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ABSTRACT. The hammerhead ribozyme is capable of cleaving RNA substrate's @X B' sequences

(where the cleavage site, X, can be A, C, or U). Hammerhead complexes containing dC, dA, dl, or rG
nucleotides at the cleavage site have been studied by NMR. The rG at the cleavage site forms & Watson
Crick base pair with C3 in the conserved core of the hammerhead, indicating that rG substrates inhibit
the cleavage reaction by stabilizing an inactive conformation of the molecule. Isotope-edited NMR
experiments on the hammerhead complexes show that there are different short-proton distances
between neighboring residues depending upon whether there is a dC or dA at the cleavage site. These
NMR data demonstrate that there are significant differences in the structure and/or dynamics of the active-
site residues in these hammerhead complexes. Molecular dynamics calculations were used to model the
conformations of the cleavage-site variants consistent with the NMR data. The solution conformations
of the hammerhead ribozymsubstrate complexes are compared with the X-ray structure of the
hammerhead ribozyme and are used to help understand the thermodynamic and kinetic differences among
the cleavage-site variants.

The hammerhead ribozyme consists of a small conservedmodate different nucleotides at the cleavage site. In addition,
core sequence surrounding three branched helical redions ( there are other indications that, for catalysis to occur, there
2). Inthe presence of various divalent ions, the hammerheadare structural changes or dynamics at active site. The
ribozyme cleaves a specific phosphodiester bond to yield ahammerhead reaction is thought to require in-line attack of
2,3 cyclic phosphate and d ®H (3, 4. Two X-ray crystal  the cleavable phosphate with the@H of the nucleotide at
structures of hammerhead ribozymsubstrate complexes  the cleavage sitel(, 14, 15; however, the conformation in
were independently determined using different constructs, the X-ray structures does not allow for in-line attack. Thus,
and the conformation of the catalytic core is the same in yarious models have been proposed for how the conformation
both structuresy, 6). These structures were performed on j, the X-ray structure changes to proceed through the
a complex of a ribozyme with noncleavable substrate ,nsition state, 6, 16-18).
complexes containing either a dC dr@-methyl C at the T . _ ,
cleavage site. In the X-ray structures, the cytosine at the 10 Probe the structural variations induced by having
cleavage site (C17) forms a single hydrogen-bonded basedifferent bases.at the cleavage site, we haye performgd NMR
pair with residue C3 in the catalytic cor®, ). The catalytic structural studies on the hammerhead ribozyme with sub-
activity of the hammerhead is very similar whether there is Strates having different nucleotides at the cleavage site. It
aC, A, or U at the cleavage sit2,(7—13). Therefore, some  Was previously hypothesized that a G17 at the cleavage site
rearrangement at the active site must take place to accomforms a base pair with residue C3 in the catalytic core which
inhibits cleavaged, 10, 19. The NMR results obtained here
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Ficure 1: (A) The sequence and secondary structure of the hammerhead ribozymeuRtfrate S19N17 complex is shown. (B) An

alternate representation of the hammerhead which reflects the conformation observed in the X-ray crystal skugturee R19 ribozyme

and S19N17 substrate are 34 nucleotides and 13 nucleotides long, respectively. N17 refers to the nucleotide at the cleavage site and substrates
containing dA17, dC17, rG17, and dI17 were studied. The conserved catalytic core is indicated by outlined charadteand the

standard numbering system for the hammerhead ribozyme is shtiun (

MATERIALS AND METHODS plexes in Md", the samples were extensively dialyzed by
. ultrafiltration against buffer containing 25 mM df-succinic
Preparation of the RNA MoleculesThe sequences for acid, 100 mM NaCl, pH 5.5, and 2.0 mM free Mg@G#xcept

the R19 hammerhead ribozyme and the S19 substrates a%or the 3CAN-R19:S19dA17 sample for which some spectra
shown in Figure 1. Four different ribozymsubstrate were also perforrﬁed at 5.0 mM free fg The NMR

complexes were studied where the nucleotide at the cleavage : . :
site was a dA, dC, dI, or rG and these substrates will be Samples without Mg ion were heated to 66C for 2 min

referred to as S19dA17, S19dC17, S19dI17, and 519617,2221 Tgslf%?m%rt]u;ﬁew?\g%fs tehaecgaﬁwxﬁee;'vmvﬁﬁzﬁmmn%m for
respectively. For S19dA17, S19dC17, and S19dI17, all b ’ P 9

residues are ribose sugars except for a deoxyribose at theOnly heated to 30C before cooling on ice.
9 P y NMR Experiments.The 10 proton and 2D NOESY

cleavage site, whereas all residues are ribose sugars in ectra were acquired with an 11 echo sequence usin
S19G17. The substrates were chemically synthesized and’ q q 9

purified as previously describe@(, 21 with S19G17 and ggflﬁgi—é'&l}d gg’l d'e.mz t(ifuggr]iszgzyw\?\;c; S'C%Tfilk;f;%ret;he
S19dI117 purified by electrophoresis on 20% polyacrylamide ’

