11408 Biochemistry2000, 39, 11408-11416

Cobalt Hexammine Inhibition of the Hammerhead Ribozyme
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ABSTRACT: The effects of Co(Nk)e>+ on the hammerhead ribozyme are analyzed using several techniques,
including activity measurements, electron paramagnetic resonance (EPR), and circular dichroism (CD)
spectroscopies and thermal denaturation studies. CggRtHefficiently displaces M#" bound to the
ribozyme with an apparent dissociation constarK@fp,= 22 + 4.2uM in 5004M Mn?* (0.1 M NacCl).
Displacement of MA" coincides with Co(NH)e*" inhibition of hammerhead activity in 500M Mn2*,
reducing the activity of the WT hammerhead ¥ 5-fold with an inhibition constant df; = 30.9+ 2.3

uM. A residual ‘slow’ activity is observed in the presence of Co@\ff and low concentrations of
Mn2*. Under these conditions, a single Krion remains bound and has a low-temperature EPR spectrum
identical to that observed previously for the highest affinity?¥site in the hammerhead ribozyme in 1

M NaCl, tentatively attributed to the A9/G10.1 site [Morrissey, S. R., Horton, T. E., and DeRose, V. J.
(2000)J. Am. Chem. Soc. 123473-3481]. Circular dichroism and thermal denaturation experiments
also reveal structural effects that accompany the observed inhibition of cleavage andispiacement
induced by addition of Co(NkJs**. Taken together, the data indicate that a high-affinity Co{}y#i site

is responsible for significant inhibition accompanied by structural changes in the hammerhead ribozyme.
In addition, the results support a model in which at least two types of metal sites, one of which requires
inner-sphere coordination, support hammerhead activity.

The hammerhead ribozyme represents one of the bestsimilar observations for RNA have not been thoroughly
characterized metalloribozymes to date. The importance of characterized.

divalent cations in the site-specific phosphodiester bond The effects of Co(NR)e®* on hammerhead activity have

cleavage is well documented, (2), but the exact nature of ot heen thoroughly characterizet), Lilley and co-workers

the meta-RNA interactions that promote this activity is still |5, reported that low concentrations of Co@wét block
unclear. Hammerhead activity is believed to be facilitated 4 folding event 20) predicted to include formation of the

by interactions of one or more divalent cation(s) whose roles ~ygA turn in the hammerhead coré)( Inhibition of

include f0|dai+”9 and chemistryl(-6). _ hammerhead activity has been reported upon addition of
Co(NH;)¢* is roughly the same ionic radius as magne- qiher trivalent cations1—23). Th** and Ed* are thought

Is_iuméll) gexahydratheﬂ), bUt. ir? C?(NH’)B? thg ammine . to associate via inner-sphere contacts to the binding face of
igands do not exchange with solvent, thereby preventing G5, possibly inhibiting hammerhead activity by blocking a

inner-sphere m;eracﬂons with funct+|onal groups on the RNA' conformational change associated with the transition state
These properties make Co(Nef" a useful probe in 21, 22

identifying the types of metalRNA interactions required , ,

for ribozyme activity 8—10). Co(NHy)e3* has been used in Previously, we q_escnbed the use of ER&® measure the
RNA studies as a crystallographic heavy-atom replacementnumbers and affinities of Mt bound to a RNA/DNA hybrid
and as an exchange-inert NMR probe for the spectroscopi-h@mmerhead ribozyme24). In a similar study, Hunsicker
cally silent M+ ion (11—18). In general, these studies show apd DeRos_e?(S) measured the relatlye affinities of seve_rz_il
Co(NHs)s** binding to regions that are also associated with d|yalent cations to the hammerhead ribozyme by competition
Mg?* sites, although the coordination details may not be the with Mn?*. These studies show that the hammerhead has a
same for the two ions. Co(N§#3* was found to bind to an  Population of 3-4 high-affinity M?* sites Kq ~ 4 uM).
RNA pseudoknot :(8) with an approx|mate|y 1615-fold RNA |Igands associated with the hlghest afflnlty Mrsite
increase in affinity in comparison to Mg causing a  Were explored using electron spiacho envelope modulation
significant stabilization as measured by thermal denaturation(ESEEM) and electron nuclear double resonance (ENDOR)
experiments. While Co(NkJs*" has been reported to have spectroscopy 26, 27. The ligands identified by these
significant structural effects on double-stranded DNA)( techniques correlate well with those proposed for the A9/
G10.1 site identified crystallographically in the junction of
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The A9/G10.1 metal binding site is required for ham- of the titration.Kq ap,equals the apparent dissociation constant
merhead activity4, 31, 33. The reason for the importance for Co(NH)e*" in 500 uM Mn2* (0.1 M NacCl).
of this site is not clear due to its distance from the cleavage Measurements of Hammerhead RibozymevgtiActivi-
site observed crystallographically- {5 A). The metal ion ties and rate constants were determined as previously
bound at the A9/G10.1 site has recently been predicted todescribedZ4). Competition rates were carried out with 500
be directly involved in the catalytic mechanism of the «M MnCl;and varying amounts of Co(N§#3*, which were
hammerhead ribozyme4( 31, 33 by gaining additional added together to the RNA/RNA hybrid to initiate the
ligands from the cleavage site in the transition state of the reaction. For these studies, a final hybrid concentration of 3
reaction 4, 31). This conclusion would require a significant «M (spiked with~200 nM3?P substrate) was used in order
rearrangement of the RNA tertiary structure, as predicted to allow direct comparison with the results obtained by EPR.
by X-ray crystallography33), to facilitate the close approach  The reaction time courses were terminated by addition of
of this site to the cleavage site. Since the metal binding site 50 mM EDTA/8 M urea. The reaction mixture was then
at A9/G10.1 includes inner-sphere contacts, it is expectedloaded on a 20% denaturing polyacrylamide gel and sepa-
that using the exchange-inert Co(§Jki" in competition and  rated. Labeled substrate was visualized and quantitated by
activity studies may provide further insight into the potential phosphorimaging analysis (Fuji).
interactions at this site. Low-Temperature EPR ExperimentEPR data were

