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ABSTRACT. The leadzyme is a small ribozyme, derived frimitro selection, which catalyzes site specific,
P?*-dependent RNA cleavage. Plis required for activity; M@" inhibits activity, while many divalent

and trivalent ions enhance it. The leadzyme structure consists of an RNA duplex interrupted by a
trinucleotide bulge. Here, crystal structures determined to 1.8 A resolution, both wih adgthe sole
divalent counterion and with Mg and S#+ (which mimics PB* with respect to binding but not catalysis),
reveal the metal ion interactions with both the ground state and precatalytic conformations of the leadzyme.
Mg(H20)e?" ions bridge complementary strands of the duplex at multiple locations by binding tandem
purines of one RNA strand in the major groove. At one site, M@(J&" ligates the phosphodiester
backbone of the trinucleotide bulge in the ground state conformation, but not in the precatalytic
conformation, suggesting (a) Mgmay inhibit leadzyme activity by stabilizing the ground state and (b)
metal ions which displace Mg from this site may activate the leadzyme. Binding of'So the presumed
catalytic PB™ site in the precatalytic leadzyme induces local structural changes in a manner that would
facilitate alignment of the catalytic ribosé-Rydroxyl with the scissile bond for cleavage. These data
support a model wherein binding of a catalytic ion to a precatalytic conformation of the leadzyme, in
conjunction with the flexibility of the trinucleotide bulge, may facilitate structural rearrangements around
the scissle phosphodiester bond favoring configurations that allow bond cleavage.

The “leadzyme” is a small ribozyme derived by vitro Scheme 1: Sequence of the Leadzyme Construct Used in
selection for RNA sequences that exhibit site specifig'Pb ~ This and Previous) Work?
dependent RNA cleavage activityl,(2). The consensus
sequence motif for the leadzyme can be described as a short
duplex with an internal bulge loop (Scheme 1). In the first
half of a two-step reaction, the motif uses?Plio cleave
the phosphodiester backbone of the substrate strand, yielding
a free B-hydroxyl and a 23-cyclic phosphodiester as [ ' g v
products, which is analogous to the activity catalyzed by 11 i1
naturally occurring small ribozymes such as the hammerhead
and hai?lpin. The cyclic phosphate is hydrolyzed subsequently ) 3% % H -92 463 4G4 f‘s 96 4"4 4% f's
to produce a 3phosphate in a manner similar to that of  aDerived from LZ4 of thein sitro selection results2). Vertical
protein ribonuclease A; this second step is not observed indashed lines represent Watsa@rick base pairs; the dotted line
the hammerhead or hairpin ribozyme reaction. The logarithm répresents a non-Watsegrick base pair between A45 and C23. The
of the cleavage rate increases linearly with pH over the rangegggw:t'vrz flipped-in conformation of A25 observed by NM8 {s
of 5.5-7.0, suggesting participation of a Pkcoordinated gray:

hydroxide ion acting as a general ba8p The requirement  the reaction rate by as much as 1 order of magnitude, which
for P*" at concentrations on the order of10 uM is led to a mechanistic proposal that two metal ions participate
obligatory, and no other metal ion has been shown to replacegirectly in bond cleavage4( 5). Notably, at concentrations
PE** as a cofactor in the cleavage reaction. However, the gn the order of~10 mM, Mg reduces the cleavage rate,
presence of a second metal ion in addition t¢‘Pban  which was attributed to possible competitive inhibition with
enhance the cleavage rate. In particular, lanthanides enhance+ pinding @).
: The three-dimensional X-ray crystallographi6) (and
o 3 oo welome Fana S011on NVIR ) structures ofleadzyme corstucts feveal
postdoctoral fellowship and NIH Grant GM-63162 to J.E.W. es§entlally an_ RNA duplex with one non-Watsdbrick base
*To whom correspondence should be addressed: Department of pair (dotted line between A45 and C23, Scheme 1) and a
Structural Biology, Stanford University School of Medicine, Stanford,  three-nucleotide bulge (G24, A25, and G26), with the scissile
A &i’ﬁg;‘g‘g{aégig)egﬁ3'6589' Fax: (650) 723-8464. E- hnogphodiester bond at the junction between the duplex and
# Stanford University School of Medicine. the bulge. Additionally, the NMR data showed that in

8 University of Rochester Medical Center. solution, the nucleotides of the bulge are relatively mobile,
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and signals indicating a conformer forming a non-Watson proposal is in lieu of the alternative two-metal ion mechanism
Crick base pair between A25 and G44 were obsergef)( of leadzyme catalysis that has been propoged)
(“flipped-in” conformation in gray, Scheme 1). The X-ray

structure showed two crystallographically independent mol- EXPERIMENTAL PROCEDURES

ecules in which the three-nucleotide bulges were in substan- RNA Synthesis, Purification, and CrystallizatiocRNA

tially different conformations in the asymmetric unit of oligonucleotides were generated by chemical synthesis
hexagonal crystals of space groBf:22 (6). » . (Howard Hughes Medical Institute Biopolymer/Keck Foun-
The general importance of metal ions that participate in yation Biotechnology Resource Laboratory, Yale University,
both structural and catalytic roles in ribozymes has been o Haven, CT), shipped frozen in basic solution containing
reviewed (0). In the previous leadzyme crystal structure at 5o monium hydroxide, deprotected, purified, and desalted in-

