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For the understanding of the catalytic function of the RNA hammerhead ribozyme, a 
three-dimensional model is essential but neither a crystal nor a solution structure has been 
available. Fluorescence resonance energy transfer (FRET) was used to study the structure 
of the ribozyme in solution in order to establish the relative spatial orientation of the three 
constituent Watson-Crick base-paired helical segments. Synthetic constructs were la- 
beled with the fluorescence donor (5-carboxyfluorescein) and acceptor (5-carboxytet- 
ramethylrhodamine) located at the ends of the strands constituting the ribozyme mole- 
cule. The acceptor helix in helix pairs I and Ill and in II and Ill was varied in length from 
5 to 11 and 5 to 9 base pairs, respectively, and the FRET efficiencies were determined 
and correlated with a reference set of labeled RNA duplexes. The FRET efficiencies were 
predicted on the basis of vector algebra analysis, as a function of the relative helical 
orientations in the ribozyme constructs, and compared with experimental values. The data 
were consistent with a Y-shaped arrangement of the ribozyme with helices I and II in close 
proximity and helix Ill pointing away. These orientational constraints were used for mo- 
lecular modeling of a three-dimensional structure of the complete ribozyme. 

T h e  hammerhead ribozyme is an RNA 
structure that promotes a magnesium io11- 
dependent site specific cleavage of RNA ei- 
ther in an inter- or an intramolecular reac- 
tion (1). The latter has attracted particular 
attention inasmuch as it opens the possibility 
for inhibition of gene expression by cleavage 
of the corresponding mRNA (2).  The sec- 
ondaty structure of the hammerhead ri- 
bozyme (Fig. 1 )  was originally derived from 
phylogenetic comparison (3) and later was 
supported by thermodynamic nearest-neigh- 
bor calculations (4, 5). Probing of the ham- 
merhead ribozyme with ribonucleases con- 
firmed the predicted base-paired structure 
(6). Nuclear magnetic resonance spectrosco- 
py studies have also established the presence 
of the three double-stranded reeions but so - 
far have not provided further insight into the 
overall structure of the ribozyme (7). Initial 
x-rav diffraction studies of a trans actine 

0 

ribozyme-inhibitor complex and of an inac- 
tivated self-cleavine hammerhead domain - 
have been reported (8). Here we describe the 
determination of the relative spatial arrange- 
ments of the three helices in the hammer- 
head ribozyme substrate complex by fluores- 
cence resonance enerev transfer (FRET). ", 
This method has been successfully applied to 

investigate structural features of nucleic ac- 
ids (9, 10), in particular for the determina- 
tion of the arrangements of the DNA helical 
arms in the Holliday junction (1 I ). 

