to the T loop in tRNA. Although two 
mutations were introduced at the 5' side 
of the loop, its sequence contains all the 
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Fig. 1. (A) Secondav 
structure of the T arm 
and pseudoknotted ac- 
ceptor arm of the tRNA- 
like structure of TYMV 
genomic RNA. Lower- 
case letters are non- 
wild-type residues. (B) 
Example of the line 
broadening observed for 
residues near the junc- 
tion site of the pseu- 
doknot. The nuclear 
Overhauser effect (NOE) 
crosspeak between the 
H-5 and H-6 resonances 
of C20, which is still visi- 
ble at 400 MHz, is 
broadened beyond the 
level of detection at 750 
MHz as a result of con- 
formational averaging. 
The H-5 to H-6 NOE 
crosspeak of C6 is dis- 
played as a reference. 
(C) Strip taken from a 
200-ms NOESY experi- 
ment at 400 MHz show- 
ing the long-range NOES 
to the A35 H-2 reso- 
nance. F1 and F2 are the 
frequencies in the first 
and second dimensions, 
respectively. 

A 

1 ARM 

ACCEPTOR 
ARM 

invariable residues of valine-accepting 
~ l a n t  viral tRNA-like structures (7). The , , 

loop has a well-defined structure governed 
by a classical U-turn, as observed in the 
tRNA anticodon loop, and is almost iden- 
tical to the NMR structure of the initiator 
tRNAMet anticodon loop (16). Although 
it is not experimentally proven, we expect 
that this loop interacts with the D loop 
analog in the tRNA-like structure in a 
manner similar to that in tRNA. Clearly, 
the outwardly turned residues A9 through 
U12 are all fixed in a suitable orientation 
for such an interaction. However, the con- 
served sequence of the "T loop" in plant 
viral RNAs allows for a loop composition 
that has been shown to be a very-flexible 
structure (1 7). Therefore, a well-defined 
structure in the isolated "T  loo^" does not 
seem to be required for any interactions 
with the "D loop" region in tRNA-like 
structures. 

We found unexpected conformations 
in the loop regions of the pseudoknot. 
NMR data from other pseudoknots (2, 3) 
and computer modeling based on bio- 
chemical data (18) have led to the as- 

sumption that, in general, the size of the 
minor groove in RNA does not permit any 
interactions with the bases in loop 2, 
which should therefore be ill-defined and 
exposed toward the solvent. In the present 
structure, to the contrary, loop 2 interacts 
with the minor groove of stem 1 and 
adopts a distinct conformation, not been 
previously observed, around residue A35 
(Fie. 3). This residue is verv well defined, 

Fig. 2. Best overall superposition of the 10 
simulated annealing structures ((SA)) of the 
TYMV pseudoknot; only the heavy atoms are 
shown. The RNA backbone is colored blue and 
bases are color-coded by domain: stem resi- 
dues in green, the T loop in red, loop 1 in yellow, 
loop 2 in magenta, and the 3' ACCA tail in cyan. 
All color figures were generated with MOLMOL 
(28). 

. - .  
as is apparent from the large number of I 
long-range No's to its H-2 proton (Fig. Fig. 3. Detail of the structure showing the hydro- 
1C). Its base is tilted to an angle of almost gen bonds found between loop 2 and stem 1 (see 
90" with respect to the plane of the OP- text). The hiahlv DEPC-reactive N-7 atom of A35 
posing base pairs, allowing it to hydrogen is highlighte; in yellow. 
bond to both G30 and G31: from N-1 of 
A35 to the amino group of G30 and from 
the A35 amino group to the N-3 of G31. 
In addition, the full ensemble of structures 
suggests that residue C34, which stacks on 
A35, is somewhat flexible, and that its 
amino protons can be within hydrogen- 
bonding distance of the 2'OH of G31. 
These three hydrogen bonds form a helix- 
to-loop triple-strand interaction in an 
RNA pseudoknot, which has not been 
previously observed. They anchor the base 

of A35 deep within the minor groove and 
unite loop 2 with its opposing helix. They 
also may provide the energetical compen- 
sation for the conformational strain in the 
loop, manifested by the unusual S-type 
sugar conformation of residues A35 and 
u33. 