2.7A resolution_ﬁ), metals used as heavy atom derivatives, | .se by methods that have been described previoLd)y (
as well as Mg" ions endogenous to the crystal growth and £6ing purification and desalting, individual strands of

stabilization solutions, were revealed at several specific RNA p\A were dissolved in 10 mM sodium cacodylate buffer
binding sites, albeit at a resolution that precluded a precise(pH 6.0) to a final working concentration of 1 mM, based
description of metatligand interactions. When crystals were on calculated extinction coefficients of 115 and 139 MM

soaked briefly in solutions with divalent lead compounds, & -1 ot aJ of 260 nm for the 11-mer and 13-mer (Scheme

single PB" ion was seen bound at a site remote from the 1), respectively. The RNA was stored in solution-a20
scissile bond in one conformer of the leadzyme. Extended oC'_

soaks with PB" resulted in crystal disorder due to Pb
dependent bond cleavage at the scissile linkage. Such
catalytic activity precludes the possibility of a structure
determination in the presence ofPlrapped at the active
site in these crystals. However, several sites were found for
Ba?* ions, including a single location near the scissile
phosphodiester bond, which was observed in only one of
the leadzyme conformers in the asymmetric unit [denoted
“molecule 2" in an earlier descriptio)]. Simple modeling

For crystallization, all stock reagent solutions were filtered
(pore size of 0.2um) and autoclaved except Mg(OAc)
which was filtered only. Crystals were grown by hanging
drop vapor diffusion at 20C using a precipitant solution
consisting of 21-24% (v/v) MPD} 20 mM Mg(OAc), 1
mM spermine-HCI, and 50 mM sodium cacodylate derived
from a 1.0 M pH 6.0 stock solution, as described previously
(6). The following refinements to the crystal growth protocol
yielded crystals larger than those described previously: the

Levgilﬁd thlatt_|fa|1 P 'gn vtvere ?oundt.at trlle site OCCUD'Edt initial RNA duplex concentration was decreased from 0.8
y  relatively modest conformational rearrangements y, g 4 my prior to the addition of precipitant, and the initial
that could be accomplished by a change of the ribose sugar,

) . crystallization hanging drop size was increased fron21
pucker would align the "Zhydroxyl of the C23 ribose for | “r o | ting i leati foll d b
in-line nucleophilic attack on the scissile G24 phosphodiester ° p-, TESUING In Sparser hucieation, folowed by

bond. thereby allowing the ¢l . 4b growth of hexagonal rods with dimensions of 0.05 mym
ond, thereby allowing the cleavage reaction to proceed by 4 o5 mm « 0,75 mm after approximately 1 month. Such
a pathway similar to that originally proposed for the

hammerhead and hairpin ribozymes1 Notably, the crystals diffract anisotropically to approximately 1.6 A

. resolution along the* axis and 1.8 A resolution along the
cleavage site of the other conformer of the leadzyme d 9

(“molecule 1”) was in a substantially different conformation & axis using a high-fiux synchrotron beamline.
that would neither bind a catalytic ion nor catalyze bond X-ray Crystallographic Data Collection and Processing

: . .. Crystals were adapted in a single transfer step to a synthetic
cleavage readily. These two conformers, the first of which mother liquor containing 35% (v/v) MPD, 100 mM Na-MES
bound ions near the active site in a manner thought to mimic (pH 6.0), and divalent ions [either 20 mM Mg(OAGMg-

P?t, were termed “precatalytic” and “ground state”, re- only").orl20 mM Mg(OAc) and 20 mM SrGl (Mg +Sr”)]
spectively. We will retain this nomenclature, with the caveat The crystals adapted to MSr were first transferred t(.) a
that they _repre;ent only two of an ensemble of solution Mg-only solution for approximately 30 min, and subse-
colnfotrr]matli)nj likely tr? be ad?ptzddb);hthe Ieatljztyme. fth quently into an Mg-Sr solution for an additional 30 min.

| g IS S'j: y,twe tavlesei(&en el t'e resllou_lon 0 te Respective metal-soaked samples were flash-frozen in a
eadzyme structureé 10 L. resolution, allowing us 10 g aqm of dry Ngas at-173°C. Crystallographic data were
delineate the RNA binding interactions and solvent coordina- collected using a Mar 345 image-plate detector on beamline
tion of metal ions precisely. We have also determined the 9-1 of the Stanford Synchrotron Radiation Laboratory
structure of the leadyzme to 1.8 A in the presence 6&f,Sr (SSRL). Both the Mg-only and the MeSr data sets were
which, with an ionic radius nearly identical to that of#b ' - . .

