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ABSTRACT: The hammerhead ribozyme is a catalytic RNA that requires divalent metal cations for activity
under moderate ionic strength. Two important sites that are proposed to bind metal ions in the hammerhead
ribozyme are the A9/G10.1 site, located at the junction between stem Il and the conserved core, and the
scissile phosphate (P1.B/P NMR spectroscopy in conjunction with phosphorothioate substitutions is
used in this study to investigate these putative metal sites3TFhaIMR feature of a phosphorothioate
appears in a unique spectral window and can be monitored for changes upon addition of metals. Addition
of 1-2 equiv of Cd" to the hammerhead with an A%Sor A9-Ss, substitution results in a-23 ppm

upfield shift of the3!P NMR resonance. In contrast, the P14-8nd P1.1-§, 3P NMR features shift

slightly and in opposite directions, with a total changéiof <0.6 ppm with addition of up to 10 equiv

of C#*. No significant shifts are observed for an RNENA duplex with a single, internal phosphorothioate
modification upon addition of Cd. Data obtained using model compounds including diethyl phosphate/
thiophosphate, AMP, and AMPS, show that &CeS interaction yields an upfield shift for tiféP NMR
resonance, even in the case of a weak coordination such as with diethyl thiophosphate. Taken together,
these data predict that €dhas a high affinity for the A9 site and suggest that there is flexibility in metal
coordination within the binding pocket. €dinteractions with the cleavage site P1.1-S positions are
weaker and appear to be stereospecific. These data have implications for mechanisms that have been
proposed to explain the influence of metal ions on hammerhead ribozyme activity. These experiments
also show the potential utility 3P NMR spectroscopy in conjunction with phosphorothioates as a probe

for metal binding sites in nucleic acids.

Metal ions are critical to both structure and chemical that have been predicted to be critical in the reaction
function in RNA! molecules {—4). Unambiguous identifica-  catalyzed by this ribozyme. These sites are shown to have
tion of important metal ion sites in RNA can be challenging very different metal ion affinities, information which can
due to multiple binding sites and relatively low affinities, influence mechanistic predictions for hammerhead activity.

making spectroscopic methods that overcome these problems - sjte-specific phosphorothioate labeling of RNA has been
an important goal. Here we report the use*® NMR used extensively to predict sites of structural and functional
spectroscopy in conjunction with phosphorothioate substitu- importance $—13). In particular, phosphorothioate interfer-
tions to probe putative metal ion binding sites in the ence experiments are used frequently to probe for metal-
hammerhead ribozyme. Two different sites are investigated pinding sites in RNA. Substitution of a specific phospho-
diester oxygen by sulfur can dramatically lower the affinity
This work was supported by the NSF (CAREER), the NIH of Mg?" for a putative site, resulting in a decreased activity.

(GM58096), the Robert A. Welch Foundation, and the Texas Higher N ; iR
Education Coordinating Board Advanced Research Program. V.J.D. is In some cases, activity can be rescued by a more thiophilic

a Cottrell Scholar of the Research Corporation. metal such as Mit or Cc**, and this rescue is generally
* Corresponding author. Phone: 979-862-1401. Fax: 979-845-4719. taken as evidence for a functional metal site in the REA (
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1 Abbreviations: RNA, ribonucleic acid; DNA, deoxyribonucleic . . . .
acid: NMR, nuclear magnetic resonanéechemical sift; EPR, electron interpretation of these rescue experiments can be complicated

paramagnetic resonance; (site)-8r -Ss, phosphorothioate substitu- Py accompanying structural or steric effects caused by the

tions 3 to the indicated site witlR, or S, configurations; RNA-OMe, substitution of either the ligand atom or the metal ion.