The application of FRET requires the 
attachment of a fluorescent donor molecule 
(D) and an acceptor molecule (A) to the 
nucleic acid under study. In many previous 
FRET studies with oligodeoxynucleotides 
the fluorescent acceptor and donor were 
attached to seoarate strands at the 3' or 5' 
ends, respectively, but simultaneous attach- 
ment to the same strand has not been re- 
ported. This strategy offers a significant ad.. 
vantage in that an excess of unlabeled com- 
plementary strand can be used to ensure the 
rapid and complete binding of the fluores- 
centlv labeled strand. This condition is es- 
sential for the characterization of ribozymes 
for which the dissociation constants for 
short RNA substrates are of the order of a 
100 to 1000 nM (12, 13). We therefore 
adopted this labeling procedure (Fig. 2). Be- 
cause fluorescence is very sensitive to the 
molecular environment of the dye, the se- 
quences of the 3 terminal base pairs (bp) 
were kept unchanged. Likewise the linker 
used to attach the isomerically pure dyes was 
kept the same throughout the synthesis of 
the different olieckbonucleotide con- - 
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kinked helices requires information about 
the localization of the dyes relative to the 
RNA helix. The oositions of the donor and 
acceptor dyes are given in terms of param- 
eters specifying their relative localization 
( d ,  a ,  L ,  A )  (Fig. 3 )  and must be consistent 
with the maximum linker length and the 
anisotropic properties of the dyes. The  high 
anisotropy of 5-carboxytetramethylrho- 
damine (17) indicates the existence of a 
strone interaction of this dve with the con- " 
jugated RNA, presumably through a con- 
tact of its positively charged dimethylamino 
groups with a phosphate group upstream of 
its 3'  attachment site. In contrast, the low 
anisotropy of 5-carboxyfluorescein (1 7) is 
indicative of high rotational freedom, sug- 
gesting a maximal extension of the linker 
resulting in minimization of dye-RNA con- 
tacts, possibly as a consequence of electro- 
static repulsion between the negatively 
charged 5-carboxyfl~~orescein and the pl~os- 
ohates. This consideration leads to a local- 
ization of 5-carboxyfluorescein above the 
major groove of the 5'  labeled base pair. 
Using cylindrical polar coordinates (r, 0, z) 
specified by Arnott for A-RNA atoms (19), 
we located 5-carbgxyfluorescein at (d, 
-29.5", L, -3.75 A )  and 5-carboxytetr2- 
methylrhodamine at (a, -29.5'; A, -3.75 A )  
in the case of attachment to the same phos- 
phate (N = 1). Within the described con- 
straints, the polar angles 0 could not be 
smaller but might still be as much as 40' 
larger, and the localization o f ~ h e  dyes along 
the z axis could vary by 2 5 A. The angular 
variation of the dye position affects notably 
the predicted FRET efficiency for kinked 
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Fig. 1. Sequence and secondary structure of a 
fluorescein labeled hammerhead r~bozyme (A) and 
a continuous double helix (6). Nucleotides that are 
essential for cleavage activ~ty are shaded In gray. 
The numbering for the hammerhead is according 
to Heriel et a/. (26). Arrow, usual cleavage site. The 
donor molecule, 5-carboxyfluorescein (FI), was 
lhnked to the 5' end of the substrate strand wh~le 
the corresponding acceptor dye, 5-carboxyietra- 
methylrhodamine (Rh), was attached to the 3' end. 
Unlabeled complementary oligoribonucleotide or 
ribozyme could be hybridized to the fluorescent 
strand to form either the control A-RNA duplex or 
the ribozyme-substrate complex. 
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helices. whereas variation alone the helix .z 

axis causes only relatively minor effects. A 
systematic variation of these parameters for 
the prediction of the relative orientations of 
the ribozyme helices and the evaluation of 
potential dye RNA contacts led to the use 
of the proposed dye positions. 

The relative spatial orientation of two 
helices can be described with a minimum of 
three translational (x, y, 2) and three rota- 
tional (+, 0, +) parameters, the rotational 
parameters being defined according to the 
x-convention for Euler angles (20). Thus, 
the helix arrangement of the ribozyme is 
defined by two sets of six parameters. 

Two different series of ribozyme con- 
structs (Fig. 2, A and B) (21 ) were synthe- 
sized to derive the orientation (x, y, 2, +, 0, 
+)"'-' of helix I relative to helix 111 and the 
orientation (x, y, z, +, 0, +)"-"I of helix 111 
relative to helix 11. Each member of a given 
series differed in the number of base pairs 
within the acceptor helix so that the accep- 
tor dye was moved in the defined geometry 
of the A-RNA along the acceptor stem. 
FRET a4kia~ia wen m d  for each of 
these conrtrucs (Fig. 4). 

Fot the deterrningion of the rcbtive 
helix o r h m h ,  it was prrferable to dm- 
ulateakinkinacolvlnuarsA-hdfrcba 
(x ,  y, t +,0, $)-coordinate t r a n s f o d o n  
and to compare calculated and mcamed 
FRET efficiencies. The transformed helix 
was chosen to be the acceptor helix, where- 
as the donor helix remained untransformed. 
The expected FRET efficiencies for various 
lengths of the acceptor helix were calculat- 
ed from Eq. 2 (17) as a function of (x, y, 2, 
+, 0, +). All orientation parameters were 
varied systematically, and the calculated 
FRET efficiencies were com~ared with the 
experimental values. Transformation sets 
that described the relative orientation of 
helices 111 to I and I1 to 111 within the 
experimental error were selected. The pi- 
rameters (x, y, 9, +, 0, +) specify the trans- 
formation in a right-handed Cartesian co- 
ordinate system that has the origin at a 
given phosphorus atom in the labeled 
strand of a continuous A-form double helix. 
In this coordinate system, the z axis runs 
parallel to the helix axis, pointing in the 5' 
direction of the fluorescently labeled 
strand. The x axis points radially outward 
from the helix axis. 