[1.13 A for SP* and 1.12 A for PB" (12)], should mimic collected from single crystals in two passes. The first pass

. - . . was designed to record high-resolution reflections and
the PB* ion binding, although not necessarily electronically g g

: . ; ; utilized an exposure time of 5 min/deg with a crystal-to-
or catalytically 3). We find that Mg" binds in the duplex detector distarru)ce of 240 mm. The secogd pass Wa>s/ designed
major groove of the leadzyme at structural sites, as well as

t a site that to inhibit lead talveis. S Ito record low-resolution diffraction data that were overloaded
a ? site that appears fo Inhibit leadzyme calalysiS. Several,, e firgt pass and utilized an exposure time of 30 s/deg
St binding sites have been located, including one near the

issile phosphodiester bond in th talvii f i with a crystal-to-detector distance of 340 mm. Integrated
scissiie phosphodiester bond In the precatalytic contormalion; ;o sities were derived from the raw frame data and scaled
of the leadzyme, but not in the ground state conformation.

On the basis of the results presented here, we suggest

C . : “ Pt 1 Abbreviations: MPD, 2-methyl-2,4-pentanediol; MES,N&for-
participation of metal ions as remote site, or “allo site”, pholino)ethanesulfonic acid; MOPS, BHmorpholino)propanesulfonic

regulators of catalytic activity, in addition to direct participa-  acid; OAc, acetate ion; PDB, Protein Data Bank; rmsd, root-mean-
tion of a single P& ion in the catalytic mechanism. This square deviation; SSRL, Stanford Synchrotron Radiation Laboratory.
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Table 1: X-ray Data and Refinement Statistics (Space GR&ip

20 mM M+
X-ray data set{ = 0.98 A)

20 mM Mg?* + 20 mM S¢+
X-ray data set{ = 0.98 A)

unit cell (&)

no. of observations

no. of independent reflections

(averagd)/(avera%e error i)
lowest to 1.80
1.83-1.80 A

Reyn? (%) (37.0-1.80 A)

Rsym (%) (1.83-1.80 A)

overall completeness (%)
completeness (%) (1.861.80 A)
no. of RNA atoms (solvent)
no. of Mg(Il) atoms
no. of Sr(ll) atoms
overall Racio/Rired (1.86-1.80 A)
rmsd from ideal geometry

bond lengths (A)

angles (deg)

impropers (deg)
averageB-factor (A2)

RNA atoms

solvent atoms

Mg(ll) atoms

Sr(ll) atoms
anisotropicB-factor tensor
coordinate error (A)

cross-validated Luzzati plot

cross-validated SIGMAA

a=b=60.1,c=133.1
286623
25179 (34108 A)

63686.1/2991.5- 21.3
2760.9/595.6- 4.6
4.0

27.2

Refinement Statistics (lowest to 1.80 &> 0)

95.2
87.4

2072 (416)
10

20.3/22.4 (28.5/32.7)
0.007
1.20
1.77
27.9
41.5
39.9
Bi1 =Bz =4.4;Bss= —8.9

0.37
0.38

a=b=60.1,c=132.9
228937
24885 (33.91.8 A)

281047.2/12688% 22.5
16031.2/3492.F 4.6
35

16.4

94.1
76.5

2072 (407)
10

6
21.0/22.0 (26.8/27.1)

0.005
1.20
1.72

26.1
39.4
37.7
68.4
B11=Bx»=4.5;Bz=—9.0

0.36
0.36

aNumbers in parentheses refer to the resolution range of the data. The lowest resolution for experimental data was 34.0 A for Mg-only and 33.9
A for Mg+Sr; the lowest-resolution data used in refinement were at 34.0 A for Mg-only and 28.1 A #66M8 Reym= 100 x Y nllj — VY |1j].
¢ Raactor = 100 x Y |Fo — F|/Y |Fo|, whereF, andF; are the observed and calculated structure factor amplitudes, respectiRglyis the Riactor
calculated from 8.0% of the data, selected randomly and excluded from the structure refinement.

with the programs DENZO and SCALEPACK.Y); data the syn conformation, but a steric clash precludes both
collection statistics are summarized in Table 1. nucleotides from simultaneously adopting i conforma-