- .~ position the maximum of the excitation profile at 12.9 ppm.
gels and S19dAL7 and S19dC17 purified by HPLC using Isotope-edited NMR experiments were performed ort¥gé

anion exchange and/or reversed-phase C-18 columns. Theg,, ;
substrates were desalted on a DEAE-Sephacel column. The N-labeled hammerhead samples in the presence and absence

TSN . of Mg?*. The isotope-edited experiments can be acquired
g?é?)z(rile%dbiilngvspodt;/;sl\(l:rligtt)igIr?(\fvitlﬁl% rébﬁ,iyg?;mvgreafe as isotope filtered or isotope selected in either the indirect
and purified as previously describezP( 23, except for the (1) or acquisition ) dimension, or as a combination of

. ) . all four possible isotope-edited subspeci2é)(
R19 in the unlabe!ed R19:519dC17 complex which was To identify the resonances from the substraie,*C-
chemically synthesized.

The R19 ribozyme samples were dialyzed extensivel filtered NOESY andw, **C-filtered TOCSY spectra were
. yme P dialyze y performed on thé>N/C-labeled R19:S19dA17 and th/
against buffer containing 25 mMgguccinic acid, 100 mM 13C-labeled R19-S19dC17 samples at 15 and®@5 The
NaCl, and 0.1 mM EDTA, pH 5.5, using a Centricon 3 ; P

P . w3 3C filter consisted of a 9BA-[180° (*H), 180" (*3C)]-A
ultrafiltration apparatus (Amicon). The substrates were sequence which was followed by!2C 9¢° pulse, and the
dialyzed against water, Iyophlllzed, and_d|ssolved in a small full pulse sequence for the, “C-filtered NOES\,( experi-
volume of water. To optam a 11 nb_ozymsubstrate ment is given in Figure 1A in the Supporting Information.
complex, the concentrations of the ribozyme and the The w, 13C filter was put prior to detection in the TOCSY
substrates were calculated from the absorbance at 260 nr‘rl50 ms DIPSI-2) experiment2y). The w, “C filter
L!sing extinction coefficientiof 211 10¢ o M~ for the eliminates the signals from proton.s bound t&@ nucleus
ribozyme and 109« 10°cm M for the substrates2(). by creating unobservable heteronuclear multiple-quantum
For each sampley40uL of substrate was added to the NMR coherence8, 29. The phase of the Ia&iC 90" pulse was
tube and the titration was monitored using the imino proton cycled to sup;’)res's any residdi coherences. Experiments
NMR spectrum. The concentrations of the NMR samples were performed with and withodC decoupling in thes
were 1.3 mM for the unlabeled af8C/*5N-labeled R19: !

S19dA17, 1.2 mM for the unlabeled aHE/ASN-labeled R19- dimension to allow the unambiguous identification of any

H 1
S19dC, 1.0 mM for the unlabeled R19:519dI, and 0.7 mM :JSId:J:slsi%ial\j\fasfrc;g]hi:vg(;ot)on abs\‘;:;’.EtF‘e’GfT'EV::ti;nce
for the unlabeled R19:S19G17. The NMR samples were bp y q

prepared in 90% kD/10% DO in 350 uL using 5 mm © Abbreviat D p el 2D, twod ol NOE
; ; ; reviations: 1D, one-dimensional; 2D, two-dimensional; ,
microcell NMR tubes (Shigemi Inc.) except for the unlabeled FID, free induction decay; nuclear Overhauser effect; NOESY, nuclear

R19:S19dI sample Wh_iCh was in Shl inastandard 5mm  oyerhauser effect spectroscopy; ppm, parts per million: TOCSY, total
NMR tube. For studies of the ribozymsubstrate com-  correlation spectroscopy.
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using selective square pulses on the water sig@l (Since  15p1e 1: Equilibrium Dissociation Constantéj of the
the time for the WATERGATE sequence was longer than Hammerhead Ribozyme with Substrates Containing Various

the w, 1°C filter, the two sequences were only partially Nucleotides at the Cleavage Site

concatenated3f). In this case, the delax in the w, 13C substrate Ka (NM) substrate Ka (M)
filter and the selective WATERGATE 9(ulses were set