an RNA substrate for the hammerhead riboyzme with@QH; group -

on the C17 sugar; TEA, triethanolamine; HEPBES2-hydroxyethyl)- Here we SthV that detection by NMR SpECtrOSCOPY of the
piperazineN'-2-ethanesulfonic acid; MES, N¢morpholino)ethane- ~ Well-resolved P NMR feature of a phosphorothioate-
sulfonic acid; ENDOR, electron nuclear double resonance; ESEEM, substituted site provides a convenient method to directly
electron spir-echo envelope modulation; TMP, trimethyl phosphate; ; ; ; ; ; ; .
nt, nucleotide; DEP, diethyl phosphate; DETP, diethyl thiophosphate; observe putative r.neta.l interactions. This t?Chmque IS d.em
AMP, adenosine 'smonophosphate; AMPS, adenosireXthiomono- onstrated for two sites in the hammerhead ribozyme, depicted

phosphate. in Figure 1, that have been proposed to bind metal ions on
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A) . merhead activity by decreasing the negative charge at the
Enzyme phosphodiester, although this simple explanation has been
Stem Il guestionedX9). Phosphorothioate substitution of the-R
oxygen of the A9 phosphate, one proposed ligand in the A9/
Cleavage site G10.1 site (Figure 1), also results in a significant decrease
A AA of Mg?*-dependent activity which can be rescued in the
A ' GgGcceg = ,GGUCGCC presence of Cd (8, 23, 24). The role of the A9/G10.1 metal
A G CCGG A b cCCAGCGG, site is intriguing because current crystallographic models
Stemll G U:" steml (25—27) show this site to be-15 A from the cleavage site,
‘U Aes ) and yet activity studies have demonstrated the critical nature
of single atoms in this proposed metal-binding pock&).(
Herschlag and co-workers have recently put forth the
interesting proposal that the transition state of the hammer-
head reaction involves simultaneous metal ion coordination
N to both the scissile phosphate (denoted as the P1.1 site) and
N4 the A9 phosphate2@). This proposal is based on measured
" parameters for Cd enhancement of activity when either or
both of these sites are substituted wihphosphorothioates.
If true, this proposal would require a significant conforma-
pro-R tional rearrangement from the ground state structures of the
hammerhead, the feasibility of which has been disputed by

»>000¢

i
-~ o
= é Scott and co-workers2g). To shed light on this and other
= proposed mechanisms for hammerhead ribozyme activity,
N1y ! we have measured the relative effects ofCdn both the
fy A9 and the P1.1 site in the hammerhead ribozyme by
S monitoring their3P NMR features in phosphorothioate-
A9/G10.1 g;fearggﬁ) substituted samples.
-0 MATERIALS AND METHODS
RNA Synthesis and PurificatioiThe unmodified 34-
) 0O—P-0" nucleotide (nt) RNA “enzyme” sequence of Figure 1 was
synthesized enzymatically using T7 RNA polymerase and
0 Ade EtO o(sy purified as described9, 30). All phosphorothioate substitu-
\ AN tions are 5from the indicated site and are denoted (site)-
ey P\ Sroorsp- Sequences with phosphorothioate substitutions at
OH OH EtO o individual sites were purchased as a mixture of diastereomers
[DNA substrate, Integrated DNA Technologies; RNA sub-
AMP/AMPS DEP/DETP strate with 20Me at the cleavage site, 34-nt RNA enzyme
FiGURE 1: Hammerhead ribozyme and model compoun@s. with the A9 phosphorothioate, Dharmacon Research (Boul-

Hammerhead ribozyme sequence with a 34-nucleotide “enzyme” der, CO)]. Diastereomers were separated by HP2@ \fith
(green) and a 13-nucleotide “substrate” (cyan) and conserved coreshallower gradients than previously reported to achieve better

nucleotides (red) used in these experiments. Phosphodiester bon : : . .
cleavage occurs between positions C17 and G1.1 (arrow). (B) X-ray eparation and then dialyzed against the appropriate buffer

crystal structure of the hammerhead constr@&) @ised in these  f0f 48—72 h. Diastereomer assignments were made by
NMR studies. To the left is the magnified region of the crystal analysis with snake venom phosphodiestere®B. (The
structure for the A9/G10.1 site with the A9 phosphate (black), the purity of the isolated diastereomers was assessed by HPLC
pro-Roxygen of A9 (red), and the N7 of G10.1 (blue) highlighted. —5r431p NMR spectroscopy to 290% in all cases. For the

To the right is an enlarged picture of the cleavage site with the . . .

pro-R oxygen of the scissile phosphate (red) highlighted. Both Chem!ca!ly synthesized 34-nt enzyme strand with an A9-S
expanded views are rotated for ease of visualizing the potential SUbstitution, less than 40% (see Figure 2A) of the recovered
M?2* ligands. (C) Model compounds, AMP/AMPS (left) and DEP/ sample had th&, configuration.