Structure Determination and Refineme@tystallographic tion (Figure 1b). This interaction is between two molecules
calculations were performed with the programs CNS) ( that are related by a crystallographic 2-fold axis of rotation
and CCP4 17). Model building was conducted using the in space groupP6,22. However, thesynanti alternative
molecular graphics program O1§ 19). The Mgt+Sr conformations adopted by the G26 base pair result in a subtle
leadzyme crystal structure was determined using coordinategout significant breakdown in space group symmetry, from
from the previously reported leadzyme crystal structure the original P6:22 with two independent molecules per
refined to 2.7 A resolution in space groBp;22 (PDB entry asymmetric unit. Therefore, the structure was re-refined from
429D) 6). A temperature factor of 24 Awas initially the original PDB entry 429D in space gro&g, with four
assigned to all atoms based on a Wilson plot computed within molecules per asymmetric unit. The diffraction data and test
CCP4, and 8% of the reflections were assigned randomly to data test were expanded appropriately. The four independent
a test set folRyee calculations. First, rigid body refinement ~molecules in the asymmetric unit were denoted Mellol3
was carried out by treating each of the four RNA strands as (Figure 1c). Atomic occupancies for the two G&@nanti
separate objects. Amplitude-based maximum likelihood targetconformer pairs of Mol0 and Mol3 were set to 0.5. [Strictly
minimization was conducted as implemented in CNS using Speaking, we find equal populations of tegn and anti
data between 3.5 and 28.1 A resolution. Subsequently, theconformers of G26 for both Mol0 and Mol3 will, on average,
model was subjected to Cartesian simulated annealing usingetain the crystallographic 2-fold axis and tR6,22 space
CNS at an initial temperature of 250, and then Powell ~ group. However, the 2-fold axis (Figure 1c) would generate
minimized using all data to 1.8 A resolution. Model ananti/antipair with an occupancy of 0.5 in the refinement,
adjustments were performed manually in O using SIGMAA- which would result in substantial steric clash. Therefore,
weighted &, — F. andF, — F. electron density maps. refinement was completed in tf6; space group to provide

At 1.8 A resolution, omit maps revealed that the nucleotide @ more comprehensive molecular model that does not
base of G26 of one leadzyme molecule (molecule 1, chainsConstrain atoms on the dyad special position.]
A and B of PDB entry 429D), which appeared to be partially =~ Water molecules were added by use of CNS using the
disordered at 2.7 A resolutioB); is well-defined and adopts  criteria that solvent peak heights were.75% in F, — F¢
both syn and anti alternate conformations (Figure la). electron density maps and interatomic distances between
Specifically, G26 bases from two adjacent molecules are solvent and O or N were greater than 2.55 A but less than
coplanar and can form a pair of hydrogen bonds with one 3.75 A. All waters were inspected &, — F. and F, — F¢
nucleotide base in thanti conformation and the other in  maps and adjusted manually to meet a requirement of one
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Ficure 1: Alternate conformations for G26 at the molecular interface. (a) SIGMAA-weighfgda-2-. electron density contoured at 4.0

showing the alternate conformations of G26 observed in Mol0 and Mol3 in the Mg-only structure. In the molecular model, the bases for
one conformation (G268ynand G326anti) are colored red and for the alternate conformation yellow. (b) Stereographic ball-and-stick
picture of the intermolecular interactions of the bases of the trinucleotide bulges. Only one of the two alternate conformations is shown for
G26 and G326. Coordinates from the M8r structure were used to make the structure. (c) Schematic diagram of the intermolecular
packing of the trinucleotide bulges around the pseudo-2-fold axis for the four leadzyme protomers in the asymmetric unit of space group
P6,. Chain designations AH are labeled according to PDB naming conventions in INUJ and 1NUV. This figure was made with the
program BOBSCRIPT29).

or more hydrogen bonds with reasonable geometry. The metal-ligand distances inconsistent with kfg but compa-
model was adjusted manually with alternating cycles of rable to values reported for crystallographic structures of
minimization and individual temperature factor refinement. complexes of St with small molecules?2). All ions and
The Mg-only structure was refined in a manner similar to ligands were verified irF, — F. simulated annealing omit
that of the MgtSr structure, beginning with space group maps using the refined model phases (Figure 2). Final
P6,. refinement statistics are provided in Table 1. Coordinates
At 1.8 A resolution, M@" ions were identified in both  and structure factor amplitudes have been deposited in the
structures by characteristic octahedral coordination geometryProtein Data Bank (entries 1INUJ and 1NUV) for the Mg-
(Figure 2a) and oxemetal distances consistent with those only and MgtSr structures, respectively.
observed in other RNA structured Q). SP" ions were Activity Assays The leadzyme cleavage activity was
identified in the MgtSr structure in difference Fourier maps assayed at 37C with 10 uM duplex RNA in a reaction
computed fromF,M9+S" and o M9, Residual peaks in - buffer consisting of 10 mM Mg(OAg)and 15 mM MOPS-K
these maps indicated d4lectron density with geometry and  (pH 7.0). Lyophilized RNA powder was suspended in MilliQ
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FiIGURE 2: Stereodiagrams of representatfg— F. simulated annealing omit maps in which the respective 8nd Mg metal ions, as