This paper attempts to further clarify the metal ion obtained on a Bruker X-band_ ESP-300 spectrometer at 10
interactions that are required by the hammerhead ribozymel: Samples were prepared in standard buffer with 20%
using the ligand-exchange-inert trivalent cation CogH-. ethylene glycol as a cryoprotecta@) and a concentration
Activity measurements and Mh competition studies are of 500 4M RNA/RNA (O-Me) hybrid.

used to evaluate the effects of Co(§J§* on hammerhead Thermal Denaturation Experiment®NA denaturation
activation and metal binding. Additionally, circular dichroism €XPeriments were carried out on a Cary 1 double-bears UV

and thermal denaturation studies were carried out in an VIS Spectrometer equipped with a variable temperature
attempt to elucidate potential structural effects caused by Co-controller. The sample concentration washd RNA. After

(NH2)e*, and their relationship to hammerhead activity. ~ 21nealing by heating to 9C for 90 s and cooling on ice,
the appropriate amount of divalent cation was added from

MATERIALS AND METHODS stock solutions in water. Samples were then loaded at room
temperature into sealed cuvettes and placed in the spectrom-
RNA Synthesis and Purificatioihe 34 nucleotide enzyme  eter, which equilibrates to 4C for 30 min before starting
strands were synthesized by in vitro transcription using T7 the experiment. Data were collected at 0.3 and TC7
RNA polymerase as previously describe#)( RNA tran- intervals from 4 to 100C as determined by a temperature
scription reactions were purified and dialyzed according to probe inserted into a dummy cuvette containing the standard
the procedures described in Horton et a4)( The 2-O-Me melting buffer (TEA).
and the unmodified 13 nucleotide substrate strands were Analysis of Thermal Melting Profile€ary 1 report files
purchased from Dharmacon Research (Boulder, CO) andwere converted from percent transmittance to absorbance and
purified as above. Co(N#** was purchased from Aldrich  treated as previously describe@5). The data sets were
Chemical (99.999% pure) and used without further purifica- smoothed over a 4C window and the melting profile
tion. presented as the derivative of absorbance with respect to
Metal-Binding Titrations Based on Mh EPR Signal temperature and plotted as a function of temperature. The

Amplitudes Mn?* binding to the RNA/RNA O-Me hybrid data presented here are fit to a sequential folding model

; : described in detail previous\89).
was measured as previously describ24). X : ; .
P y ( Analysis of Trialent Cation Concentration Dependence

Room-temperature EPR measurements were performed ony the Melting ProfilesCo(NHs)e* titration data were fit to
an X—_B_a_nd Bruker ESP-300 spectrometer with the following the equation derived by Nixon et aL§). The model assumes
acquisition parameters: 0.2 mW microwave power, 26 G 4 glectrostatic interaction of one Co(ikt* ion for every
modulation amplitude, 6.1 G/s scan rate, averagee8 1 hree phosphates. This model also assumes two-state unfold-
scans. Data were fit to a simple model of two sets of jq associated with the transition being fit. For the data
noninteracting sites2f). presented here, the number of phosphates involved in a given
EPR Measurements of MthDisplacementintensities of unfolding process was held constant at 6. The model
Mn?t EPR signals in the presence of 5081 Mn?* and 10 generates RNAmetal affinities, associated with a given
uM hybrid were measured as a function of added Cofi# transition, for the folded forni; and the unfolded forniK,
(10 uM—10 mM) and quantified as previously described (36, 37.
(24). The data were then fit using a simple model that makes  Analysis of Circular Dichroism (CD) DataCD data were
no assumptions about the numbers of ions involved in the obtained using an AVIV 62DS circular dichroism spectrom-

displacement of a given number of Kmions (eq 1). eter (AVIV) at a constant temperature of 26. The data
were taken in a 0.1 cm path length quartz cuvette at an RNA
- a x [Co(NH3)63+ concentration of 2tM. Data were collected from 200 to
MN“" eased— e (2) 320 nm at 1 nm intervals. The data are presented as the
(Kgapp T [CO(NH3)s™ '] + b) average of six scans for each sample, smoothed for presenta-
tion. For titration analyses, the ellipticity data were converted
In eq 1,ais equal to the total change in ¥ihbound ancb to molar circular dichroismAE) using eq 2, wheré is the

is equal to the number of Mh ions bound at the beginning  CD amplitude in millidegree<; is the sample concentration,
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Ficure 1: Hammerhead models used in this study. (a) WT
hammerhead; (b) ‘poly U’ hammerhead in which the nucleotides
of the conserved core are substituted with uracil. (c) Representation
of the tertiary structure of the hammerhead ribozyme as predicted
by X-ray crystallographyZ28).