: . 8C17 50 S8dC17 350
to 1.56 and 1.94 ms, respectively. In the NOESY experi- SSA1T 5P S8dA17 750
ments, water flip-back was performed with a 2.0 ms Gaussian  S8G17 b S8dG17 20
90° water selective pulse immediately prior to the 13C S8l17 13 S8di17 100
filter (32). The'H 90C° pulse at the beginning of thteperiod 2 The binding constants are for the R8-S8N17 substrates &€25

was phase shifted by 4%o allow the water signal to relax  The sequence of the R8-S8 system is given in Figure 2 ihi3€fThese
efficiently back to the+zaxis through radiation damping Pinding affinities are from ret3. © The binding affinities were measured
durina the NOESY mixina time. The mixing time was set here _by both native gel electrophoresls and competitive inhibition using
9 . 9 . g . conditions and procedures as previously descridi&j (
to 180 or 200 ms in the, 13C-filtered NOESY experiments
except for the'>N/13C-labeled R19:519dA17 sample where , ]
experiments were also performed at mixing times of 50, 80, Structures were calculated with the same protocol, starting
and 140 ms. from the same structure but with different initial velocities
To observe intermolecular (ribozymeubstrate) NOEs, of the atoms. To_ keep the structures as (_:Iose to the X-ray
w1 andw, 13C-edited NOESY experiments were performed structure as possible, all t_he proteproton distances5 A
on the'N/13C-labeled R19:S19dA17 and tHN/3C-labeled were included as constraints (with range€.5 A) except
R19:519dC17 samples. All foun/w, andC-filteredC- fo_r Qistances involving protons on residue 17 \_Nhich were
selected subspectra were obtained in a single experimeni.e“m'nated from the constraint list. For calcglatlons on the
using a slight modification of the pulse sequence in3&f R19:S19G17 complex, six distance constraints were intro-
where matching pulsed-field gradients were included in the duced between G17 and C3 to ensure formation of the
wilw, B¥Cfiltered!3C-selected sequence. Theandw, 1C- Watson-Crick base pair identified from the N_MR data (see
editing was accomplished by A-[180° (1H), 90°x-90° . belqw). A .hydrogen bond donefacceptor distance con- .
(13C)]-A sequence whera was 2.78 ms (see Figure 1B in straint was mcluded for each of the three h.ydrogen t_>onds in
the Supporting Information). The; and w, *C-editing the G-C base pair, and three (_)ther constraints were included
sequences were positioned after the first 8 pulse and ~ Petween the heavy atoms in each hydrogen bond (the
prior to detection, respectively. The WATERGATE se- nydrogen-bonding constraints had rar?gestﬁf% A). The
quence 80) was used to suppress the water signal and was following NOE connect|v_|t|es observed in tR&€/*°N-labeled
completely included in the», *C-editing pulse sequence. R19:S19dA17 complexin Mg were used to generate NMR
Water flip-back was achieved with a 2.12 ms Gaussigh 90 distance constral'nts for'the structural calculations on this
selective pulse at the end of the 200 ms NOESY mixing SYSteém and were input with ranges of 250 A: Hy(U16.1)/
time. Theseé3C-edited NOESY experiments were recorded Hg(dAL7), Hi(U16.1)/H(dAL7), H(dAL7)/He(G1.1), H:-
at 15 or 25°C. All the spectra were performed on a Varian (GA17)/H(G1.1), H(dA17)/H(U16.1), H(U16.1)/H(G16.2),
Unityplus 500 MHz spectrometer equipped withaxis He(U16.1)/H(G16.2).
pulsed-field gradients. The NMR data were processed on ARESULTS
Silicon Graphics computer with the program FELIX 2.35
or 95.0 (Biosym Inc.). Assignment of the Imino Proton Resonances of the
Calculation of Hammerhead Models with Mutants at the Hammerhead Complexe2D NOESY experiments in 90%
Cleavage Site.Models of the cleavage-site region for various H,O were used to assign base pairs in helical regions by
hammerhead substrate complexes were generated by reidentification of short distances between imino protons or
strained molecular dynamics starting from the X-ray structure between imino protons and aromatic or sugar protons on
of McKay and co-workers5). Protons were added to the neighboring residues34—36). The initial assignments for
X-ray structure and the cytosine at the cleavage site wasthe R19:519 complexes were made in the absence &f Mg
replaced by either a guanine or an adenine, using the prograniThe imino protons for stem | of R19:S19dA17 were readily
Insight 2.35 (Biosym Inc.). For all calculations the substrate assigned from the sequential imino proton to imino proton
contained deoxyribose sugars as in the X-ray structbre ( NOESY cross-peaks (Figure 2, Supporting Information). The
and for the calculations with an adenine at the cleavage site,chemical shifts for the imino protons in stem | (see Table 1,
the base of residue T16.1 was replaced by a U. The Supporting Information) are very similar to those for the
restrained molecular dynamics calculations were performedhighly related R13:Sd13 hammerhead that was previously
with the program Discover 95.0 (Biosym Inc.) using the assigned in the lat8{f). For R19:S19dA17, the G1.1 imino
standard Discover default parameters and the AMBER force proton resonance was assigned from the NOESY cross-peak
field. The restrained molecular dynamics calculations were to G1.2 (Figure 2, Supporting Information), but the G2.7
performed using force constants lkfoe = 20 kcal mot* imino proton resonance was not observed due to fast
A~2for the experimental NOEs angiray = 1.0 kcal mot? exchange with water caused by fraying of this terminal base
A~2for the protor-proton distances extracted from the X-ray pair. For stem Il and the loop, the assignments for R19:
structure. An equilibration period of 0.8 ps at 500 K was S19dA17 confirmed the previous ones for R13:Sd33.(
followed by 1 ps of dynamics, using 1.0 fs steps. Next the The G16.2 and G16.3 imino proton resonances in stem Il
temperature was linearly decreased to 200 K during a total were assigned in the&N/*3C-labeled R19:S19dA17 complex
period of 3.5 ps. After dynamics, 1000 steps of conjugate from NOESY spectra performed withoitN decoupling,
gradient minimization was performed. Eleven different which distinguished the imino proton resonances on the
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substrate from those on the ribozyme. Complete assignment Imino proton region