The strong conservation of the adenine 
at position 35 among many plant viral 
RNAs containing valine-accepting tRNA- 
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like structures (19) is explained by the po- 
sition of this residue in the NMR structure. 
The uncommon tilting of its base moiety 
seems to be the only way to allow for triple 
interactions without affecting the overall 
direction of the chain in loop 2, which 
would impose unfavorable strain on C34 
and U33. Given this orientation, the N-6 
amino group is essential as a hydrogen-bond 
donor to G31, a requirement that can only 
be fulfilled by an adenine. Although the 
particular conformation around A35 has 
not been reported before, there are several 
other examples of adenines that hydrogen 
bond to the minor groove of RNA helices 
(20), suggesting a general principle of such 
adenine-related interactions involved in 
the formation of higher order structure in 
RNA molecules. 

The prominent reactivity of residue 
A35 toward diethylpyrocarbonate (DEPC) 
has been regarded as compelling evidence 
for an outwardly turned orientation of its 
base (18), which would contradict the 
NMR structure. However, the adenine 
N-7, which is the actual site of modifica- 
tion in DEPC treatment, is still fully ex- 
posed toward solvent in the present NMR 
structure (Fig. 3), which is consistent with 
the chemical reactivity. Moreover, the 
mentioned triple interactions are expected 
to maintain structural integrity around 
this location even at higher temperatures, 
concurrent with the overall stability of the 
pseudoknot (21 ). This offers an explana- 
tion for the fact that the high relative 
DEPC reactivity for this residue is inde- 
pendent of temperature (1 8). 

At the opposite side of the pseudoknot's 
quasi-continuous helix, loop 1 bridges the 

gap between C20 and U25 over the major 
groove of stem 2 (Fig. 4). From model- 
building studies (1 8) it has been proposed 
that this loop is made up of residues C21 
through U23 in a stacked orientation, 
whereas the helical course of stem 2 is 
extended by U24 stacking on U25, which 
would allow for a Watson-Crick base pair 
between U24 and A41. Our data confirm 
that U24 stacks on U25 but also show that 
U24 is not involved in base pairing. Fur- 
thermore, continued stacking of U23 on 
U24 reduces the remaining distance over 
the major groove to about 11 A, which 
can be easily spanned by the remaining 
loop residues C21 and U22. A number of 
atypical torsion angles of U22-with y in 
the trans-region and a pure S-type sugar 
pucker-indicate that this residue is fully 
extended, allowing C21 enough confor- 
mational freedom to partly stack on C20. 
The unusual orientation of U22 is further 
evidenced by the strong downfield shifts of 
its sugar 'H and 13C resonances. 

The A-helical facade of the molecule is 
not disturbed by either of the pseudoknot 
loops (Fig. 2). The major groove of stem 2 
can easily accommodate C21 and U22, 
whereas tertiary interactions deeply bury 
the residues of loop 2 into the minor 
groove of stem 1, preventing any residue 
from bulging out of the helical coil. The 
system can therefore structurally be re- 
garded as the counterpart of the T arm and 
acceptor arm in tRNA, which can explain 
the recognition of the acceptor stem by 
aminoacyl tRNA synthetases. In the case 
of valyl-tRNA synthetase this is easily 
understood because this enzyme belongs to 
the class I synthetases, which bind to the 

T'ble 1. Structural statistics.(&.) denotes the final ensemble of 10 simulated-annealing structures, 
(SA) is the average structure, (SA), the average structure after minimization of restrained energy, SD the 
standard deviation, and rmsd the root-mean-square deviation. 