Table 1: Relative Affinities of MA" and Co(NH)*t for the
Hammerhead Ribozyme

Ka) Kae)
samplé n (uM) ny (uM)
RNA—RNA (2'-OMe) 254+0.9 3.3+2.7 7.1£0.7 122+ 48
hammerheat

RNA—DNA hammerhead 3.7+ 0.4 4.0+ 1.0 5.2+ 0.4 461+ 130
RNA—RNA (2-OMe) 22442
Co(NHs)s*t competitiord

aTitrations performed with RNA concentrations of-20 M in
standard buffer conditions of 5 mM TEA, pH 7.8, 100 mM NacCl.
b Hammerhead sequence shown in Figure*ReferenceZ4). 9 Kq app
value for Co(NH)s*" in the presence of 500M Mn?*, as described
under Materials and Methods.

L is the cell path length, andis the number of nucleotides
in the RNA.

0

AE= 2
(32980x C x L x n) @
These data were then fit directly to eq 43}.
a x [Co(NHy)*"
oD [Co(NH;)e 3)

0 (Kyappt [CONH)6>T + b)

In eq 3,a is equal to the total change in signal amplitude
andb is equal to the signal amplitude at the beginning of
the titration.Ky appequals the dissociation constant for Co-
(NH3)6®" under the conditions of the titration, and Gs

the molar absorptivity at a given Co(NJ##+ concentration.
This analysis assumes a Hill coefficient of 1 and does not
assume a given number of binding events.

Horton and DeRose
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FiGURE 2: Mn?* EPR binding isotherms and competition by Co-
(NH3)e**. (a) Room-temperature Mh EPR binding isotherms for
1-20 uM RNA/RNA hybrid (triangles) and RNA/DNA hybrid
(circles) @4). Data are plotted as Mh bound/hybrid as a function

of ‘free’ Mn2*. The line through the data represents the nonlinear
least-squares fit to two types of sites. The inset shows the similarity
of the data for each titration at low concentrations of2¥n(b)

Plot of Mr?* released/hybrid as a function of equivalents of added
Co(NHg)e*". Data were taken in 506M Mn2* and 10uM hybrid

and fit to eq 1. The inset shows release~e8 Mn?* ions with
addition of 1 equiv of Co(Nk)s**.

RESULTS

Mn?* Affinities for the RNA-RNA Hammerhead Ribozyme
and Co(NH)" Competition Figure 2a shows the Mh
binding isotherm for the hammerhead ribozyme of Figure
1la with either an all-DNA substrate strand (RNA/DNA) or
an all-RNA substrate strand (RNA/RNA) with &@-Me at
the cleavage site, obtained using MEPR measurements
as previously describe®4). The data for the RNA/RNA
hammerhead fit well to two types of noninteracting sites with
Kgr = 3.3+ 2.7uM, n =25+ 0.9 andKg, = 122 + 48
uM, n=7.1+ 0.7 (Table 1). These results are similar to
those previously obtained for the RNA/DNA hammerhead,
with the RNA/RNA hammerhead having higher average
affinity for the second, weaker class of sites. To obtain an
apparent affinity of Co(Nk)¢*" for the hammerhead, the
intensity of the MA™ EPR signal was monitored as a function
of added Co(NH)e*". As Co(NH)e®" is added to the RNA/
RNA hammerhead sample containing 5001 Mn?*, the
intensity of the EPR signal due to unbound Mincreases,
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Ficure 3: Effects of Co(NH)s*" on WT hammerhead activity.
(a) Comparison of decreaseW\Vnya (triangles) in the presence of
500u4M Mn?* and the release of bound KMn(circles) as a function
of added Co(NH)s**. Data are fit as described under Materials
and Methods to yield &[Co(NH3)s**] of ~31 + 2 uM and aKy

app Of 22 + 4 uM, respectively. (b) MA" rescue of hammerhead
activity in 2 mM Co(NH)®t. A smooth line is drawn through the
data points for presentation.
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FiIGURE 4: Low-temperature EPR measurements of?Mhound

to the hammerhead ribozyme. (a) 50@ Mn2*. (b) 500uM Mn?2*/

500 uM RNA/RNA (O-Me) hybrid. (c) 500uM Mn?2*/500 uM
hybrid/2 mM Co(NH)e3*. All samples are in TEA buffer, 0.1 M
NaCl, and 20% ethylene glycol. EPR parameters: 10 K, 15 G ptp
field modulation, 0.063 mW microwave power, 9.44 GHz, and 1

scan 7).

h in these solution conditions. When the rate of hammerhead
activity in 500uM Mn?* is measured as a function of added
Co(NHs)e®t (Figure 3a), a 15-fold reduction in rate from 2.7

2b). These data were fit to a simple model to obtain an to 0.18 min? is observed with addition of up to 2 mM Co-

apparenikq for Co(NH)e®" in the presence of 5GaM Mn2*
Of Kd app= 22 :l: 4.2‘l/¢M.