of the Hy, Hs, He, and H resonances for the S19dA17 |

substrate in the hammerhead complex were made using | |
3Cfiltered NOESY andb, *C-filtered TOCSY experiments A 3= =
as described below (see Table 2, Supporting Information)

(26, 33. The sequential Fto G imino proton NOESs36)
were then used to assign the G16.2 and G16.3 imino proton
resonances. The G15.4 and G16.5 imino proton resonances
are not observed due to fraying at the end of stem Ill. The
U16.1 imino proton resonance is not observed in the NMR
spectra due to fast exchange with the water which is
consistent with the X-ray structure where this proton is not
involved in a H-bond §, 6). The R19:S19dA17 and R19:
S19dC17 complexes were also studied in the presence of
Mg?*. For these systems, the presence of Munly affected

the line width and not the chemical shifts of the imino proton
resonances.

Figure 2 shows the imino proton to imino/aromatic proton
regions of the NOESY spectrum of the R19:S19G17 —
complex. As compared with the R19:S19dA17 complex, a B
new imino proton resonance is observed at 12.54 ppm, and
this chemical shift is consistent with a G imino proton in a
Watson-Crick G—C base pair 35). This imino proton
resonance is assigned to G17 by observation of a cross-peak -
with the imino proton resonance for G1.1 (the arrow in
Figure 2). The assignments were confirmed by analysis of
the imino proton to aromatic proton regions of the NOESY
spectra on the R19:S19dA17, R19:S19dC17, R19:S19G17,
and R19:519d117 complexes (see Figure 3 in Supporting
Information). The imino proton resonance assignments in
the absence of Mg for all the complexes studied here are
given in Table 1 in Supporting Information.

To study the effect of the Mg on G17-C3 base pairing, G11/6G12
spectra were obtained on the R19:S19G17 complex in the |
presence of 2.0 mM Mg@l The cleavage is very slow for 13.0 12,5
this substrate under the conditions used here, and the absence @9 TH (ppm )
of a 2,3 cyclic phospha'te peak in t.he 1BP spectrum FiGure 2: (A) Part of the imino proton to aromatic proton region,
performed at the end of this study confirmed that the S19G17 gnd (B) the imino proton to imino proton region of the 2D NOESY
substrate was not cleaved (data not shown). The presenceapectrum of the R19:519G17 sample isgCHecorded at 5C. The
of Mg?* does not significantly affect the 1D imino proton G17 imino proton at 12.54 ppm gives NOEs to the G1.1 imino