Parameter (SA) + SD (m), 

Rmsd (A/degree) 
Distance restraints (451)' 0.085 2 0.003 0.074 
Dihedral restraints (257) 2.918 + 0.989 0.756 

Rmsd from idealized geometry 
Bonds (A) 0.0094 + 0.0004 0.0084 

Angles (degrees) 1.957 2 0.110 1.815 
Impropers (degrees) 1.055 2 0.026 1.034 

Restraint violations 
Number of distance violationst > 0.4 A 4 2 1  2 
Number of dihedral violations > 5" 5 + 2  0 

Parameter (SA) vs. (a) + SD (SA) vs. ( a ) ,  2 SD 

Atomic rmsd (A)$ 
All 
Loop regions5 

lntemucleotide and conformationally relevant intranucleotide NOE restraints. t(SA) does not contain any viola- 
tions >0.5 A. None of the violations clusters at a particular site of the molecule or shows any persistency within the 
ensemble. Weavy atoms only. %Average values of the locai rmsd's for residues 6 through 12,21 through 24, 
and 33 through 35. 

minor groove side of the acceptor helix, 
close to the extended 3' ACCA tail. Com- 
parison of the present structure with the 
x-rav structure (22) of tRNAGLU corn- . . 
plexed with its cognate synthetase (also 
belonging to class I) reveals that the two 
pseudoknot loops are at the side opposite 
from where the enzyme docks. Binding of 
aminoacylating enzymes to the TYMV ac- 
ceptor arm is not limited to the minor 
groove side, however, because the accep- 
tor arm of TYMV can be mischarged by 
histidinyl-tRNA synthetase (23), which 
belongs to the major groove-binding, 
class I1 svnthetases. Docking of such an " 
enzyme conceivably displaces loop 1 from 
its native location in the maior groove of 
stem 2, thereby disturbing ;he Ybase-base 
stacking interactions of U23 and U24. 
The energy cost of this displacement is 
expected to be limited, however, because 
no hydrogen bonds need to be broken and 
the native structure is already somewhat 
flexible at this site, as evidenced by the 
larger line widths and higher local root- 
mean-square deviations for these residues. 
Thus, it appears that the structure found 
for  loo^ 1 does not contribute as much to 
the itability and functionality of the mol- 
ecule as does the structure of  loo^ 2. The 
observation that deleting three of four 

Fig. 4. View into ttie major groove of stem 2 show- 
ing the distinct turn in loop 1. The coloring scheme 
is identical to that of Fig. 2. U24 and U23 are not 
involved in base-pairing interactions with the op- 
posite bases of A41 and C42. Nucleotides C21 
and U22, spanning the major groove, are drawn in 
thin lines. The curved arrow denotes the direction 
of the RNA chain. 
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residues in  loo^^ 1 is not detrimental to 
pseudoknot stability (2.1) strongly supports 
this hypothesis. 

Typically, the TYhlV pseudoknot pre- 
sents itself as a region of high structural 
integrity, potentially offering a nrlmber of 
recognitioll sites to proteins inr~olved in 
replication initiation of the viral genome. 
Unlike other structural e le~nents  such as 
  no st R N A  hairnins. it does so a~ i thout  