Although the data fit well to a singl&q app two aspects
of the Co(NH)e*" competition are unusual. As shown in
the inset of Figure 2b, approximately 3 Kmions are
released upon addition of the first equivalent of Coghk.
These data, obtained at &8 RNA concentration, indicate
that there is a high-affinity Co(N#}*" site whose population
causes release of multiple ¥nions. The second unusual
result is that one Mi ion appears to remain bound to the

(NH3)e*". The final percent of cleaved product does not
change over this range of Co(Njs#" concentration, indicat-
ing that the rate of 0.18 min reflects an active, but slow
hammerhead in the presencexd mM Co(NH;)e*" and 500
uM Mn?*. At higher concentrations of up to 10 mM Co-
(NH3)e*" and 500uM Mn?*, no further reduction in rate is
observed.

The rate data obtained as a function of added CojNH
were fit to a simple competition model, to yield an apparent
inhibition constant oK 4, = 30.9 £ 2.3 uM in 500 uM

hammerhead even at concentrations of up to 10 mM Co- Mn?* (0.1 M NaCl) (Figure 3a). Comparing the K

(NH3)e®*. The site for this MA" is considered in a later
section.

Hammerhead Actity in the Presence of Co(N§#3". To
directly compare the M binding studies with activity

competition data with the rate data shows that the loss of
bound Mrit ions is closely correlated to the initial reduction
in rate (Figure 3a).

To investigate the ‘slow’ rate supported by a mixture of

measurements, identical conditions were used except that thévin>t and Co(NH)s*", hammerhead activity was measured

activity measurements require &@H at the cleavage site.

in 2 mM Co(NH)e®" as a function of added Mn. Figure

The observed rate of single-turnover hammerhead activity 3b shows this titration, in which a rise in the rate from 0.002

in 1 mM Co(NHs)¢*" (0.1 M NaCl) in the absence of added
Mn?* is <0.001 min? with no cleavage observed after 24

to 0.18 min! between 10 and-250uM Mn?" is observed
(inset, Figure 3b). At Mfi" concentrations above 5 mM, the
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Ficure 5: Melting profiles of WT hammerhead. Melting profiles are plotted as the derivative of absorbance with respect to temperature
versus temperature. Data are taken at 260 nm (circles) and 280 nm (crosses). The line represents a nonlinear least-squares fit to the data
from the addition of four sequential unfolding transitions. The panel to the right of each melting profile shows the deconvolution of the
individual transitions that make up the fit. Samples apeM8 RNA/RNA (O-Me) hammerhead in TEA buffer. (a) 500 Mn2*, (b) 500

uM MnZt and 1 mM Co(NH)e®", (c) 1 mM Co(NH)e*", and (d) 1 mM M#A*.

rate increases, reaching WT levelset.7 mim! at 10 mM arrow in Figure 4, indicating the small but reproducible
Mn?t and 2 mM Co(NH)e*". The return of activity is difference between M in buffer (Figure 4a) in comparison
consistent with a reversible process in which CogN with a 1:1 WT hammerhead/Mh sample (Figure 4b). This
may compete with M#t for a common site in the ham- same spectral signature is observed for?Mim the ham-
merhead ribozyme. merhead sample containing 2 mM Co(N§" (Figure 4c).
Low-Temperature MiT EPR Spectra in the Presence of These data strongly suggest that the?Msite that remains
Co(NHy)s*". The experiments described above indicate that populated in the presence of Co(§kt" is the same as that
with 500 uM Mn?* and up to 10 mM Co(Nk)¢®t, the previously investigated by other spectroscopic technicR@s (
hammerhead ribozyme retains activity and also retains a27), which is probably the A9/G10.1 site.
single tightly bound MA' ion. To investigate the nature of Thermal Denaturation of the Hammerhead Ribozyme as
this bound M#A* ion, low-temperature EPR spectra were a Function of Added Co(N§:*". In an effort to understand
obtained of a 1:1 hammerhead/Rrsample in the presence the potential structural effects of Co(Mlsf* on the ham-
of Co(NH)e®". Previously we reported a small but consistent merhead ribozyme, thermal denaturation studies were per-
line shape signature for Mh bound in the highest affinity ~ formed. Figure 5 (ad) shows representative melting profiles
hammerhead site, which is predicted to be the A9/G10.1 sitefor the hammerhead ribozyme at various metal concentra-
on the basis of ESEEM and ENDOR spectroscopic d2fa ( tions. These data are shown as the derivative of absorbance
27). This EPR line shape signature is pointed out by the with respect to temperature. The melting profile of the
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000312 [a) Transiion1 7] (M™Y) (Kgp = 227 uM) and K, = 1367+ 145 (M) were
found, respectively. TheKq; of 82 uM, based on this
electrostatic model for transition 1, is similar to tkg,pp of
31 uM observed in the activity studies. This suggests a
correlation between the observed thermal stabilization, the
loss of activity, and the displacement of bound ¥mvith
the addition of Co(NH)*". The apparent Co(N$>"
affinities derived from these transitions can be compared
directly to the affinities calculated in the same manner for
Mn?* alone (data not shown). The Mtnhaffinities reflect
the slightly weaker binding of divalent ions compared to that
of the trivalent Co(NH)s*>" with K = 9874 (M) (Kg; =
101 uM) and K¢ = 1169 (M1) (Kgz = 890 uM) for
b)'Tr‘a nsit;o;\2 ' ‘ ‘ I transitions 1 and 2, respectivelgq).
0.003 | | Of interest is the melting profile of the hammerhead in 1
o mM Co(NHs)e*" in the absence of M. In this sample the
tm Of the main feature is increased furthert@5 °C (Figure
000287 - 1 5¢). The lowert, in 500 xM Mn2" and 1 mM Co(NH)*
in comparison with Co(Nk)*" alone is reflected by a free
0.00295 - 7 energy difference for transition 2 &f(AGs»c) = + 0.5 kcal
mol~1, and indicates that addition of Mhslightly destabi-
0.00292 7 lizes the Co(NH)s*"-bound form of the hammerhead ri-
bozyme. Under these conditions, the activity has reached a
0.0029 | - slow value and a single Mnh ion remains tightly bound. In
1 mM Mn?*" alone, the main transition occurs at a lowigr
0.00287 T - than in 1 mM Co(NH)*" (Figure 5d), consistent with the
0 109 0.0001 0.001 001 increased stgblllzatlon of RNA dupl_exes by trivalent cations
[CoNH,),*] (M) compared with that of divalent cation§).