It is important to ensure a constant en- 
vironment of the dyes in the different ri- 
bozyme constructs. Interactions of a helix or 
the core of the ribozvrne with the fluores- 
cent dye might also 'occur, such that the 
calibration curve of FRET efficiency (Fig. 
4) might no longer be valid. Such contacts 
are registered by unexpected changes of the. 
anisotropies of the dyes. Interference of 
stem loop I1 with the acceptor dye in sub- 
strates SAll to SA14 occurred when the 

stem loop was 4 base pairs (bp) in length. Whe 
this stem loop I1 was shortened to 2 bp, only 
the acceptor dye in SAll was affected by 
the proximity of the helix. Changes in helix 
I1 from 4 to 2 bp do not affect the catalytic 
properties of the ribozyme (22), and confor- 
mational changes are therefore unlikely. An 
additional interference at the acceptor dye 
in construct RD20 was observed. For these 
reasons, we did not restrict the transforma- 
tion parameters to a single set but rather 
considered a familv of ~ossible orientation 

! b r  any combination of the selected orien- 
tation parameters. Helix 111 was generated 
by the coordinate transformation (x, y, z, +, 
0, +)"-I1' of a continuous helix in orienta- 
tion of helix I1 at a site equivalent to the 5' 
phosphorus of A14. Helix I was obtained by 
a (x, y, z, +, 0, +)I1'-' transformation of the 
continuous helix 111 at the site correspond- 
ing to the 5' phosphorus of C17 (Fig. 5A). 
Transformation sets that reflected accurate 
transfer from helix I to I1 were selected. 
Those resultine in van der Waals clashes of a .  u 

parameters. the helices were eliminated. Two classes of 
Ribozyme structures were calculated by potential ribozyme structures became evi- 

two subsequent coordinate transformations dent (Fig. 5B) and could be described by 

Fig. 2 Outline of the sec- A r B 
onday structure of the diier- 
ent hammerhead ribozyme- 

Helix $1 v l l - ~ ~ 1 7  substrate constructs in the 
FRET study. FRET is repre- 
sented by an arrow from the 
donor Scarboxyfluorescein 
@rismsphere)totheaccep- v Hel~x I 
tor - m e t h y l -  RAll-RA17 
modamine (dark sphere). 
T h e r l r o n g ~ c t b n o f  
5--&~t~thy'mO- c 
&rbo WI U'IO 3' t e r m  

D 

barQslrrand U'IO free rote- 
tebRy of Bcerbaxylluores- Hel~x I1 

fi sc18 

Helix I Helix I1 
cehatthe5'endaresym 
bolhed Dawr and acceptor 
helices are v a r  h a sys- 
tematic manner. ~ccepior V ~ ~ 1 8  \ V RD20 
walking experiments were 
performed to measure the u- w 
relative orientation of the 
three helices. Constructs of type A were used to detmine the relatii orientation of heli I with respect to 
helix Ill. The length of the acceptor heli I was varied from 5 to 1 1 bp corresponding to a separation of the 
donor from the acceptor dye of 1 1 to 17 nt. Constructs of type B defined the relatibe orientation of helii Ill 
with respect to helix II. Donor and acceptor were separated by 13 to 17 nt. Constructs C and D represent 
sinale exrmiments to measure the distance between the dves that are linked to helix I and II. Construct D 
diked f;om C by the insertion of one additional base pai4n each of the donor and the acceptor helices 
(27). Nucleotide numbering indicates the number of nudeotiies separating the donor from the acceptor. 

Fig. 3. An A-RNA helii as a cylinder with N base pairs to 
illustrate the parameters that describe the relative pod- 
tions of donor @) to acceptor dye (A). Definitions: d and a, 
distances of D and A from the cylinder axis, respectively; 
L and A, axial and azimuthal displacement between D 
and A for the dves attached to the same DhosDhate atom 
(N = 1). primed acceptor symbols illustrdte the walking of 
the dve when attached to successive base mirs. The 
experimental FRET efficiencies E of continuous A-RNA 
double helices were represented by the following equa- 
tion 