DETP (right), showing the substitution of one phosphate oxygen  Model CompoundsDiethyl phosphate (DEP) was syn-
atom for a sulfur. thesized from diethyl thiophosphate (DETP, Aldrich) es-
the basis of phosphorothioate substitutions and rescuesentially as described32—34). DETP (25 umol) and
experiments with thiophilic metal ions. The hammerhead m-chloroperoxybenzoic acid (1 mmol) were reactedeir-
ribozyme reaction is an\@-type transesterification wherein  butyl alcohol (1 mL total volume) for 36 h at room
the cleavage-site sugar-@H acts as a nucleophile on its 3  temperature. Following evaporation of solvent, DEP was
phosphodiester bond, yielding 2 cyclic phosphate and5 resuspended in deionized water and filtered. Purity was
OH terminated productsl6—18). Sulfur substitution at the  analyzed byH and®'P NMR: for3P, DEP, 1.3 ppm; DETP,
pro-R position of the hammerhead scissile bond results in a 55.3 ppm compared with TMP at 3.7 ppm.

decrease in M&f-dependent activity that can be rescued by 3P NMR SpectroscopyH-Decoupled®'P NMR spectra
more thiophilic metals such as ¥in(6, 8, 19—21) or Cct* of the model compounds were obtained at 121 MHz (300
in a background of Mg (22, 23). This result suggests that MHz for H) with a 5 mmquad probe at 24C. For RNA
metal ion coordination at the cleavage site enhances ham-samples!H-decoupled®P NMR spectra were obtained at
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Table 1: Effects of C8# on 3P NMR Features for Model spectra for all RNA samples were obtained afC5n order
Compounds and Phosphorothioate-Modified Hammerhead Ribozyme t0 minimize metal-mediated nonspecific cleavage. Reported
Samples rates of cleavage at 18 are~70% of that at 25°C (35,
Model Compounds 36), indicating that, under the 18C NMR experimental
sample Kg (MM)2 A (ppm) (directiony© conditions, any possible structural changes associated with
AMP 25401 22+ 03() cleavage should not be inhibited.
AMPS <0.4 7.3+£0.3() Determination of Equilibrium Dissociation Constant he
DEP NA NA model compound NMR data were fit (KaleidaGraph, Abel-
DETP 152+ 1.1 1.7+£01() beck) to eq 137) using a simple 1:1 binding model to solve
Hammerhead Ribozyme Samples for the equilibrium dissociation constarKd) and the total
A (ppm) (direction, shift for a fully bound CG-M?* complex (A]f).
substrate, Mg concn substitution equiv of Cd™)bd
RNA-OMe, no Mg+ A9- 22(,15 [A]
¢ Ag-gf 3.2 §—, 1.5% Agps= ﬁ[(M +[Cls + Ky —
DNA, 10 mM Mg+ A9-R, 20(,1¢ T
- + _
RNA‘OMe, 1omMMg™ BH1% o1y VM + [Cl; + K)? = (4MICI)] (1)
DNA, no Mgzt P1.1R, 0.6 (-, 10) )
P1.1S, 0.3 (4+, 10) In eq 1, [C} andM are the total concentration of the model
DNA, 10 mM Mg?* P1.1R, 0.4 (-, 10) compound and the added metal, respectively,&andis the
P1.1§ 0.5 (+, 10) observed shift for each data point. Data for hammerhead
a ApparentKy's in 0.1 M NaCl, pH 6.0, 25C, obtained usingeq 1 Samples were not fit for an apparent dissociation constant
(see Materials and Methodg)Shift directions are indicated as-) for due to complications from the possibility of multiple metal-

downfield and ) for upfield. ¢ Values for total chemical shift were binding events.