well as surrounding ligands, were removed. Electron density maps were calculated with SIGMAA coefficients. RNA is depicted with
ball-and-stick models; nucleotides from the ribozyme strand are colored maroon and from the substrate strand yellow. Dashed lines represent
inner sphere ligand contacts to the metals. (a) Representative XAyl binding site near the bulged loop contoured at2.A cyan

sphere represents Kig (b) SE* binding site near the scissile bond contoured at:2&n arrow shows the site of cleavage. A cyan sphere
represents 3r. This figure was made with the program BOBSCRIFZB)(

water, diluted with reaction buffer to a final volume of 500 The ability to distinguish alternay/nandanti conforma-

uL, and incubated at 37C for at least 30 min. The reaction tions of the base of G26 in one pair of leadzyme molecules
was then initiated by adding Pb(OA@nd/or SrCJ to give at 1.8 A resolution (Figure 1a) necessitated refinement in
a final concentration of 0.20 mM Ph 0.20 mM St#*, or space groupP6, with four molecules per asymmetric unit
0.10 mM PB* and 0.10 mM Si". Aliquots were collected  (Figure 1c), as described in Experimental Procedures.
at 3, 20, 60, and 120 min; the reaction was quenched by Crystals grown under identical conditions were used for both
freezing in liquid nitrogen, and the mixture was lyophilized the Mg-only and MgSr structures, and the symmetry
to dryness. RNA strands were resolved by electrophoresisbreakdown was similar in both cases. The resulting crystal
on 20% polyacrylamide gels and visualized by silver staining structures of the Mg-only and MgSr forms of the leadzyme

(14). are nearly identical, with the exception oPShinding; the
respective structures superimpose with an average root-mean-
RESULTS square deviation of 0.306 A for all RNA atoms in the

asymmetric unit (computed with LSQKAB in CCP4).

X-ray Diffraction The improved diffraction of leadzyme  Therefore, the Mg-only structure provides a control experi-
crystals to~1.6 A resolution along the* axis and 1.8 A ment for assessing the locations of, and conformational
resolution along thea* axis has allowed refinement of changes induced by, Brions.
precise, high-resolution structures, both in the presence of Overall, no substantial structural differences are observed
magnesium as the sole divalent cation in the crystals and inbetween Mol0 and Mol3, which were termed molecule 1
the presence of magnesium and strontium. The larger crystaland its symmetry-related counterpart in space grie6422,
volume, in comparison to crystals used in earlier wa@k ( respectively §), nor do we see major differences between
and possibly also the slower kinetics of crystal growth, which Moll and Mol2, previously termed molecule 2 and its
may have improved the internal order of the crystals, symmetry-related mate, respectively. To simplify the discus-
contributed to the feasibility of high-resolution data collec- sion that follows, we describe only the two different
tion. The crystals showed no evidence of significant radiation conformations of the leadzyme (Mol0/Mol3, the “ground
decay during data collection, based upon a comparison ofstate”; Mol1/Mol2, the “precatalytic” state) rather than all
scale factors for successive diffraction images when scaledfour protomers of the asymmetric unit.
in SCALEPACK (15), as well as the consistency of high- Magnesium Binding Site$hree fully hydrated Mg ions
resolution X-ray diffraction resolution reported Hs per were identified in the leadzyme molecule in the ground state
batch (data not shown). conformation (labeled-tlll, Figure 3a). Mg+ ions are also
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the available hydrogen bonding groups presented in the major
groove by the bases of the tandem purine pair.
These interactions on one side of the major groove position
a fourth HO molecule of the first hydration shell for specific
interactions on the other side of the groove. Specifically, an
H>O molecule hydrogen bonds to an exocyclic group of the
base that is complementary to the nucleotide following (i.e.,
3' to) the tandem purines (Figure 3). At site Ill, this is O4
of U47; at site |, it is O6 of G39 (which forms a Watsen
Crick base pair with C18 of a neighboring molecule that,
through intermolecular crystal packing, extends the RNA
- duplex stem beyond the termini of the oligonucleotide
Scissile
Bond strands).
The Mg ion at site Il, present in only the ground state
conformation of the leadzyme, also binds a pair of tandem
purines, G42 and G43, with two adjacent inner sphes® H
molecules hydrogen bonding to N7 and O6 of G42 in
ground-state (s pre-catalytic (5 interactions similar to those seen at sites | and I1l. However,
i . . . , other interactions are distorted with respect to those seen at
Ficure 3: Schematic drawing of the interactions between metal _. .
ions and the leadzyme RNA. The Kgsites are labeled in Roman sites | and I1l. O6 of G43 does not hydrogen bond with a
numerals (+111) and were the same in the Mg-only and M&r separate D molecule, but rather shares agHmolecule
structures; the St sites, present in only the MeSr structure, are  with O6 of G42, while O4 of U41, the base preceding the
labeled vyith Arabic numerz.ils.@S). Nucleotide bases are dgpi(_:ted tandem purines, hydrogen bonds one of the inner sphgde H
as bold lines (short for pyrimidine and long for purine). Thin lines ., 1acules. Two other inner sphere®molecules hydrogen

between bases represent Wats@mick hydrogen bonds, whereas
a dotted line represents a non-Wats@rick interaction between ~ 00Nd to nonbonded phosphate oxygens of A25 and G26 of