L ,  

being a solid and i~npenetrable body. 
Rather, the pseudoknot has a prerlisposi- 
tion for partial unfoliiing that may very 
well he of f ~ ~ n c t i o n a l  significance. This 
"soft" chamcteristic of the structure is re- 
flected by the observed twisting and 
swinging  notions of the helical seg~ne~l t s  
and tllc rea~iirement for the  T arm to 
prevent the slipping of strands in the 
~seudoknot .  The difference in struct~lral 
~_.erseverance of the m o l e c ~ ~ l e  as compared 
wit11 ~ R N A  ci~uld relate to its functibn in 
R N A  replication, in \vhich it should not 
obstruct the fo r~na t io~l  of the re~ l ica t ion  
initiation co~nplex or the elo~lgation of 
the ~n inus  strand bv the replicase. Recent 
in vitro studies suggested that the long 
c i ~ l a ~ i - c o ~ l t i ~ l u o ~ ~ s  helix of the ~ s e u d o k n o t  
enables an optimal interaction with both 
the replicase and the valyl-tRNA sy11- 
thetase, while not obstructing the repli- 
case in its elongation mode (25) .  A coin- 
p r a b l e  role has been hypothesized for 
pseudoknots involved in frame-shifting 
actil-ity (26) and may he applicable to 
other f~l~lct ional  pseudoknots. 
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~ 2 0 %  error bounds. Crosspeaks tliat were only ob- 
sewable at longer m x n g  tmes were corrected for 
spiii d ffus~on by using t,ie H-5 to H,-6 NOE as a 
refereiice for short distances (2 45 X) and I-elical 
ntraresidue H - I '  to H-6 or H-8 NOE for 'onger d~s -  
tances (3.65 A) [I. L. Bars~ikoval-d L -Y. Llaii, 111 NMR 
of /dacroi?:olec~iles A Practical Approach. G. Rob- 
erts, Ed. (Oxford Unv.  Press. New York, 1993), c c  
31 5-3571. NOES taken from t i ree-d~mens~onal 
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es strong (1.8 to 3.0 A), ~ r e d ~ u m  (2 5 to 3.5 A). 
weak (3.0 to 6.0 4, arid v e ~ )  weal< ('0 to 7 .0  4. 
D~stance restraiiits relat~ilg to exchange-broad- 
eiied NOES were deter~nned separately and col- 
lected exclus~vely from spectra recorded at 400 
MHz. Cab ra to i i  was based on NOE n tens tes  of 
proton cairs, w ~ t h  fxed dstances of the nvoved 
resdues All NOEs tliat codd  not be croperly n te-  
grated because of overlap were assgned bounds 
of 1 8 to 7.0 A. VJatson-Cr~ck hydrogen-bonding 
and planarty restraiits were ~ n p o s e d  for residdes 
cresent in a regillar A l i e  x on tile bass of tile Imno 
spectra and the observed NOEs and chem~cal 
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shfts. For t i e  i~itrares due restrants. on y t l e  con- 
format~onally relevant arorna:~c-to-sugar pro:on 
dstances were used. We ass gned sbgar puckers 
as N- o, S-type conformations, usng dihedral re- 
stra nts, in :he case of weak or strong H-1 ' to H-2 '  
crosspeak ntens~:ies, respectvely, as observed in 
2 0  and ' T - e d t e d  3 0  TOCSY experments. The 
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resonances :hat a,e clearly si-ifted f r o~n  :he A-hei- 
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(27). OL ,~  of the 1 C3 st-uctures tliat were calculated 
sta,tlng from a rando r  extended conformat~on, 
-5C% had the correct secondary structure, and 
-8C% of those converged to tl ie salne conforma- 
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Autoinducer of Virulence As a Target 
for Vaccine and Therapy Against 

Staphylococcus aureus 
Naomi Balaban,* Tzipora Goldkorn, Rachael T. Nhan, 

Luong B. Dang, Steven Scott, Rose M. Ridgley, 
Avraham Rasooly, Susan C. Wright, James W. Larrick, 

Reuven Rasooly, James R. Carlson 

Staphylococcus aureus causes pathologies ranging from minor skin infections to life- 
threatening diseases. Pathogenic effects are largely due to production of bacterial toxin, 
which is regulated by an RNA molecule, RNAIII. The S. aureus protein called RAP (RNAIII 
activating protein) activates RNAIII, and a peptide called RIP (RNAIII inhibiting peptide), 
produced by a nonpathogenic bacteria, inhibits RNAIII. Mice vaccinated with RAP or 
treated with purified or synthetic RIP were protected from S. aureus pathology. Thus, 

hated-with RAP or Yreated with RIP are 
protected from S, aureus infect~on. 

We purified RAP from postexponential 
supernatants of wild-type S. aureui (Fig. 1) 
as described (6) and the peak fraction (Fig. 
1, B and C) contained a protein of about 38 
kD (Fig. ID). We also purified RAP from 
postexponential supernatants of an agr-null 
strain in which the entire agr locus was 
replaced with the tetM marker (7) (Fig. 1, B 
and D), which suggests that RAP is inde- 
pendent of agr. 

To test whether immunization with 
RAP can inhibit S .  aureus infection, we 
used the murine model of cutaneous infec- 
tion (8). When the wild-type Smith diffuse 
(SD) strain of S .  aureus is injected subcuta- 

these two molecules may provide useful approaches for the prevention and treatment - neously together with dextran beads (Cyto- 
of diseases caused by S. aureus. dex), a visible, measurable lesion (cellulitis) 

is induced after 24 hours. In contrast, no 
lesion is induced in animals injected with 
Cytodex beads alone (9). 