obtained using eq 1 and are for saturating'Gzbncentrations? Total - . - -

chemical shift changes are at the indicated equivalents &f.Qatal Activity S,tUdles Ha_mmerhead activity St,UdIeS were per-
CcP* concentration did not exceed 5 mM due to broadening of NMR formed as in re29 using RNA substrate oligomers labeled
features and/or pH instabilitf.DNA substrate resulted in incomplete ~ with phosphorothioates at the cleavage site (Dharmacon
hybrid formation; reported shift is of the feature from the hybrid Research, Inc., Boulder, CO; separated and purified as
complex. described above). For comparison with NMR studies single-
202 MHz (500 MHz for'H) and 15°C with an internal turnover rates were measured at 100 hybrid concentration
coaxial tube containing 5% TMP in D (3.70 ppm) as and in the same buffer as used for the NMR samples (5 mM
reference or a Shigemi NMR tube (Shigemi Inc., Allison HEPES/0.1 M NaCl, p'f'_8-5)_ and 10 mM Mg Measured
Park, PA) with an external reference. For model compounds, Fates under these conditions: WT, 1.9 mirP1.1-, 0.44
samples were at 020 mM in 10 mM MES, pH 6.0. For min~%; P1.1-S,, <0.001 min?, Rates measured with addition
substitutions at the cleavage si# NMR samples were ~ ©f 0.25 mM Cd*: 1\NT, 6.9 min%; P1.1-§, 0.55 min™;
200-700 uM total hammerhead concentration in 5 mm PL-1-%, 1.66 mim®. _ _
HEPES/0.1 M NaCl (pH 8.5) or 5 mM MES/0.1 M NaCl Electrostatic CalculationsThe electrostatic calculations
(pH 5.5). 3P NMR spectra of the single-stranded DNA Were perforr_ned ess_entially as described_by Chin et38). (
“substrate” in the absence of an enzyme strand show two YSing anoqllnear PoissetBoltzmann equation (NL_PB). The
phosphorothioate resonances for each diastereomer whicf’DB coordinates of the McKay crystal structug®)include
coalesce to one feature with increasing temperature, indicat-20 RNA enzyme strand and a DNA substrate st,rand. To
ing that they are due to alternate conformations that are in Ufilize the NLPB solver (obtained from A. M. Pyle’s web
slow exchange. The diastereomers are90% pure by C18 site, http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/
chromatography, and in each case a single NMR peak isbyle/electrostatics.html), the two substrate thymine bases
observed upon addition of an enzyme strafi® NMR were modified by replacing the methyl group of C5 with a
spectra of single-stranded RNA substrate sequences in thé’roton. Hydrogens were added to the entire structure using
absence of an enzyme strand show a single peak féffhe  the Biopolymers module of Insight Il. A phi map was
NMR feature of the phosphorothioate. For substitutions at generated using the rna2.crg charge set and the rna2.siz
the A9 site, NMR samples were 38600 M total ham- parameter_flle for atomic ra_\du (I_D|scove_r Forcefield). The
merhead concentration in 5 mM TEA/0.1 M NaCl (pH 7.8). €lectrostatic surface was visualized using SPOGH),(a
Hammerhead hybrids (denoted as enzyme/substrate) werd@rogram similar to GRASPA4Q), by mapping the calculated
formed by adding equimolar amounts of enzyme and charges generated by the NLPB solver onto the surface.
substrate oligomers, heating to 80 for 3 min, and cooling Parameters included an internal dielectric constant of 2, an
slowly at room temperature. Complete hybrid formation was externa_ll dielectric constant of 80, and a monovalent con-
evident in the NMR experiment by a single phosphorothioate céntration of 0.145 M.

resonance. The A9ggDNA sample showed two features
. . ! S RESULTS

in the phosphorothioate window, indicating incomplete

hybrid formation. Data reported for this sample (Table 1) Metal Binding at the Hammerhead A9 and Scissile
are only for the3'P NMR feature from the hybrid. In all  PhosphatesFigure 2A shows thé'P NMR spectra from a
cases, M" was added directly to the NMR sample tube from mixture of both diastereomers of phosphorothioates at the
concentrated Cdgbr MgCl, stock solutions in water, with A9 site of the hammerhead, as well as the isol&gidomer.

no additional annealing step. No changes in pH or sample Addition of Cc** to the mixed isomer sample results in a
solubilities were detected during these titratiofi®. NMR significant upfield shift for both phosphorothioate features.
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FIGURE 2: 3P NMR spectra of A9-§ g, or P1.1-R; 5, substitutions eq. Cd2+

in the hammerhead ribozyme. (A} NMR spectra of the A9-S

hammerhead with a mixture of both tis and S, isomers (left FiGURe 3: CcP*-induced®P chemical shift changes in the ham-
480uM) in 0, 0.25, and 0.5 equiv of Gt and with the isolate@, merhead ribozyme and model compounds. (A) The total change in