C23 and A45. Empty spheres and intervening lines represent thethe three-nucleotide bulge of the complementary oligonucle-
phosphate ribose backbone. Thick dashed (black) lines represent otide strand.

hydrogen bonds between nucleotide bases and waters within the  Strontium Binding Site&Vhen S#* is included along with

inner hydration sphere of Mg@®)s?". Thick dashed (gray) lines 24 e : ; :
represent direct ionic interactions between nucleotides afid Sr Mg*" in t_he crystal Stablllzatlon. SO'““O.”’ Sr I.Ons bm.d o
(a) ground state structure and (b) precatalytic structure. several sites on the leadzyme without displacing or signifi-

cantly perturbing the Mg ions that are seen in the absence

found at sites | and Il of molecules in the precatalytic of S+ (Figures 3 and 5). A single Brion, labeled Sr1,
conformation (Figure 3b). Each of the Ffgions binds in binds to the leadzyme in the ground state conformation,
the major groove of the RNA duplex via contacts mediated adjacent to M@" ion binding site 1. HO molecules in the
by the octahedral hydration sphere. In all instances, eitherfirst hydration sphere of the metal ion hydrogen bond to N7
three or four of six waters in the primary hydration sphere of G43, N7 and O6 of G44, and N6 of A45, as well as a
of magnesium form four hydrogen bonds directly to the nonbridging phosphate oxygen of G43 (Figure 5a,d).
major groove face of the RNA bases (Figures 3 and 4, sites Two SP' ions bind to the leadzyme in the precatalytic
I—-11). At each site, three RNA bases participate with conformation. One, labeled Sr2, binds the tandem guanosines
hydrogen bonds, whereas only at one site (site II) do G42 and G43 that are occupied by theMgn at site Il in
nonbridging phosphate oxygens participate. The remainderthe ground state (Figure 3). Specifically, thregHnolecules
of the HO—Mg?" ligands form hydrogen bonds to second- in the first coordination shell of the Brion hydrogen bond
sphere waters that mediate contacts to either nucleotide baset N7 of G42, the exocyclic O6 of G42, and N7 of G43
or phosphate oxygens. (Figure 5h,e). The interaction of the hydrated*3on with

A shared feature of My ions bound to sites | and lll is  tandem purines is reminiscent of, but not identical to, the
the manner in which they interact with tandem purines (A29 interactions between Mgions and tandem purines described
and G30 for site | and G19 and G20 for site Ill). A pair of above.
adjacent HO molecules in the first coordination shell of the An additional S*" ion (Sr3) binds near the scissile bond;
metal ion hydrogen bonds to both N7 and either O6 (of G19) it lies between, and ligates directly to, N1 of A45 and the
or N6 (of A29) of the first (5-proximal) nucleotide of the  pro-S, nonbridging phosphate oxygen of A25, with metal
tandem purines. This bidentate interaction is facilitated by ligand distances o£2.5 A. In addition, three KD molecules
the approximate congruence of the 3.1 A spacing betweenare visible in the first coordination shell, and thig'Sion is
N7 and the exocyclic O6 (of guanosine) or N6 (of adenosine) 3.8 A from the oxygen of the'zhydroxyl of the ribose of
of the base, and the 2-8.0 A spacing between adjacent C23, from which a proton must be abstracted in the first
octahedrally bound $#D molecule in the first hydration shell  step of the leadzyme bond cleavage reaction (Figure 5c,f).
of the M@?* ion. A third H,O molecule in the first hydration ~ The binding of Sr3 coincides with modest but significant
shell hydrogen bonds to O6 of guanosine of thei@ximal alterations in the conformation of the phosphodiester back-
nucleotide of the tandem pair, and also to a well-defined bone in the vicinity of the scissile bond; most notably, the
H,O molecule which, in turn, hydrogen bonds to N7 of the sugar pucker of the C23 ribose switches fronT-€2doin
guanosine. Thus, through three®molecules of the inner  the Mg-only structure to C3endoin the Mg+Sr structure.
coordination shell of the Mg ion, and one bridging kO In contrast, minimal structural change is observed throughout
molecule, the Mg' ions at sites | and Ill interface with all  the remainder of the molecule. The subtle structural changes
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Ficure 4. Stereodiagrams and schematic drawings of the thre& Rligding locations denotecHlIl. In all diagrams, dashed lines represent
putative hydrogen bonds. Solid lines between?Mgnd water (black spheres or labelth indicate solvent in the first hydration sphere.
In the stereodiagrams, RNA is depicted as ball-and-stick models. Direct inner sphere ligand contacts between RNA and the h§drated Mg

