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Inhibition of the Hammerhead Ribozyme 
Cleavage Reaction by Site-Specific 

Binding of Tb(lll) 
Andrew L. Feig, William G. Scott, Olke C. Uhlenbeck* 

Terbium(ll1) [Tb(lll)] was shown to inhibit the hammerhead ribozyme by competing with 
a single magnesium(ll) ion. X-ray crystallography revealed that the Tb(lll) ion binds to a 
site adjacent to an essential guanosine in the catalytic core of the ribozyme, approxi- 
mately 10 angstroms from the cleavage site. Synthetic modifications near this binding 
site yielded an RNA substrate that was resistant to Tb(lll) binding and capable of being 
cleaved, even in the presence of up to 20 micromolar Tb(lll). It is suggested that the 
magnesium(ll) ion thought to bind at this site may act as a switch, affecting the con- 
formational changes required to achieve the transition state. 

RNA enzymes require divalent inetal ions 
for act~vity, either to promote folding or for 
direct participation in catalysis. The harn- 
merhead ribozyme (Fig. 1A),  a self-cleaving 
R N A  found naturally in plant viroids and 
virusoids, is an excellent system in which to 
study metal ion-RNA interactions because 
of the extensive structural and mechanistic 
data available (1-4). Two independent crys- 
tal structures of the hammerhead ribozyme 
have revealed divalent metal ions binding to 
six different sites on the molecule (5-7). 
Biochemical methods available to evaluate 
the role of these inetal ions in ribozyme 
function are limited. The most common ap- 
proach is to introduce a phosphoroth~oate 
modification into the RNA and to examine 
its effect on the metal specificity of the 
catalytic reaction (8-13). We present an 
approach to studying metal binding to ri- 
bozymes based on the observation that ions 
that compete efficiently for critical Mg-bind- 
ing sites can thereby inhibit catalysis. The 
powerful enzymatic and spectroscopic tools 
originally developed for use w t h  protein 
inetalloenzymes can then be applied to RNA 
systems such as the hammerhead ribozyme. 

Interactions between lanthanide ions and 
RNA molecules have been studied (14, 15). 
The lummescence properties of Tb(II1) made 
it an attractive choice from a l ~ s t  of potential 
inhibitors (16). Irradiation (exc~tation wave- 
length, 260 nm) of a 1 pM solution of hain- 

merhead 16 (HH16) (1 7) in the presence of 
10 pM Tb(II1) and 10 mM Mg(I1) resulted in 
sensitized emission from the 'D, stare of the 
Tb  ion (Fig. 1B). T h ~ s  signal was absent from 
control samples lacking either RNA or 
Tb(II1). These data indicate that the Tb ion 
binds to the RNA, resulting in energy transfer 
from the RNA to the lanthanide ion. We 
therefore investigated the effects of Tb(II1) 
binding on the hammerhead-catalyzed reac- 
tion, a site-specific cleavage of a phosphodl- 
ester bond to form 2',3'-cyclic phosphate and 
5 '-hydroxyl termini. 

Terbium(II1) proved an efficient inh~b~tor  
of hammerhead cleavage (18). For example, 
Tb(II1) inhibited the HH8 single-turnover 
cleavage reaction with an apparent inhibition 
constant (K,,,,,) of 2.0 i 0.3 pM at 25 mM 
Mg(I1) (Fig. 2A), and similar values were 
obtained under multiple-turnover conditions. 
Two other well-characterized hammerheads, 
HH16 (19) and H H a l  (201, showed K,,,,, 
values for Tb(II1) of 1.1 i 0.4 and 0.57 i 
0.08 pM, respectively, at 10 mM Mg(I1) (21). 
Because all three ribozymes were ~nhibited 
similarly by Tb(II1) despite sequence differ- 
ences in the peripheral base-paired regions 
and loops, the data indicate that the binding 
event that underlies inhibition results from 
the interaction of Tb(II1) with a site In the 
conserved catalytic core. 