; iah M) i . 1 iv of Cd. D the 3P chemical shift A (ppm)] and the direction of the shift are
;sr?oncv?]r f((r)IPRtN?,&CI)?QIiIA)CI)nMOe gysb’r%nsdin g ?T?MUIYFEAG?)H %tg erfd plotted as a function of added &dfor the phosphorothioate-

100 mM NaCl at 15°C. (B) 3P NMR spectra of the RNDNA substituted site in both the A9%S(0) and A9-S, (l) hammerhead

hybrids having a single phosphorothioate substitution at the cleavageSamPples (isolated isomers; see Materials and Methods), fd.1-S

site [P1.1-S, isomer at right (55QM), P1.1-S, isomer at left (332 (©) and P1.1-§ (@) samples (data of Figure 2), and RNZNA

uM)]. Datagzire shown with addition of 0, 1, 2, 5, and 10 equiv of %fin;h%gglﬁérgﬁ%gfes rﬁgg%ﬁ(‘{;ﬂgn& (g‘%fp;;‘;eff@r tlh(eA3)1 F?rsﬁljft
+ 7 .

Cc™ in 5 mM HEPES, pH 8.5, and 100 mM NaCl at 16. in the model compounds DETH), AMPS (©), and AMP @)

with added Cé&" (conditions described in Materials and Methods).

A (ppm)

—

A (ppm)

Similar results were observed with both the isolated A9-S
(2A, right) and A9-%, (data not shown) hammerheads,
resulting in shifts of 23 ppm with only +-1.5 equiv of The very different effects of metal ions on the A9 site
added C@&', indicating that C&" binds with relatively high ~ and on the cleavage site are displayed graphically in Figure
affinity to this site. The upfield shift direction in tfé® NMR ~ 3A. These results can be compared with results (Figure 3B)
features with C# addition is consistent with previously ~from similar experiments using the phosphate and phospho-
observed Cédphosphorothioate interactiond1-44; see rothioate-containing model compounds such as those shown
below). This shift direction is the opposite of that observed in Figure 1C. Two important control experiments enhance

with most metatphosphate binding events, which may be interpretation of the results obtained for the ribozyme. It is
due to the more covalent nature of the2Cdsulfur bond.  IMmportant to demonstrate that phosphorothioale?" in-

When th . . ¢ d for phosph teractions in oligonucleotides are not induced simply by
en the same experiment is performed for phosphoro- placement of the sulfur at random positions in the RNA. The

thioate substitutions at the cleavage site of the hammerheadzip R spectrum of a phosphorothioate embedded in the
a dramatically different result is observed (Figure 2B). The iqdle of a 13-nt RNA duplex showed only minimal effects
results of Cd" addition to the hammerhead with separated upon addition of C&# (Figure 3A). Similar results were
P1.1-SR, andS, diastereomers are shown in Figure 2B. A ghtained for single phosphorothioates in single-stranded RNA
small shift of <0.6 ppm is observed in thesé® NMR  anq DNA oligomers, as well as 50 G1.5 in stem | of the
features over the range of—10 equiv of added Cd. hammerhead ribozyme (data not shown). Thus, phosphoro-
Moreover, the shifts are in opposite directions for the two thioate substitution alone is insufficient to create a high-
diastereomers. The signal from thg diastereomer shifts  affinity Cd?* site in these RNAs.

upfield, as expected for a €dinteraction with sulfur in the The upfield®*P chemical shift change accompanying-€d
phosphorothioate. By contrast, a small shiftwnfield is phosphorothioate complexation is observed for ABR42,
observed when Cd is added to thes, diastereomer. This  43), as well as in a phosphorothioate-substituted GAAA
downfield shift could indicate that Cd coordinates, unex-  tetraloop #4). It is important to confirm that this effect can
pectedly, to oxygen in th§,-phosphorothioate. Alternatively, be ascribed to a Cd—sulfur interaction and is not in reality
the NMR shift in theS, sample may be due to a conforma- caused by some conformational change induced by simul-
tional change rather than, or in addition to, direct binding of taneous coordination to a nucleic acid base. To this entf, Cd
CdP* to the sulfur of the thiophosphate. binding to the simple model compound diethyl thiophosphate
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was investigated in comparison with diethyl phosphéfe.
NMR spectra of diethyl thiophosphate show an upfield shift
as expected upon binding of &dto the sulfur (Figure 3B),
with an apparenky for C#* of 15 mM for this interaction