are depicted schematically to the right of each stereo drawing: (a) stereoview of site I, (b) stereoview of site Il, (c) stereoview of site IlI,
and (d-f) schematic figures to accompany magnesium sitddl | respectively. This figure was made with the program BOBSCRIEJ).(

that we see when strontium occupies the preformed catalyticthe effects of Si" on the leadyzme activity, a detailed study

ion binding site attest to the capacity of metal ion binding to determine whether 3r acts as a classical competitive

to alter the local conformation of the cleavage site. inhibitor of the PB™-dependent catalytic activity would be
Effect of Strontium on Leadzyme Adiy. Leadzyme of interest in the context of the structural results reported

cleavage activity was assayed as described in Experimentahere.

Procedures. In the presence of 0.2 mMRlthe substrate

strand of the leadzyme duplex is cleaved completely within DISCUSSION

20 min, while in the presence of 8y no significant cleavage Binding of MdH,0)¢*" and Other lons to Tandem Purines

is observed afte2 h (data not shown). Assays in the presence Early work revealed the binding of cobalt hexammine [Co-

of equimolar PB" and St* showed cleavage, but with a (NHz)s*", a structural mimic of Mg(kHO)s?*] to tandem

significant reduction in rate compared to the rate witd'Pb  purine bases in the major groove of yeast phenylalanine

alone. Although the limited quantities of RNA that were tRNA at 3.0 A resolution Z0). The tRNA structure has

available precluded further steady state characterization ofrecently been extended to higher resolution, defining the
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FiIGURE 5: Stereodiagrams and schematic drawings of the thr&ebBrding sites. The three Brbinding locations are denoted Sr$r3.

In all diagrams, dashed lines represent putative hydrogen bonds. Solid lines bet#eandSvater (black spheres or labeldti indicate

solvent in the first hydration sphere. In the stereodiagrams, RNA is depicted as ball-and-stick models. Direct inner sphere ligand contacts
between RNA and the hydrated’Siare depicted schematically to the right of each stereodrawing: (a) stereoview of site 1, (b) stereoview

of site 2, (c) stereoview of site 3, and-{f) schematic figures to accompany strontium sites31respectively. This figure was made with

the program BOBSCRIPT20).

01P-G26 H:N

solvent and metal ion interactions more precis@y, 2); | intron domain 24). The general scheme whereby mimics
a magnesium ion is seen to bind tandem purines G3 and G4of Mg(H,0)e?" bind tandem purines through interactions with
and to form a bridge to U68 of the complementary RNA the major groove hydrogen bond acceptors of the bases is
strand in a manner similar to what we see in the leadzyme. consistent with the data we present here. However, at 1.8 A
Other work has shown binding of osmium hexammine, resolution, we are able to observe the coordination geometry
Os(NH)6*", to tandem guanosines in thePR6 domain of  and metat-ligand interactions directly. These data reveal,
a group | intron at 2.8 A resolution28). Although the  among other details, the manner in which hydrated metal
resolution of the diffraction data precluded direct observation jons can “bridge” the major groove and thereby ligate

of the coordination geometry in these cases, model building complementary strands of RNA when they bind tandem
which optimized hydrogen bonding between the hexamminespurines on one strand.

and the RNA supports a mode of binding in whichigpair . . "

of amine ligands contribute hydrogen bond donors to the ~Model for Allo Site Modulation of Leadzyme Adty. The

N7 and 06 hydrogen bond acceptors of adjacent purine baseglanner in which metal ions bind the leadzyme structure
Within the B domain of the hairpin ribozyme, two binding Suggests a mechanism whereby they may act as modulators

sites for Mn(HO)s?* have been delineated by NMR; at one of catalytic activity. A Mg™" ion binding at site Il forms a

of these sites, the hydrated manganese ion is modeled to bindPridge from the bases of G42 and G43 in the ribozyme strand

tandem guanosines with inner spherg®Hnolecules hydro-  to the phosphodiester backbone of the trinucleotide bulge in

gen bonding to N7 and O6 of the guanine bases, in a mannerthe substrate strand, constraining it to an apparent noncata-

similar to osmium hexammine binding to a site in the group lytic conformation. Displacement of magnesium from the
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Ficure 6: Model for lead-dependent ribozyme catalysis. (a) Stereoview of a superposition of the precatalytic leadzyme structure with that
of the hairpin ribozyme in complex with vanadate, a mimic for the transition state geometry of the reaction. The leadzyme is depicted in
black bonds; the hairpin ribozyme (PDB entry 1M50) is shown in gray. (b) Proposed precatalytic conformation in véhiahte®hcts

directly with the 2-hydroxyl group of C23. (c) Proposed transition state arrangement. This figure was made with the program BOBSCRIPT
(29).