The K,,",? values for Tb(II1) increased 
with increas~ng Mg(I1) concentrations, in- 
dicating that the two ions compete for a site 
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Fig. 1. (A) Schematic representaton of the ham- 
merhead r~bozyme as well as the standard num- 
bering scheme for the residues (38). The se- 
quence shown is that of hammerhead 8 (HH8), a 
construct that has been prevously characterized 
(39) and was used for most of the inhibiton stud- 
ies (B) Sensitized umnescence spectrum of 10 
FM TbCI, In the presence of 10 mM MgCl, and 1 
FM HHI  6 ( sod  Ine). Control umnescence spec- 
tra of 1 FM HH16 and 10 mM MgCl, w~th no 
added TbCI, and of 100 FM TbCI, in water 
(dashed and dotted lines, respect~vely) are also 
shown Excitation was at 260 nm 

same reaction, cleavage resumed. The re- 
versihility of t h ~ s  inhibition implied that 
the Tb(II1) adduct rapidly equilibrates with 
the fully hydrated ion and does not irrevo- 
cably damage the hammerhead. This impli- 
cation was confirmed by direct analysis of 
the R N A  by gel electrophoresis after incu- 
bation with Tb(II1) for up to 4 hours (22). 

Two crystallographic experiments were 
performed to determine the location of 
Tb(II1) binding. In one experiment, 2 mM 
TbC1, was allowed to soak into already- 
formed crystals of the hammerhead; In the 
other, the' ribozyme was crystallized in the 
presence of 2 mM TbC13 (Table 1). The high 
concentration was required to offset the ionic 
strength of the mother liquor. In both In- 
stances, the overall structures were identical 
to the native hammerhead with the exception 
of locallzed regions of pos~tive electron densi- 
ty ~ndicative of metal binding. The difference 
electron densitv man from the cocrvstalliza- , L 

tion experiment (Fig. 3A) revealeh three 
bound ions. The site with the h~ehest occu- 

L. 

pancy was adjacent to res~dues G5 and A6 in 
the catalvtic core. T h ~ s  Tb  ion was the onlv 
one observed in the soak experiment. One of 
the two binding sites with lower occupancy 
identifled in the cocrystallization experiment 
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was located near G16.4and the loop termi- tal, suggesting that they may not be present 
nating stem 111, whereas the other was located in solution. It is therefore likely that the 
along stem I. Terbium ions at both of these observed inhibition of cleavage by Tb(II1) 
sites bind outside the core of the hammerhead results from metal binding to the site adjacent 
and also make outer-sphere contacts with to G5. 
symmetry-related RNA molecules in the crys- An expanded view of this binding site 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 

TbCla (cM) MgCIz O M  
Fig. 2. (A) lnhibition curve showing the effect of TbCI, 0.7 
on the rate of HH8 ribozyme cleavage. Data were fitted 0.6 
by Kaleidagraph to a nonlinear least-squares equation Z 
for competitive inhibition containing Kin- as the single $ 0.5 

unknown parameter (40); v/V,,,,, velocity/maximal ve- : 0.4 
locity. Comparable values for Kin,,, were obtained from 5 0.3 
a Dixon analysis of the data. (B) Plot of Kin,, versus 5 
MgCI, concentration. K,,,, values were determined at 2 0.2 

each Mg(ll) concentration as in (A). (C) Chase experi- 0.1 
ment showing the extent of cleavage as a function of 
time. (0) Control reaction initiated with 5 mM MgCI, o 2 4 6  8 1 0 1 2  
with no chase. (A) Single-chase reaction in which TbCI, 
was added to the reaction mixture to a final concentra- Time (min) 

tion of 10 pM at the time indicated. m Double-chase reaction treated as the single-chase reaction with 
the exception that, at the time indicated, 1 M MgCI, was added to give afinal concentration of 100 mM. 