Stabhvlococcus aureus is a Gram-oositive encoded bv the agr locus. The rnaiii gene is Mice were vaccinated 11 0) with RAP 
A - 

bacterial pathogen that causes biseases transcribed in culture only from thYe mid- purified (6)  from an &null strain 
ranging from minor skin infections to life- exponential phase of growth and is auto- (RAP*) or from a wild-type S .  aureus 
threatening deep infections such as pneu- induced by the RNAIII activating protein strain (RAP) (9)  (Table 1). After they 
monia, endocarditis, meningitis, postopera- (RAP) (6). RAP is continuously secreted were challenged with S. aureus, 72% (24 
tive wound illfections, septicemia, and tox- by the bacteria and activates rnaiii only at of 33) of RAP-vaccinated mice remained 
ic shock svndrome 11 ). Hosuitalized Da- a concentration threshold 16). Antibodies free of disease comuared with 30% (3  of . , 

tients are at particular risk; Aver ~ O O , ~ O O  to RAP block the activation of rnaiii in 10) of control mice'immunized with A m -  
nosocomial infections are reoorted uer vear vitro. A oeutide, termed RNAIII inhibit- olete Freund's adiuvant ICFA) and none 

A 

(2) .  The emergence of drug'resistakce'has ing peptide (RIP), is produced by a non- bf the untreated controls'. This difference 
made many of the available antimicrobial pathogenic strain of S .  aureus mutated by was statistically significant (Fisher's exact 
agents ineffective. Therefore, alternative 
methods for prevention and treatment of 
bacterial iIlfections in general and of S ,  Table 1. Vaccination or suppression of S. aureus SD infections (10, 16). 

aureus infections in particular are eagerly 
sought. 

Like other Gram-positive bacteria, S .  
aureus causes diseases chiefly by produc- 
tion of virulence factors such as hemo- 
lvsins. enterotoxins. and toxic shock svn- , , 

drome toxin. The synthesis of virulence 
factors in S ,  aureus is controlled by a 
regulatory RNA molecule, RNAIII (3-5), 

N. Baaban, R T. Nhan. S. Scott, R. M. Rdgey,  R. Ra- 
soolv, J. R. Carlson, De~artment of Medca  Pathooav, 

No lesions Lesions Death 
Treatment No, of 

mice n (%I n n (%I Mean size 
(mm2) 

Vaccination with RAP as an antigen 
RAP 24 17 (71) 6 96 1 (4) 
RAP* 9 7 (78) 2 84 0 (0) 
CFA 10 3 130) 5 177 2 (20) 
Untreated 12 0 (0) 370 3 (25) 

RIP suppression of 8.5 X lo7 SD 
SD+RIP 4 3 175) 1 33 0 10) -. 

~ n ~ v e r s ~ t y  of Cal~forn~a, Dav~s, CA 9561 6, USA. SD+saline 4 1 i25j 3 39 0 
T. Goldkorn and L. 6. Dang, Department of Internal Med- 

ioj 
cine, Un~vers~ty of Cal~fornia, Davis Medical Center, RIP suppression of 1.4 x I OY SD 
Dav~s, CA 9561 6, USA. SD+RIP 8 4 (50) 4 45 0 (0) 
A. Rasooy, Department of Mcrobology, University of SD+saline 6 0 (0) 6 100 0 (0) 
Maryland, College Park, MD 20742, USA. RIP and Pep suppression of 1.4 X lo9 SD 
S. C. Wr~ght and J. W. Larrick, Palo Alto Research Insti- S D + R I P  
tute of Molecular Medclne, Mounta~n V~ew, CA 94043, SD+saline 

10 3 130) 3 39 4 (40) 

USA. 10 2 (201 160 2 (20) 
SD+Pep 10 9 190) 56 0 

'To whom correspondence should be addressed. E-mall: SD+DMSO 
(0) 

9 2 120) 4 128 3 1221 
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