with a = 15.80 A, d = 13.87 A, L = 13.32 A, and A = -138.5". Each base pair increases the helix length 
by 2.81 A (helii rise) with a helical twist of 32.7" (79). Ro was given the value of43 A from the measured 
spectral overlap integral calculated according to (27), and an assumed orientation factor of 213. The 
parameters d, a, L and A were selected for optimal agreement with the central region (N = 12 to 16) of 
the RNA duplex FRET data which must be regarded as provisional, pending further investigation until 
orientation effects are available and FRET efficiency based on both donor quenching and acceptor 
sensitization can be precisely evaluated. 
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either a' Y-shape or an h-shape. The latter 
class directs the seven-nucleotide (nt) con- 
sewed loop between helix I and 11 away 
from the core and leaves the cleavage site 
isolated. This structural class was ignored 
because it would not explain the strict se- 
quence and functional group requirements 
for ribozyme cleavage. In contrast, the Y- 
shaped class directs the 7-nt low through 
the core and allows contacts to the cleav- 
age site. Within this class, a structure was 
selected whereby the distance x between 

the 5'-phosphorus and the 3'-phosphorus 
atom of cytidine (C17) at the cleavage site 
was 5 < x < 8A, and the separation of 
the 3'-oxygen atoms of U2.1 of helix I 
and U16.1 of helix 111 was >16A. The 
selected orientations are suitable for mod- 
eling of the core structure and the cleav- 
age site (Fig. 6). The h- and Y-shaped 
structures differ significantly from those 
proposed by Mei et al. (23), which were 
based on computational studies, and by 
Gast et al. (24), which was based on elec- 

Fi. 4. Dependence of 
FRET efficiencies on the 
number of base pairs 
separating the donor 
and acceptor dye of the 
ribozyme constructs of 
type A (A)), B (O), C 0, 
and D (0) (Fig. 2). Full 
symbols indicate experi- 
mental values. Open 
symbols represent cal- 
culated values for the 
three ribozyme helices 
with relative spatial ori- 
entation (4 A, 4 A, 0 A, 
- 1 0°, -40°, 80")'"' and 
(3 A, 9 A, 0 A, -80°, 
-30°, 1 30°)111-1. For com- 
parison, the transfer effi- 
ciencies of the continu- 
ous A-RNA double helix 
(Eq. 1) is given by the dashed line. Hel i i  I and II show transfer efficiencies relative to helix Ill comparable 
to the values of the extended continuous double helices, whereas the high FRET signals from helix I to II 
indite the close proximity of these two helices. The acceptor dye anisotropies for SA11 and RD20 were 
decreased from 0.31 to 0.27, indicating that the molecular environment of the acceptor is changed 
presumably by the dose proximity of helices I and II. 

trophoretic and hydrodynamic methods. 
In the Y-shaped arrangement of the 

helices, helix 111 forms the apex and heli- 
ces I and I1 the two arms. The closest 
phosphorus-phosphorus distances between 
helix I and I1 are within 10 to 15 A. The 
calculated orientation of the three helices 
was used as a starting point for modeling 
the core structure, consisting of the 7-nt and 
3-nt conserved single-stranded stretches, in 
order to check whether such an arrange- 
ment could lead to a plausible geometry at 
the cleavage site. The FRET results do not 
provide direct information on the arrange- 
ment of nucleotides in this region. For the 
modeling, we optimized stacking between 
bases and maintained right-handed paths for 
the polynucleotide chain. Geometrical and 
stereochemical knowledge was imposed by 
the restraint least-squares refinement pro- 
grams NUCLIN-NUCLSQ (25). The 3-nt 
stretch 5'-GAA leaves helix I1 and joins 
helix 111 following a right-handed path. The 
7-nt stretch 5'-CUGAUGA winds its way 
between the three helices forming the cen- 
tral core. The last 5 nt follow a right-handed 
path almost in continuity with the 5' strand 
of helii 11. A sharp turn was built after the 
first 2 nt of that loop, departing from helical 
continuity with helix I. With this choice, 
residue G5 is at the same level as the first 
base pair of helix 111 (A15.1 . U16.1) in the 
deep groove side and could possibly form a 
triple interaction with A15.1 via its N2 
amino group. A6 stacks between A15.1 and 
A14, whereas A9 is in position to form a 
pair with G12. The cytosine base at the 