of the data cx&c&m 

shows that Tb(II1) interacts with the base- 
pairing face of G5 in the uridine turn of the 
catalytic core (Fig. 3B). At this resolution, the 
electron density of the Tb ion cannot be 
distinguished from that of the water molecules 
bound to it (23). The site lies within a sub  
stantial concave pocket along the RNA sur- 
face, but, unlike most RNA metal-binding 
sites, no phosphate residues are present near- 
by. On the basis of the distances between the 
center of the Tb(II1) ion and nearby atoms 
(Table 2), we infer that Tb(II1) interacts with 
the base-pairing face of a guanosine (G5), 
with water-mediated contacts to the adjacent 
adenosine and 2'-hydroxyl groupso of nearby 
riboses. The closest contact is 3.8 A from the 
N1 atom of this guanosine, a distance too 
great to represent an inner-sphere bond with 
the RNA. The crystallographic conditions, 
however, include 1.8 M Li2S0,; at such high 
ionic strength, the details of the coordination 
environment might be slightly altered from 
those observed with normal buffered aqueous 
solutions. 

Although the competition data suggest 
that a Mg(I1) ion binds near the core 
Tb(II1) site, crystallography reveals only a 
weak electron-density peak in this region 
(7). Gel-mobility data, however, have 
shown that a Mg(I1)-dependent conforma- 
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Fig. 4. (A) Secondary structures of the constructs 
used for 2'-amino modification at position 15.3. 
The boxed residues were subjected to base-pair 
inversion relative to the wild-type sequence to 
place a cytosine, for which the protected 2'-ami- 
no phosphorarnidite was available (0, at this po- 
sition. (6) lnhibition curves show the effects of 
Tb(lll) on H H a l  (El), 15.3 2'-amino (O), and 15.3 
2'-acetamido (0) substrates in the presence of 10 
mM Mg(ll) and 50 mM Pipes (pH 6.5) at 25°C. 
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tional isi>merization of the  liarnmerheail re- 
quires G5 (24 ,  25). In  addition, crystal- 
soaking exper i l~ents  have identified a 
L/ln(II) ion 2.1 A from the Tb(II1) site (7). 
Because Mn(I1) can often replace L/lg(II) in 
R K A  cr\-stal structures (26-29), we p r o p ~ ~ s e  
that a hlIg(I1) ion also hinds at a site close to 
tliat i>hserved for Tb(II1). Although the 
general binding site has remained constant, 
the shift in the  coordinatii>n mode may 
reflect the nreference of TbIIII)  to bind to 

T h e  core Tb(111)-binding site is locateii 
adjacent to Gj.  This resiilue lies in the cen- 
ter of the four-nucleotiile uridine turn that 
has been suggesteil to constitute part of the 
catalytic pocket (6) .  Mutation of G5 to A 
(32) or deleting it entirely (33) reduces the 
cleavage rate by four orders of magnitude, 
identifying this residue as critical for catal\-- 
sis. ET-en the inci>rt?i>ration of inosine or 

Tl~(II1) may not be able to lnaitltaiti tliis 
structure properly. In tlie second pri~posal, the 
hlg(I1) ion tlnlst he released in order for G j  to 
participate 111 the transition-state structure. By 
h i d i n g  much more tightly than IvIg(I1) at 
this slte, Tb(II1) acts by locking the rihozyme 
in the crystallographically observed cix~for- 
mation. This latter liypotliesis itliplies that 
not all of the IvIg(11) ions that bind the ham- 

2-amino purine at this positii~n results in a 
reduction in rate bv a factor of 1PC (4). 

merhead help to promote catalysis; instead, 
some may either inhibit catalysis or have no  
effect at all. 

The  synthetic tnodification exixriments 

, , 

single-strandeii guani>sine nucleotiiies (3C). 
Cimfirmation of the binding site for tlie 

inliibitory Tb(II1) ion was provided liy ex- 
13eriments in which a 2'-amino-moiiified 

, , 

Ne!-ertlieless, in theo crystal stntcture, this 
euanosine base is 1P A from the cleavage site 
and does not make direct h\-drogen-bonditig 
contacts to the rest of the R N A  molecule. 