Circular Dichroism Spectroscopy of the Hammerhead
Ficure 6: Determination of Co(NE)¢®" affinities from thermal P Py

denaturation experiments. Effect of the addition of CogH in RibozymeCircular dIChrO.Ism (CD) SpeCtrQSCODY has been
5004M Mn2*+ on the melting temperature of transitions 1 and 2. Shown to be an effective method to investigate RNA

(a) Plot of 1t versus added Co(N§i3* for transition 1. The line conformation 41, 42. In recent studies, CD spectroscopy
through the data represents a nonlinear least-squares fit to the datdas been used to determine the presence of folding inter-
as described in Nixon et all§). (b) Plot of i, versus added Co-  mediates in the RNase P RNA upon addition of M3,
(NHg)s*" for transition 2. 44). Here, circular dichroism spect d for th
. , pectra were measured for the

hammerhead in 506M Mn?" is characterized by two large hammerhead ribozyme in an attempt to correlate possible
derivative features, one centered at about®@nd the other  structural changes with the addition of Co(N&* or Mn2*.
at ~90 °C. The transition at 90C can be unambiguously = CD spectra of the hammerhead enzyme/substrate complex
assigned to the unfolding of the GAAA tetraloop in are characterized by a large positive ellipticity with a
combination with stem Il 38—40). The smooth curve  maximum at 266 nm and a small negative band at 230 nm
through the data represents a best-fit line that is the sum of(Figure 7). The spectrum of the 34 nt ‘enzyme’ strand (Figure
four sequential two-state unfolding curves. The panel to the 7a, dotted line) is also shown which clearly shows that a
right of the data is the deconvolution of the individual distinctive CD spectrum is obtained upon hybrid formation.
transitions that make up the fit to the data. The large feature Figure 7a shows the change in the CD spectra of the
at 60°C can be deconvoluted into three sequential unfolding hammerhead ribozyme observed with the addition of Co-
events, for which the first two are tentatively assigné@) ( (NH3)e®". Upon addition of Co(NH)s®*, an increase in
to include unfolding of stems | and 1l and associated tertiary ellipticity at 266 nm is observed accompanied by a concurrent
structure. Addition of 1 mM Co(NkJ¢*>" in 500 uM Mn2* decrease in ellipticity at 230 nm. Fitting the change in the
leads to an increase in thg of this main transition to &, molar ellipticity as a function of added Co(N}#" at these
~ 70°C (Figure 5b), consistent with stabilization of the stem two wavelengths yields differer€y values for each wave-
I and 11l duplexes and associated tertiary structure with addedlength (Figure 8a, Table 2). For the transition at 230 nm, a
trivalent ions. value ofKy = 266+ 55uM can be calculated for association

A measure of the relative affinities for Co(N}#* to the of Co(NHs)6*", and for the transition at 266 nm, a value of
hammerhead ribozyme in the presence of BROMn?* can Kg = 43+ 16 uM is found. These two wavelengths appear
be calculated by applying an electrostatic model for the to be reporting on two separate events that are occurring
association of trivalent cations with RNA to the increase in upon Co(NH)¢*" binding, which result in the observed CD
tm obtained as a function of added Co(Nk' (18). Co- spectra. MA" addition to the hammerhead ribozyme also
(NH3)** affinities for both the foldedK;) and unfoldedK,) results in an increase in ellipticity at 266 nm, but unlike for
forms of the RNA associated with the first two transitions the Co(NH)e®" titration, no large change is observed at 230
were determined in this manner (Figure 6 a,b). For transitonsnm (Figure 7b). The M#ff-induced increase in molar
1 and 2, affinities oKy = 12 190+ 1206 (M1) (Kg; = 82 ellipticity at 266 nm can be fit to find &4 of ~476 + 126
uM) andK,; = 3703+ 478 (M%) andKy, = 4404+ 326 uM (Table 2). A similar titration with M§" did not show

0.00308

0.00304

0.003

M (K"

0.00296

0.00292

m

(K"
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. . . Titration curves for the WT hammerhead as a function of added
Ficure 7: Circular dichroism (CD) spectroscopy of the WT and 3t PP +
‘poly U’ hammerheads as a function of added¥or Co(NH)e*". Co(NHy)s™. Molar ellipticity is plotted versus added Co(Mis?