in 0.1 M NaCl, pH 6.0, 25°C (Table 1). The same
experiment with diethyl phosphate, lacking the sulfur ligand,
showedno apparent C# —phosphate interactions over the
concentration range available in the NMR experiment (up
to 50 mM Cd*). Comparison of C# binding to AMPS
and AMP also shows the expected upfield and downfield
31p shifts from Cé-S and Cd-O coordination, respectively
(Table 1). Affinities of Cd" for AMP and AMPS measured

in this way [Table 1:K4qAMP) = 2.5+ 0.1 mM; K4(AMPS)

< 0.4 mM (pH 6.0, 0.1 M NaCl)] are in reasonable agree-
ment with those reported by Sigel and co-worké&gAMP)

= 1.8 mM; K(AMPS) = 0.023 mM ( = 0.1 M, NaNQ)]
(45). Sigel and co-workers also calculat®0% coordination

of Cc?* to sulfur in AMPS @5), consistent with the upfield
shift in the3'P NMR feature (Figure 3, Table 1). The higher
affinities of Cd* for AMP and AMPS over those for the

Biochemistry, Vol. 39, No. 40, 200@2117

sulfur whether it is substituted in th@o-R position or the
pro-S position of the phosphodiester at A9. This result is
somewhat surprising since previous work has provided
evidence only that thero-R position provides a ligand to
metal ions involved in hammerhead activity. Neither g
(23, 24) nor Mr?t (DeRose and Hunsicker, unpublished)
support full activity in the A9-§ hammerhead, whereas
Cc?* can fully rescue activity for this substitution; these data
provide strong evidence for functional significance of metal
coordination to th@ro-Rposition of the A9 site. In the A9-
Sy, hammerhead, Cd, Mg?", and Mr¥* all support activity.

It is most likely that the relatively hard Mg and Mr#+
coordinate to oxygen in the A9sssample. It is possible,
however, that the larger ionic radius and increased thiophi-
licity of Cd?" allow this ion to bind to sulfur in the A9
sample, as is suggested by the NMR data of Figure 2A.
Further experiments will be required to confirm that this
binding mode has functional significante.

At the hammerhead cleavage site (P1.1), it is interesting
that Cd* addition to the R, and S-phosphorothioate

simple phosphodiester/phosphorothioate compounds reflecdiastereomers results i#P chemical shift changes in

the influence of Cé&i —base interactionstf) and/or the effect

of an additional negative charge in the nucleotide models.

opposite directions. It is possible that these different shift
directions reflect the fact that thiophilic €dbinds to the

The hammerhead experiments in Figure 2 were performedpro-R position in both samples, whether it is oxygen or
in the presence of 0.1 M NaCl, which is expected to support sulfur. Such a result would suggest that the thiophilicity of

duplex formation and possibly additional folding in the

Cc? is overcome through the influence of additional metal

ribozyme samples. Similar results were observed when 10RNA interactions around the P1pto-R position. In X-ray

mM Mg?t was added to either the A9 or P1.1 phosphoro-

crystal structures of both RNBNA (25) and RNARNA

thioate-substituted hammerhead samples prior to titration hammerhead model26, 27), the cleavage site phosphodi-

with CcP*, indicating that any additional core folding induced
by divalent cations (in 0.1 M NaCl) does not influence these
results (Table 1). The effect of substituents at thpdsition

of C17, required to inhibit cleavage activity during the NMR

ester bond lies at the edge of a cavity created by stems |
and Il (Figure 4). Thepro-R oxygen of the scissile phos-
phodiester is positioned toward the inside of the stem I/stem
Il cavity with no obvious additional metal ligands, whereas

experiments, was also investigated. Essentially the samethepro-Soxygen faces away from this cavity. While no metal
results were observed if the phosphorothioate-containing ion is found bound to the scissile phosphate in “ground state”

substrate strand was an all-DNA strand or an all-RNA
substrate with a '20Me substitution at the cleavage site.
These results are summarized in Table 1.