hegm to address the Issue of which niodel 
most accurately represents the f~lnction of the 
hlg(I1) ion hound to Gj.  The bulky group on 
the 2 '  position of 15.3 renders the hammer- 
hedd resistant to Tb(II1) inhibition, presum- 
ahly by sterically blocking the binding site. 
Ho~vever, the rate of cleavage of tliis tnodified 
RNA in the presence of IvIg(I1) is sinlilar to 
tliat of the unilloditied species. If the hlg(I1) 
ion that ni>rmallv hinds to G j  is also unable to 

substrate was incorporateci at pixition 15.3 of 
a n  HHal-hased ci>nstr~lct (Fie. 4 A ) .  This 

For this reason, it has heen proposeil that G5 
might unciergo rearrangeinelit i>n approach 
to the transit~on state ( 4 ,  34) .  It is thus 
possible that nietal ions bindine in this vi- 

position is located -6.7 .A  fro;,^ the'metal- 
binding site. T h e  15.3 2'-amino group was 

L L 

then converted to an  acetamide b7- coupling 
an  acetate to the rrimarv amitie wit11 1-13. 

cinity act as s\\-itches that help to control 
catalr-tic actil-itv. 

dimeth\-lamini~prdE~y~)-3~ethylcarhodiimide 
IEDC) 131 ). The  relative cleavage rates of 

A; least tn.i>'h\-potlieses can he proposed 
to esplaln the inh~bitii>n of the h,ztnmerhead 
rihozl-me b\- Tb(II1). Whereas both assume 
that the tighter bindtng Tb(II1) ion acts by 
displacing a ~veaker htnding hlg(I1) ion, they 
suggest dtfferent roles for tlie Mg(1I) ion dur- 
ing hatn~llerllead catalysis. In the firsr scenar- 
io, the hlg(I1) ion assists in forming the tran- 
sition-state structure, perhaps by maintaining 
a particular orlentatlon between G5 and the 
nearhr- stem 111. The  essential f~lnctional 

L 

tlie 2'-atuino and 2'-acetamidc substrates 
are 156 and ??'!A, respecttr~elv, of that of tlie 

interact with this tnodlfied hammerhead, it 
must not be essential for the transition-state 

unmodified specie:; hoxvever, the 15.3 2'-  
acetamiLlo-modified R N A  was no  longer 
sensitive to the presence of Tb(II1) up to 2C 
kb1 in the cleavage reaction mixture (Fig. 
4B). Uniier similar conditions, both the 

structure. Whereas these data appear to refute 
the first tnechanistn presenteii al>ove for 
Tb(II1) inliibition, further studies will be re- 
quired to jhow definitively that this hlg(I1) is 
itliieed ciisplaced by the 2'-acetamido modifi- 
cation. The  proposal that this inetal ion is 
released before the transitton state is achieved 

~vilci-t7-pe and 2 '-amino substrates were corn- 
pletely inacti~-e due to Tb(II1) inhil>ition 
[Tl>(III) K ,,',,, values: P.57 2 C.C3, 1.3 ? C.4, 
and >2C IJ,M for the 11-ild-type, 2'-amino, 
and 2'-acetarnido substrates]. 

groups on G5 would then be needed to cor- 
rectly poaition the hlg(I1) ion. Because of its 
different coordination preferences and size, 

is consistent with the meclia~listic data cur- 
rentlv a!-ailable, but leaves open tlie actual 
role 6f G5 in 1iaAmerhead ribdzyme catalysis. 

W e  studied the binding of the  physio- 
logical divalent metal ion Mg(I1) to the  
halnmerheail rihozyme by competition with 
a n o ~ ~ p h ~ s i o l o g i c a l  t r i v a l e ~ ~ t  ion, Tb(II1). 
This approach allowed us to propose a role 
for the  L/lg ion that  liinds adjacent to G j .  It 
binds to the  ground-state conformation and 

Table 1. Summary of crystallograph~c data. Data were collected w ~ t h  0.870 A x-rays on a 30-cm MAR 
itnagng oate detector at 100 K. Crystals were rap~dly frozen n the resenlor souton conta~nng 20Co 
(v:\!) glycerol as a c~/oprotectant. Data were processed with Mosfm (35) anci CCP4 (36), and the lnodel 
was reined w~ th  X-PLOR verson 3.1 (371. The f n a  model of the TbCl, cocrystal contains all resdues of 
the hammerhead ribozylne and three Tb(lI1) tons. 