FQ. 5. (A) Euler angle space (+, 0, JI) describing the otientation of heli Ill  exclusion of van der Waals clashes of helices. Data points in the connected 
relative to helix I (constructs of type A, .) and helix Ill relative to helix II circled regions represent two classes of transformation parametem that de- 
(constructs of type B, 0) within the experimental error of FRET measure- scribe the relative orientation of all three helices. The chss representing an 
ments. Translation parameters (x, y, z) were systematically varied up to 2 10 A h-shaped structure (broken line) was rejected from model building. A member 
(not shown). (6) Selected transformation parameters that are consistent with of the class of Y-shaped structures (closed line) was selected for the structural 
FRET measurements from helix I to II (constructs C and D) followed by the model in Fig. 6. 
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Fig. 6. Ribbon model of two orien- 
tations of the Y-shaped helix ar- 
rangement of the hammerhead ri- 
bozyrne. Each helix is repmsemted 
by a full 1 1 -bp tum. The pathway of 
the 3-nt and 7-nt conserved loop is 
modeled into the ribozyme core to 
be consistent with the orientation of 
the three helices. Invariant nucleo- 
tides in the core are indicated by 
letters; a) frontal view; b) side view 
tumed left by 90"; arrow, clevage 
site. Drawing made with the pro- 
gram DRAWNA (28) on a S i l i n  
Graphics Extreme 2 Indigo graph- 
ics station. 

cleavage site points toward the backbone 
between G5 and A6. The 2'-hydroxyl group 
of G5 could participate in a potential mag- 
nesium binding site together with the hy- 
droxyl of C17 at the cleavage site, one an- 
ionic phosphate oxygen of A6 and the 0 4  or 
N3 base atoms of U4. Thus, the choice for 
the paths of the two conserved stretches is 
characterized, beyond some possible tertiary 
base-base H-bond interactions, by interdig- 
itation of the bases with potential contacts 
with sugar-phosphate backbone atoms. A 
more detailed description of this region of 
the hammerhead is not justified on the basis 
of the FRET results. 

In summary, we present FRET data on 
wnstructs of the hammerhead ribozyme 
leading to the determination of the spatial 
arrangement of the three Watson-Crick he- 
lices of this molecule in solution. 
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menta~~ strands are nd given. They did not contain 
deornbose sub&utions; C13, complementary to 
SA13. 

H9, 5'-FI-GGA GAG CCC-Rh, H10, 5'-FI- 
GGA GUdC ACC C-Rh, HlWriboC, 5'-RGGA 
GUC ACC C-Rh, SAIl ,  5'-Pl-GGA GUdC 
AGC CC-Rh, SA12, 5'-FI-GGA GUdC AGG 
CCC-Rh, SA13.5'-Pl-GGA GUdC AGG ACC 
C-Rh; SA13IriboC. 5'-Pl-GGA GUC AGG 
ACC C-Rh, SA13/Rh, GGA GUdC AGG ACC 
C-Rh, SA13/F1,5'-Fl-GGA GUdC AGG ACC 
C; SA14.5'-Fl-GGA GUdC AGG AGC CC-Rh, 
SA15.5'-Pl-GGA GUdC AGG AGA CCC-Rh; 
SA16.5'-Pl-GGA GUdC AGG AGA GCC C- 
Rh, SA17,5'-Pl-GGA GUdC AGG AGA GAC 
CC-Rh, RC18, 5'-FI-GGA GOU CUG AUG 
AGG CCC-Rh. 

16. Absorption spectra were taken on a Uvlcon 820 
(Kontron, Ziirich) spectophotometer. Steady-state 
fluorescence spectra were remded under "magic 
angle" conditions on an SLM 8000S instrument 
(SLM Aminco, Urbana I4  corrected for lamp and 
wavekxgth fluctuations. Emission fluorescence 
spectra Am,U for FRET analysis were collected 
over a broad range of e m W n  wavelengths ()g, = 
490nm,Am=500t0650nm;&=580nm,Am= 
570-650 nm). fluorescence anisotropies f(Am,&J 
were determined from measurements of fluores- 
cence intensities with vertical excitation pdarizers 
with vertical (FJ and hcfizontal (Fl) emission polar- 
izers according to r = (% - FJ(FZ + 2 - FJ. For 
fluorescence measurements, a solut~on of 350 nM of 
fluorescent duplex was adjusted to 2 pM of comple- 
mentary unlabeled strand in 50 mM sodium cacody- 
late @H 7.5), 10 mM MgCI,. This condition is that for 
efficient singleturnover in ribozyme cleavage es- 
says. The solutions were incubated for 3 min at 54°C 
and coded sk&y (within 2 to 3 hours) to 25°C. at 
which time the spectra were recorded. 