CD spectra are plotted as ellipticity (millidegrees) versus wavelength ?; évzﬁr\gg Vﬁ 'fhngté';{azrio rnenge(ﬁt'gcf ?I% %ng 22661?2 éts”:r‘ir;)%)' ;I'he
(nanometers). Lines represent smooth curves through the average, | .. 9 P 3t 0 €q =oR

of six separate scans taken at 1 nm intervals from 220 to 320 nm. Ulngmg Kq \éalug s for ?O(I\:-H)G f (tnggr%tlo&;gf rves for ‘poly

(&) WT hammerhead (2@M) with addition of 0-3 mM Co- ammerhead as a function ot added .o '

(NH3)¢*t. Also shown is the CD spectrum of the 34 nt ‘enzyme’ — - -
strand alone (dashed line). (b) WT hammerhead with addition of Table 2: Metal Affinities for Hammerhead Ribozyme Derived from
0—10 mM Mr#*, (c) ‘poly U’ hammerhead with addition of-63 CD Spectroscopy

mM Co(NHg)e®". samplé K4(266 nm) Kq4(230 nm)

the change in ellipticity at 230 nm, but it did show similar ~ WT hammerhead
changes at 266 nm (data not shown). ,\CA?](Z'I%)G 4‘;‘21 iggM 266+ 55uM
) e . . UM N/A

In an attempt to define the specific interactions associated oy U’ hammerhead
with Co(NHs)e*" binding to the hammerhead ribozyme, a Co(NHg)6** 1404 59uM 2654+ 52uM
mutant hammerhead was studied. The ‘poly U" hammerhead  Titrations performed with a sample concentration of @ in
contains uracil residues at each of the conserved sites in thestandard buffer conditions of 5 mM TEA, pH 7.8, 100 mM NaCl.
hammerhead core (Figure 1b). The ‘poly U’ hammerhead
lacks the required residues to form the core domains
associated with proper folding, but retains the ability to form
the three stems. Titrating this hammerhead with Co{if#4
induces a change in CD features at 230 and 266 nm (Figurep|scuUsSION
7¢), as observed for the WT hammerhead. However, for the
‘poly U’ hammerhead, the dissociation constant derived for The consequences of addition of Co(lj§i" to the
the CD change at 266 nm & = 140 4+ 59 uM, which is hammerhead ribozyme have been followed by activity
a 4-fold decrease from the affinity obtained for the WT measurements, M binding profiles, thermal denaturation
hammerhead (Figure 8b). This suggests that in the WT studies, and CD spectroscopy. The results of these studies
hammerhead the transition at 266 nm may be reporting onare summarized in Table 3. In general, each of these
metal binding to nucleotides in the hammerhead core as wellexperiments reports on at least two types of ion-binding sites
as helices in the stems. The derived dissociation constantin the hammerhead which have distinguishable apparent
for the Co(NH)s*"-induced CD signal at 230 nm is 265 dissociation constants. The appardt of 31 uM that
52 uM. The similar Co(NH)¢®" affinities derived from this describes Co(NEJe®" inhibition of hammerhead activity is
transition in the WT and ‘poly U’ hammerheads (Figure 8b) generally matched by the higher affinity Co(&)kt" interac-
suggest that the induced CD feature at 230 nm is reportingtions reported on by each of these experiments. A weaker
on nonspecific interactions of Co(NJ}4** with the A-form affinity for Co(NH3)s®t also is observed which may be due
helices in the RNA. Consistent with this, Co(kt" titration to nonspecific binding of this ion to RNA duplexes.

of a 13 nucleotide RNA duplex shows similar induced CD
spectra as a function of added Co(N&" (data not shown).



Cobalt Hexammine Inhibition of Hammerhead Ribozyme

Table 3: Summary of Apparent Co(NJg*" Affinities for the
Hammerhead Ribozyme

K 30.9+ 2.3uM
Ka apg? 22.1+ 4.2uM

Kd fl’zc 82.0+ SlﬂM 227 + 168IMM
Kd (266,230? 43.0+ 160#M 266 £+ 55‘LtM

2 |nhibition constant in the presence of 508 Mn2*. b Apparent
Kg in the presence of 506M Mn?*. ¢ Derived from thermal denatur-
ation experiments! Derived from CD measurements.
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Mn?* affinity in the presence of Co(N$§", or whose
population releases the bound and inhibitory CogyH.
Either way, these results suggest the presence of at least two
metal ion sites whose population by &ror other divalent
cations is critical in the hammerhead reaction: the A9/G10.1
site and also at least one additional site. A likely candidate
for the additional site is the G5 site, but other possibilities
cannot be ruled out by these analyses.

Also of interest is the release of-3 Mn?* ions from the
hammerhead upon addition of a single equivalent of Co-

These results, taken together, suggest that population of aNH3)¢>". Lilley and co-workers have suggested that Co-

specific high-affinity site(s) for Co(NgJs®" in the ham-

(NHa3)¢®" inhibits a folding eventZ0) later associated with

merhead ribozyme causes inhibition of activity. Population the formation of the CUGA turn in their predicted ham-

of this (these) site(s) by Co(N§#*" is associated with

merhead folding pathway). Given this, the release of-3

structural changes that are characterized by release of mordin?" ions may be due to disruption by Co(N&ft of this
than one bound Mt ion and an increase in the CD signature CUGA turn and thus the folding of Domain | in the
at 266 nm. One candidate for this inhibitory site is the G5 hammerhead core. These results are consistent with observa-

site that has previously been found to bind®Tland Ed"
with apparent high affinityZ1). Hammerhead inhibition by

tions that the ‘poly-U’ hammerhead and also an A14-G
mutant hammerhead, both of which should be defective in

Tb*" and EdT is believed to be due to inner-sphere contacts core folding, also lack the majority of high-affinity Mh
between these ions and the binding face of the G5 residue sites @5).