" 

is released before the  transition state is 
achieved, cossihlv in such a Ivav that it 
helps to  control ;his process. ~ u c l i  experi- 
ments, however, are liniited neither to the  

Synchrotron x-ray source 
Wavelength "(A) 
Resolution (A) 
Total reflections 
Unque reflections 
Redundancy of data 
Mean /'u(Ij (overall data) 
Completeness (Oh) 
Space group 
Un~t  cell a (A) 

Table 2. Selected contacts between the metal on 
adlacent to G5 and the RNA. 

MnCl, TbCl, TbCl, 
soak* soak cocrystal 

Unit cell c (A) 136.29 
Rs31~e5 0.068 
R factor1 0.216 
4 ,,y 0.265 

Root-mean-square de'/iations 
Bond lengths (A) 0.007 
Bond angles (degrees) 1 . I  
Dihedral angles (degrees) 13.0 
Planar angles (degrees) 1.5 

Occupany 
B factor (A2)l- 

0.5 0.2 
38.7 50.9 

Contacts (4::: 
3.4 4.5 
4.1 4.8 
4.0 5, I 
4.1 5.7 
5.3 6.1 

-Reference !7). --Brookhaven National Laborayory NSLS. :-Daresbury ~abora;ory SLS. PR,,,~, = I l l ,  - 
( 1 , )  !'ill, where I IS the ntensty value of an nd~v~dual  measurement and (1 , )  s the correscondng lnean value. 
S~~tntnations run over I ~neasurernents of a Imaging cates. R factor = ZF,,, - F,,lL 12 F;,, , where F z Z s  and 
F,;,, are the obseq-ed and calculated structure factors, respect~vely. TR, ss IS the cross-vadaton R factor 
conicuted for the test set of refectons (10% of total). 

'Reference (7), i so t ropc  tempe~aturefactor, iMean 
error on these distances IS 20 3 A 
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hammerhead ribozyme nor to these metal 
ions. Anv RNA for which an assav is avail- 
able to inonitor metal exchange can, in 
principle, he used. Folded RNAs provide 
complex surfaces to which different metal 
ions can bind, with each site having its 
own specificity. The  binding site observed 
with one competitor, therefore, may not 
necessarily be the same as that observed 
with another. Because few RNAs have 
been crystallographically characterized, 
the current challenge is to develop struc- 
tural or functional methods to identifv 
unique metal ion sites on these complex 
folded R N A  structures. 
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Quantitation of Transcription and Clonal 
Selection of Single Living Cells with 

P-Lactamase as Reporter 
Gregor Zlokarnik, Paul A. Negulescu, Thomas E. Knapp, 
Lora Mere, Neal Burres,* Luxin Feng, Michael Whitney, 

Klaus Roemer, Roger Y. Tsien-i- 

Gene expression was visualized in single living mammalian cells with p-lactamase as a 
reporter that hydrolyzes a substrate loaded intracellularly as a membrane-permeant 
ester. Each enzyme molecule changed the fluorescence of many substrate molecules 
from green to blue by disrupting resonance energy transfer. This wavelength shift was 
detectable by eye or color film in individual cells containing less than 100 p-lactamase 
molecules. The robust change in emission ratio reveals quantitative heterogeneity in 
real-time gene expression, enables clonal selection by flow cytometry, and forms a basis 
for high-throughput screening of pharmaceutical candidate drugs in living mammalian 
cells. 

Biological specificity is mediated by the understand the regulation of gene expres- 
precise and selective regulation of gene ex- sion, it is essent~al to use an assay of high 
pression in response to intrinsic develop- sensitivity and fidelity that reports expres- 
mental programs and extrinsic signals. T o  sion at the level of the single living cell. 
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