17. The efficiency of dim-dipole FRET tan a d m r  D 
to an acceptor A is given by the F(kster equation (27): 

where R is the separation of the dyes and R, is the 
charact&ic FChter d i c e .  R 13 contains as fac- 
tors an wientation parameter (2) and the itmres- 
cence quantum yield of the donor. For rapid random- 
ization of the relative orientation between D and A, 
assumed in this study, K~ = 2/3 (1 7.27.34). The high 
an$otropy of 5-catboxytetramethylhdamine, 
r(590.560) = 0.31, despite the low anisdmpy of 
5 - ~ u o r e s c e i n ,  r(520,490) = 0.13, indcates 
the need for a more aitical evaluation of K, h these 
systems (Fg. 3). 

18. FRET effictenc~es were determined from the sensiti- 
zation of the acceptor boresence. The fluorescence 
intensities of the emission spectra F(&,,,490) (excit- 
ed at 490 nm where both 5-catboxytetramethylh- 
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damine and 5-carboxyfluoresce~n absorb) were fit to 
the weighted sum of standard spectrum of a duplex 
labeled only with donor FD(h,,,490) and the fluores- 
cence signal of the sample F(A,,,560) excited at 560 
nm (where only 5-carboxytetramethylrhodam~ne ab- 
sorbs) 

F(Xem,490) = 

c . FD(h,,,490) + (ratio), . F(he,,,560) (2) 

c and (ratio), are the fltted weighting factors of the 
two spectral components. The fit was made in the 
range A,, = 500 to 540 nm (where only D emits) and 
hem = 570 to 650 nm (where both D and A emit). 
(ratio), is the acceptor fluorescence signal of the 
FRET measurement normalized by F(A,,,560) as 
shown In Eq. 4 (34). 

(ratio), 1s linearly dependent on the efficiency of 
transfer E; it normalizes the sensitized FRET signal 
for the quantum yield of 5-carboxytetramethylrho- 
damine, for the concentration of the duplex mole- 
cule, and for any error In percentage of acceptor 
labeling. zD and zA are the molar absorption coeffl- 
cient of D and A at the given wavelength. The ratio of 
absorption coefficient ~ ~ ( 4 9 0 ) / ~ ~ ( 5 6 0 )  = 0.43 was 
determined from the absorbance spectra of the dou- 
bly labeled molecules and zA(490)/zA(560) = 0.08 
was determined from the excitation or absorbance 
spectrum of a s~ngly 5-carboxytetramethylrho- 
damine-labeled molecule. 
S. Arnott, D. W. L. Hukins, S. D. Dover, Biochem. 
Biophys. Res. Commun. 48, 1392 (1 972). 

. H. Goldstein, ClassicalMechanics (Addison-Wesley, 
Reading, MA, ed. 2, 1980), 

. Sequences of hammerhead rlboxymes and sub- 
strates. S and R represent complementary sets of 
ol~goribonucleotides where either R or S carries both 
of the dyes. See also reference for RNA duplexes 
(75). 

Construct A: SAl 1, RAl 1, 5'-GGG CUC UGA 
UGA GCG CAA GCG AAA CUC C; SA12, 
RA12, 5'-GGG CCU CUG AUG AGC GCA 
AGC GAA ACU CG; SA13, RA13, 5'-GGG 
U C C U C U G A U G A G C G C A A G C G A A A C  
UCC; SA14, RA14, 5'-GGG CUC CUC UGA 
UGA GCG CAA GCG AAA CUC C; SA15, 
RA15, 5'-GGG UCU CCU CUG AUG AGC 
GCA AGC GAA ACU CC; SA16, RA16, 5'- 
G G G C U C U C C U C U G A U G A G C G C A A G  
CGA AAC UCC; SA17, RA17, 5'-GGG UCU 
C U C C U C U G A U G A G C G C A A G C G A A A  
CUC C. B: RB13, 5'-F1-GGA CCG AAA CCC 
C-Rh, SB13, 5'-GGG GUdC AGG ACC GCA 
AGG UCC UCU GAU GAG GUC C; RB14,5'- 
FI-GGA CCG AAA CUC CC-Rh, SB14, 5'- 
GGG AGU dCAG GAC CGC AAG GUC CUC 
UGA UGA GGU CC; RB15, 5'-FI-GGA CCG 
AAA CUG CCC-Rh, SB15, 5'-GGG CAG 
UdCA GGA CCG CAA GGU CCU CUG AUG 
AGG UCC; RB 17, 5'-Fl-GGA CCG AAA CUG 
UGC CC-Rh, SB17,5'-GGG CAC AGU dCAG 
G A C C G C A A G G U C C U C U G A U G A G G U  
CC. C: RC18, SC18, 5'-GGG CCG AAA CUG 
CCG CAA GGC AGU ~ C A C  CUC C. D: 
RD20,S'-F1-GGA GCG UCU GAU GAG GGC 
CC-Rh, SD20, 5'-GGG CCC GAA ACU GCC 
GCA AGG CAG UdCA CGC UCC. 
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Isolation of the Tomato Cf-9 Gene for Resistance 
to Cladosporium fulvum by Transposon Tagging 
David A. Jones, Colwyn M. Thomas, Kim E. Hammond-Kosack, 