It has been suggested that in Mesupported activity, the

Relevant to the proposal here that Co@Wi binding

divalent ion bound at this G5 site may be released uponinduces a local structural change and release of multiple

formation of the transition state. This inhibition by trivalent

Mn?* ions, Yoshinari and Taire8() recently have concluded

ions is suggested to be due to their higher affinity and thus that binding of Cét to the A9/G10.1 site causes release of

more sluggish release from this site. Co@®" has been
reported to ‘efficiently’ compete with both b and Ed*
for binding at the G5 siteXl). Because Co(NgJe*" is ligand-

exchange-inert, it may be expected to have a weaker affinity

for this site. Consistent with this, the observiédfor Co-
(NH3)s®t is ~10-fold weaker K; ~ 31 uM, 500 uM Mn?*,
0.1 M NaCl), than those reported for F(K; ~ 1 uM, 10
mM MgCl,) (21).

It is intriguing that a residual, but slow, activity of the
hammerhead is maintained in mixtures of Co@\ and
Mn2*. Even with high levels of added Co(NJ4*", a single

two Mg?*t or Ca" ions. Their proposal also requires that
local structural rearrangements are induced upon filling a
specific metal site in the hammerhead.

In addition to the inhibitory and structural effects on the
hammerhead caused by low concentrations of CajiH
both thermal denaturation and CD measurements suggest a
lower affinity binding of Co(NH)*" to the RNA duplex
regions of the hammerhead. The CD signature at 230 nm,
observed upon addition of Co(N)d*" to the WT ham-
merhead, the poly-U hammerhead, and an RNA/RNA duplex,
appears to be reporting on Co(kf* binding to duplex

Mn?* site is populated which may be responsible for the RNA regions with &Ky of ~265uM. This affinity correlates
residual hammerhead activity. This site is likely the A9/G10.1 well with the stabilization by Co(NbJ¢*" of transition 2 in

site based on its low-temperature MnEPR signature

the hammerhead melt profiles (Table 3). A CD signal at 230

(Figure 4) @7), and the known inner-sphere phosphate and nm has previously been reported with addition of Cogy#
nitrogen ligands predicted for this site by X-ray crystal- to duplex DNA @6), and attributed to formation of a more

lography and spectroscopic measuremeR€-@8). Inner-
sphere coordination of Mn at the A9/G10.1 site would
explain why the exchange-inert Co(N&ft is unable to

highly stacked conformation. The same explanation may hold
for duplex RNA.
In summary, the results obtained by following the Co-

efficiently compete for the site. The observed residual activity (NHz)s**-induced inhibition of hammerhead activity empha-

in the presence of a single bound Mris consistent with

size the sensitivity of hammerhead ribozyme activity to metal

the known requirement of metal ion population at the A9/ ion interactions. The mechanism of Co(jkt" inhibition
G10.1 site, and supports recent proposals that the A9/G10.1appears to be due to a specific high-affinity binding event
site may indeed play a major role in the catalytic activity of which subtly alters the structure of the hammerhead. Residual

the hammerhead ribozyméd, (31, 32.

slow activity in the presence of low concentrations ofaVin

If it is assumed that the same cleavage mechanism operatefns suggests that at least one site with inner-sphere metal

in the presence and absence of CogNH, the effects of

ion interactions is required for activity, and that binding of

Co(NHs)s*" suggest that at least two types of divalent metal the trivalent Co(NH)¢*" to an additional site is the cause of
ion sites govern hammerhead activity. The slowed rate of the slowed rate. Because higher concentrations 6f'Man

the reaction in the combination of Co(Nif" and low
concentrations of Mit must be due to Co(Nb*" popula-
tion of another site in addition to Mnh population of the
A9/G10.1 site. This inhibition by Co(Ng*" can in turn
be relieved by increasing concentrations of Wnwhich
suggests that M populates the site at which Co(Njf"
binds. Alternatively, MA* may relieve Co(Nh)¢*" inhibition

reverse the effects of Co(N)®", it is suggested that
population of at least two specific metal ion sites by divalent
cations is required for efficient hammerhead cleavage activity
in 0.1 M NacCl.

ACKNOWLEDGMENT
We thank Professor David P. Giedroc for the use of his

by populating an additional site which either has a reduced optical melt instrumentation. Dr. Jon Christopher developed



11416 Biochemistry, Vol. 39, No. 37, 2000

the

thank Dr. Iddys Figueroa for assistance in the use of the CD

fitting program (T-Melt) for the optical data. We also

spectrometer and for helpful discussion.

REFERENCES

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.

Uhlenbeck, O. C. (198Mlature 328 596-600.

Dahm, S. C., Derrick, W. B., and Uhlenbeck, O. C. (1993)
Biochemistry 3213040-13045.

Misra, V. K., and Draper, D. E. (1998jopolymers 48113—
135.