DISCUSSION

crystal structures, Scott and co-workers have reported a metal
interaction with thepro-R position of the cleavage site in a
structure that was trapped upon elevating the pH in crystals
of a “slow-cleaving” hammerheadf®). Consistent with their
report, the Cét-induced shifts of the cleavage-site phos-
phorothioate®’P NMR spectra were observed at pH 8.5

The results described here provide information concemning (rigure 2B) but not at pH 5.5 (data not shown).

metal interactions at two different sites of the hammerhead

ribozyme. Cd" has been demonstrated to rescue the inhibi-
tory effect of anR,-phosphorothioate substitution at the A9
site 23, 24) and at the hammerhead cleavage 22 23).
The3'P NMR data presented here indicate that the affinity
of Cc?* for the A9 site is relatively high, reaching saturation
with addition of ~2 equiv of Cd@" to these NMR samples
(Kg = 300 uM). By contrast, the C# interaction with
phosphorothioates at the cleavage site appears to be consi
erably weaker, exhibiting properties more similar to those

observed for simple diethyl thiophosphate. As discussed

below, these data have implications for mechanisms that hav
been proposed to explain the influence of metal ions on
hammerhead ribozyme activity.

Properties of Metal Binding to the A9 and P1.1 Sitéke
stereospecificity of C# for ligands at these two ham-
merhead sites is of interest. Addition of €ctauses large
3P NMR shifts in the upfield direction for both the A%S
and A9-S, samples (Figure 2A). These data suggest that,
in the ground state structure of the hammerhead! Gohds

An electrostatic surface plot of the hammerhead (Figure
4) shows that the interior of the cavity formed by stems |
and Il has regions of relatively high negative charge, with a
particularly high density around the A9/G10.1 site. The
multiple regions of negative charge density may serve to
“trap” positive ions and also be a contributing factor in
directing cations to th@ro-R position of the hammerhead

cissile phosphate. Such a trap for divalent cations has
‘ecently been proposed on the basis of the results of
Brownian dynamics simulations of metdRNA interactions

in the hammerhead!{). The high apparent affinity of metals

Sor the A9/G10.1 site is likely contributed to by local

21t should be noted that while shifts in the P#® NMR features
observed with C# addition are in the direction and of the magnitude
expected for metal ion coordination, this conclusion is not unequivocal.
It remains possible that shifts in tiéP NMR features are caused by
a large conformational change induced by metal coordination to a
different site. While we regard this as a less likely scenario because of
the magnitude 2 ppm) of the®'P shifts, independent confirmation of
metal coordination using other techniques is also being pursued.
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spectroscopyq9) and find high-affinity Kg < 10uM, 0.1—

1.0 M NacCl) as well as low-affinity M#" sites. For one of
these high-affinity sites, ENDOR49) and ESEEM %0)
spectroscopies have allowed identification of ligands that are
consistent with the A9/G10.1 site. This site is populated at
low Mn?* concentrations with an apparent affinity I§f <

10 uM in both 0.1 and 1.0 M NaCl. Hammerhead activity
still requires>1 mM Mn?*, however, meaning that popula-

20.0 tion of a different, relatively low-affinity metal site(s) also
14.0 is required. Since Hill coefficients of 1 are measured for
A9 8.0 Mg2" and Mr#t-associated hammerhead activity (6), there
Phosphate , 20 may be more than one type of metal ion interaction with
Cleavage Site -4.0 : -
(P1.1) 100 this apparent _Iow affinity.
16.0 On the basis of the results of the NMR study presented
-22.0 here, the cleavage sipeo-Roxygen is one possible candidate
m -28.0 for the second, weak-affinity metal ion site that is critical
I -34.0 for hammerhead activity. Another candidate for a functional
-40.0 low-affinity site is found in results reported by Lilley and
A9/G10.1 Site KTle co-workers, who observe a hammerhead folding event that