Peter J. Balint-Kurti,* Jonathan D. G. Jones? 

The tomato Cf-9 gene confers resistance to infection by races of the fungus Cladosporium 
fulvum that carry the avirulence gene Avr9. The Cf-9 gene was isolated by transposon 
tagging with the maize transposable element Dissociation. The DNA sequence of Cf-9 
encodes a putative membrane-anchored extracytoplasmic glycoprotein. The predicted 
protein shows homology to the receptor domain of several receptor-like protein kinases 
in Arabidopsis, to antifungal polygalacturonase-inhibiting proteins in plants, and to other 
members of the leucine-rich repeat family of proteins. This structure is consistent with that 
of a receptor that could bind Avr9 peptide and activate plant defense. 

Plants can defend themselves against in- 
fection by viruses, bacteria, fungi, nema- 
todes, insects, and even other plants. Plant 
defenses are often activated by specific in- 
teraction between the oroduct of a disease 
resistance (R)  gene in the plant and the 
product of a corresponding avirulence (Avr) 
gene in the pathogen (1 ) .  Without either of 
these genes, plant defenses are not activated 
and infection by the pathogen is permitted. 
To understand how specific plant defense is 
regulated, it is necessary to learn the nature 
of the R and Avr gene products, the way 
they interact, and the chain of events that 
results. 

In the interaction between tomato (Ly- 
copersicon esculentum) and the leaf mould 
fungus Cladosporium fuluum, the avirulence 
gene Avr9 has been characterized (2).  Aur9 
specifies a 28-amino acid secreted peptide 
that elicits a necrotic response when inject- 
ed into tomato plants carrying the Cf-9 
resistance gene. We have now isolated Cf-9 
by transposon tagging, using a maize Acti- 
vator-Dissociation element (Ac-Ds)- based 
system to target a specific gene from toma- 
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to. To tag Cf-9, we used a transgenic toma- 
to line (3) carrying a Ds element located 3 
centimorgans (4) from the Cf-9 locus, 
which had previously been mapped to the 
short arm of cl~romosome 1 (5). To activate 
this Ds element, we used a genetically un- 
linked stabilized Ac (SAC), itself incapable 
of transposition (6). Appropriate crosses 
and selections were carried out (Fig. 1A) to 
produce plants heterozygous for Ds and SAC 
and homozygous for Cf-9. These plants were 
crossed to plants lacking Cf-9 but homozy- 
gous for an Avr9 transgene (7, 8) (Fig. 1A). 
The progeny of this cross, which were het- 
erozygous for Cf-9 and Aur9, became ne- 
crotic and died shortly after seed germina- 
tion, but those mutant for Cf-9 survived 
(Fig. IB). 

Approximately 160,000 progeny were 
germinated (Fig. 1B) and 118 survivors 
were recovered. Of these, 65 arose by clonal 
propagation of 10 independent mutations 
(8). The remaining 53 arose independently, 
giving a total of 63 independent mutations. 
Of these, 21 were variegated for necrosis 
(Fig. 1C) and carried both Ds and SAC, 33 
were stable and carried Ds, and 9 were 
stable but did not carry Ds. In addition to 
the 21 variegated mutations that were in- 
ferred to carry Ds insertions in Cf-9, 16 
more were identified among the stable mu- 
tants by activation with SAC, which suggests 
a total of at least 37 independent Ds inser- 
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