Wang, S., Karbstein, K., Peracchi, A., Beigelman, L., and
Herschlag, D. (1999Biochemistry 3814363-14378.

. Bassi, G. S., Mollegaard, N. E., Murchie, A. I. H., and Lilley,

D. M. J. (1999)Biochemistry 383345-3354.

. Scott, E. C., and Uhlenbeck, O. C. (1999)cleic Acids Res.

27, 479-484.

. Cowan, J. A. (1993). Inorg. Biochem. 49171-175.
. Young, K. J., Gill, F., and Grasby, J. A. (199¥icleic Acids

Res. 253760-3766.

. Hampel, A., and Cowan J. A. (1990hem. Biol. 4513-

517.

Murray, J. B., Seyhan, A. A., Walter, N. G., Burke, J. M.,
and Scott, W. G. (1998ahem. Biol. 5587-595.

Cate, J. H., Gooding, A. R., Podell, E., Zhou, K. H., Golden,
B. L., Kundrot, C. E., Cech, T. R., and Doudna, J. A. (1996)
Science 2731678-1685.

Kieft, J. S., and Tinoco, I. (199Btructure 5 713-721.
Rudisser, S., and Tinoco |. (200D)Mol. Biol. 295 1211-
1223.

Gonzales, R. L., and Tinoco, |. (192B)Mol. Biol. 289 1267
1282.

Butcher, S. E., Allain, F. H. T., and Feigon J. (2000)
Biochemistry 392174-2182.

Maderia, M., Horton, T. E., and DeRose, V. J. (2000)
Biochemistry 398193-8200.

Gdaniec, Z., Sierzputowska-Gracz, H., and Theil, E. C. (1998)
Biochemistry 371505-1512.

Nixon, P. L., Theimer, C. A., and Giedroc, D. P. (1999)
Biopolymers 50443-458.

Gessner, R. V., Quigley, G. J., Wang, A. H. J., van der Marel,
G. A, van Boom, J. H., and Rich, A. (198Bjochemistry
24, 237-240.

Bassi, G. S., Mollegaard, N. E., Murchie, A. I. H., von Kitzing,
E., and Lilley, D. M. J. (19955truct. Biol. 2 45-55.

Feig, A. L., Panek, M., Horrocks, W. D., and Uhlenbeck O.
C. (1999)Chem. Biol. 6 801-810.

Feig, A. L., Scott, W. G., and Uhlenbeck O. C. (1988)ence
279 81-84.

24.
25.
26.

27.
28.
29.

30.
31.

32.
33.
34.
35.
36.
37.
38.
39.

40
41.

42.
43.

Horton and DeRose

. Lott, W. B., Pontius, P. W., and Von Hippel P. H. (1998)

Proc. Natl. Acad. Sci. U.S.A. 9542-547.

Horton, T. E., Clardy, D. R., and DeRose, V. J. (1998)
Biochemistry 3718094-18101.

Hunsicker, L. M., and DeRose, V. J. (20@)Inorg. Chem.
80, 271-281.

Morrissey, S. R., Horton, T. E., Grant, C. V., Hoogstraten, C.
G., Britt, R. D., and DeRose, V. J. (1999) Am. Chem. Soc.
121, 9215-9218.

Morrissey, S. R., Horton, T. E., and DeRose, V. J. (2Q00)
Am. Chem. Soc. 123473-3481.

Pley, H. W., Flaherty, K. M., and Mckay, D. B. (199ature
372 68—-74.

Scott, W. G., Finch, J. T., and Klug, A. (1995¢ll 81, 991—
1002.

McKay, D. B. (1997)RNA 2 395-403.

Yoshinari, K., and Taira, K. (2000 ucleic Acids Res. 28
1730-1742.

Peracchi, A., Beigelman, L., Scott, E. C., Uhlenbeck, O. C.,
and Herschlag, D. (1997). Biol. Chem. 27226822-26826.
Murray, J. B., and Scott, W. G. (200D)Mol. Biol. 296 33—

41.

Milligan, J. F., and Uhlenbeck, O. C. (198@¢thods Enzymol.
180, 51—-62.

Theimer, C. A., and Giedroc, D. P. (192R)Mol. Biol. 289
1283-1299.

Laing, L. G., and Draper, D. E. (1993)Mol. Biol. 237 560~
576.

Nixon, P. L., and Giedroc, D. P. (1998)jochemistry 37
16116-16129.

Heus, H. A., and Pardi, A. (199®ucleic Acids Res. 18
1103-1108.

Horton, T. E., Maderia, M., and DeRose, V. J. (2000)
Biochemistry 398201-8207.

. Horton, T. E., and DeRose, V. J. (in preparation).

Gray, D. M., Hung S. H., and Johnson, K. H. (198®thods
Enzymol. 24619—-34.

Gray, D. M., and Johnson, K. H. (1992) Biomol. Struct.
Dyn. 9 733-745.

Pan, T., and Sosnick, T. R. (199Nat. Struct. Biol. 4931~
938.

. Fang, X., Pan, T., and Sosnick, T. R. (19B&chemistry 38
16840-16846.

. Hunsicker, L. M., Morrissey, S. R., and DeRose, V. J. (in
preparation).

. Rodger, A., Latham, H. C., Wormell, P., Parkinson, M. 1.,

and Sanders, K. J. (199&nantiomer 3 395-408.
B1001141G