requires +10 mM Mg (51-53). Even n 1 M NacCl,
however, where hammerhead folding requirements from
general charge shielding should be satisfied?supported
activity still requires metal ion concentrations 8% mM
Mn2* (29). In addition, we recently reported evidence that
Co(NHs)e®" inhibits hammerhead activity by binding at a
site that does not appear to be the A9/G10.1 &® and
that this inhibition is reversible with added ¥ Taken
together, these observations suggest that while the A9/G10.1
site is critical to hammerhead activity, population of at least
FiGURE 4: Electrostatic surface image of the RNDNA ham- one additional divalent metal site also is required.
merhead ribozyme. The electrostatic surface was generated using In a novel hypothesis based on recent experimental results,
%ﬁ,&@ﬁf?gﬁ?ﬁ#@%&;ﬂgﬂg %32315225 ?QQWN{HP'\E? ":'S)Ofl(\)/ghe Herschlag and co-workers have proposed what can be termed
(38) and visualized using SPOCgKiQ). Colors indicate relative a“re_arrangeme_nt” meChamSm for hammerhead actiaiy. ( .
charges of 20 kT/e (blue) te 10 kT/e (yellow) to—40 kT/e (red). In this mechanism, the metal ion bound at the A9/G10.1 site
Upper figure, front view: Arrows indicate the cleavage site and iS predicted to also interact with th&o-R oxygen at the
the A9/G10.1 site, and thero-Randpro-Spositions of these sites  cleavage site, requiring a large conformational change that
gﬁ‘éel Il')eggxiesngfi‘en%tléor\ggirofrll%ug?’ntgga\tlil\?;\lslg%lggg gﬁ;‘:’; eStf%Ttshle precedes the transition state of the reaction. This proposal is
A9/G10.1 site and also the cleft between stems | and Il with based on apPa,re"’ftd'S that have peen measqred for*Cd
contributions from U7/A6/C17. rescue of activity in phosphorothioate-substituted samples
in a background of M. From the Cd" enhancement of
electrostatics and possibly a preformed binding pocket that activity, similar apparenky's of >200x4M (10 mM MgCl,,
places the A9 phosphate and N7 of G10.1 in close proximity. pH 6.5) were derived for both the WT hammerhead and the
Implications for the Mechanism of Hammerhead Gkge P1.1-%-substituted sample. A lower €dKy of <80 uM
The results described here support a picture in which theis reported for the A9-§ hammerhead, and the same
A9/G10.1 site is populated at low concentrations of metal apparentKy was measured for the double-substituted A9-
ions, whereas the scissile phosphate has a relatively weakSzy/P1.1-&, hammerhead. From these experiments, it is
interaction with metal ions. Below, these results are consid- concluded that in each case the apparent affinity measured
ered in light of two scenarios describing the influence of by the rise in activity reflects Cd binding only to the A9/
metals on hammerhead activity. G10.1 site in the ground state of the ribozyme. Because the
Much of the available data from activity and other expected increased affinity of Cd for the P1.4-Site is not
measurements on the hammerhead ribozyme can be fit to aeflected in these measurements, that interaction is predicted
model in which activity is influenced by separate effects of to occur only in the transition state of the reaction. Similar
metals at the A9/G10.1 site, the scissile phosphate, and atexperimental results with a slightly different interpretation
least one other position. Most studies in which hammerheadhave also been reported by Yoshinari and Tak%).(
activity is monitored as a function of added Rgor Mn2* One experimental prediction drawn from the rearrange-
show that maximum activity requires relatively high con- ment model is that, for the ground state hammerhead
centrations of metal ions3( 4, 6, 29, 48). On the basis of  structure, metal ions might bind with a high affinity to the
the concentration of metal ion that is required to reach half- A9 site but have no interaction with the cleavage s&8).(
maximum activity, these experiments indicate that there is These predictions are generally met by the observations in
at least one critical metal ion that has an appakgnt 1—10 this 3'P NMR study in that a relatively large shift that
mM. We have directly measured N binding to the saturates with added €dis observed at the A9 site, and
hammerhead ribozyme in solution conditions using EPR the interaction with the cleavage site is apparently weak. It

U7/A6/C17
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is not obvious, however, that the samples used in these NMRsubstitutions can also cause structural chantési®, 44)
experiments would remain predominantly in the ground state and that independent methods may be required to characterize
configuration. Thus it might be surprising that no large shifts the substituted RNA. In the two substitutions described here,
are observed in the P1.kkSsample since, given that from  such effects appear minimal since Zdaddition supports
the predicted 23) Kq's, the unmodified A9/G10.1 site is  full activity. This technique is therefore a useful method to
expected to be populated with addition of a few equivalents establish relative metal ion affinities at different sites in the
of Cc?*™ to the (-400uM RNA) NMR samples. hammerhead ribozyme.
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