Scheme 2: Proposed Scheme for Modulation of Leadzyme  This scheme reconciles the observation that at least two

Activity by Metal lons metal ions are required for the maximal catalytic ratg (
other divalent/ with the suggestion that a single catalytic ion participates
trivalent ions directly in the chemical mechanism of bond cleavage; we

Ground State —-—— > Pre-catalytic State propose that a second ion remote from the cleavage site
Mg2+ enhances the reaction rate through allo site activation. It is

notable that this model of modulation of activity by metal
tandem purines G42 and G43 by a competing ion that doesjons requires conservation of specific interactions in the

not form a bridge to the substrate strand through similar duplex segment of the RNA; the emergence of conserved
interactions with the phosphodiester backbone could untethersequences in duplex RNA segments having generic Watson
the trinucleotide bulge and allow it to relax into a precatalytic Crick base pairs duringn zitro selection experiments is
conformation. In the Mg Sr structure reported here, we generally overlooked until subsequent experiments reveal
observe that an 8r ion binds G42 and G43 in the their functional significance.

precatalytic conformation of the leadzyme; in earlier work,  |mplications of the Structures for the Catalytic Mechanism
a PIF* ion was observed at lower resolution at this s ( Although the stereochemistry of the leadzyme cleavage
Thus, the following scheme is suggested, whereirdMans reaction has not been determined experimentally, the products
will shift the equilibrium toward ground state conformations, of the first step of the reaction, &,2-cyclic phosphate and
and metal ions that can displace Mdrom site Il without 5'-hydroxyl, are identical to the products of the hammerhead
constraining the backbone of the trinucleotide bulge them- and hairpin ribozyme reactions. For the hammerhead and
selves will shift the equilibrium toward precatalytic confor- hairpin ribozymes, it is established that the cleavage reaction
mations (Scheme 2). proceeds with inversion of configuration of the phosphate,
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which is consistent with a reaction initiated by in-line by the Department of Energy, Office of Biological and

nucleophilic attack of a ribose'-hydroxyl on the scissile
phosphodiester bondl{, 25, 26). It is likely that the

Environmental Research, and by the National Institutes of
Health, National Center for Research Resources, Biomedical

leadzyme reaction proceeds through a transition state that isTechnology Program, and the National Institute of General
similar to that of the hammerhead and hairpin. In this context, Medical Sciences. We thank the staff of SSRL for assistance.

it is instructive to compare the active site geometry of the

leadzyme with that of the hairpin ribozyme, structures of REFERENCES

which have been determined that mimic both a catalytic

precleavage conformation [in which bond cleavage is 1.

inhibited by a 2—0O-methyl ribose27)] and a transition state
conformation [with pentacoordinate vanadate substituting for
the phosphate of the scissile borzB)]. Superposition of
the precatalytic Mg-Sr leadzyme structure with the transition
state mimic of the hairpin is shown in Figure 6a.

It is apparent that the precatalytic leadzyme has a ribose
conformation that is similar to that of the hairpin ribozyme
and could access a similar transition state geometry through 7
rotation of the phosphodiester backbone. This could be

[©2 3]

accomplished through a conformational change in which the 8

active site metal ion releases the phosphate oxygen of A25
and ligates thepro-R, phosphate oxygen of G24 (Figure
6b,c). Notably, this would drive the trinucleotide bulge
toward a conformation that would allow base pairing between
A25 and G44 of the complementary strand, consistent with
the NMR observation that such a base pair forms in solution.
In such a scenario, a catalytic Pbion binding to a
precatalytic conformation of the leadzyme would exploit the
flexibility of the trinucleotide bulge to pull the active site
into a catalytic conformation.

The following aspects of a catalytic scenario are estab-
lished by the crystal structures presented here. (a) The
precatalytic conformation of the leadzyme has a preformed
metal ion binding site at the active site while the ground
state conformation does not, and (b) binding of*Sat the
catalytic site induces localized structural changes around the
cleavage site while leaving the remainder of the structure
unperturbed. We do not observe, and we presume the
leadzyme cannot access without disruption of the crystal
lattice, the relatively large structural rearrangement of the
phosphodiester backbone that would be required to reach a
transition state geometry similar to that of the hairpin
ribozyme. However, the metal binding and structural rear-
rangements that we do observe are compatible with a
catalytic mechanism of in-line nucleophilic attack by the C23
ribose 2-hydroxyl, facilitated by a single Pb ion. By
implication, although the specific details of the dependence
of the reaction on metal ions differ from those of other small
ribozymes, the reaction pathway is likely to be similar.
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