; i~~proton (indicated by the arrow), and one of the amino protons on
region of the hammerhead complex, except for a broadenlngcz_1 (indicated by a box in panel A). The 2D NOESY 'spectrum

of the resonances (see Figure 4 in Supporting Information) \ya< acquired in 80 h with a resolution of 39 Hz/pointtin 19
(37, 38. All the imino protons assigned for R19:S19G17 Hz/point int,, 450 transients, a recovery timébs and a mixing
in Mg?" had the same chemical shifts as they did in the time of 250 ms. The R19:519G17 sample was prepared in buffer
absence of M. containing 25 mMd,-succinate, 100 mM NacCl, pH 5.5, and does
Resonance Assignment of the Nonexchangeable Protong©t contain Mg
of Substrates in the Hammerhead Complexdsteronuclear  the presence of connectivities with the Bhd H- resonances
isotope-edited experiments were used to separate resonances their characteristic chemical shifts. The-HHs connec-
in the S19dA17 and S19dC17 substrates from those in thetivities in pyrimidines were assigned from thg 3C-filtered
I5N/13C-labeled R19 ribozyme. Assignment of the substrate TOCSY experiments. Sharper line widths were observed
resonances was obtained using'*C-filtered TOCSY and for the spectra recorded in absence ofM(Figure 3). Thus,
w, BC-filtered NOESY experiments which suppress the the assignments were first made in absence of"™Mand
aromatic and aliphatic proton signals on tfs/13C-labeled these aided in assignments of the spectra witf'Mgable
R19 (26). Figure 3 shows a region of the, *C-filtered 2 in Supporting Information). For the R19:S19dA17 sample
NOESY performed on thé5N/3C-labeled R19:S19dA17 in the presence and in absence of Mgall the substrate
sample in the absence and presence of 5.0 mM fre& Mg nucleotides were assigned in the te Hg/Hg sequential walk.
Resonance assignments were obtained using the sequentidtor the R19:519dC17 complex, all substrate residues except
walk observed in the ki Hg/Hy region as shown in Figure  G1.1 were assigned. Thegldnd H' resonances for G1.1
3A. This pathway is formed by the sequential connectivities may overlap with other protons or may have broad line
between the sugarHon residuei and the base #Hs of widths due to motion of this nucleotide. However, the imino
residuei — 1 (34, 35. Assignment of the resonances for proton of the G1.1 was assigned, confirming the formation
the deoxynucleotide at the cleavage site was confirmed byof a stable G1.£C2.1 Watson-Crick base pair.
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Ficure 3: Regions of thev, 13C-filtered 2D NOESY experiment26, 33 performed on thé3C/**N-labeled R19:519dA17 complex at 25
°C. In these experiments, resonances corresponding to a proton bondé&¥Ctaucleus are suppressed along éhedimension. (A) The
experiment was performed on th&/15N-labeled R19 ribozyme in the complex with the unlabeled substrate S19dA17 in 90/0Rb

D,0 solution (no M@"). (B) The same experiment was performed on this hammerhead sample but in the presence of 5.6'mh#ig
substrate assignments were obtained using the aromgtity kb H; NOE pathway as shown in panel A. Boxed peaks were observed in
the w; 13C-filtered 2D TOCSY experiment and correspond to thgHd correlations. Both spectra were acquired with a resolution of 31
Hz/point int;, 12 Hz/point int,, a recovery time D1 s and a NOESY mixing time of 180 ms. The spectrum in panel A was acquired in
36 h with 192 transients, and spectrum in panel B was acquired in 18 h with 96 transients.

NOE Connectiities between Protons in the Substrate. NOE transfer and not from spin diffusion. For tHR€/*5N-
Thew, BC-filtered NOESY experiments were performed on labeled R19:519dC17 sample in kg no NOEs were
the 3C/**N-labeled R19:519dA17 and tHéC/*>N-labeled observed between the nucleotide dC17 and its neighbors
R19:519dC17 samples in 2.0 mM Rig(see Figure 4). These (Figure 4). The absence of connectivities between the
spectra were used to extract NOE connectivities betweenaromatic protons of dC17 and G1.1 could be explained by
protons on the substrate, because all the aromatic andresonance overlap of these protons. However, the NOE
aliphatic proton resonances from tHE€/N-labeled R19 are  connectivities betweenHand H; of U16.1 and H of dC17,
eliminated along the», dimension. The same information would resonate in a well-resolved region and no NOEs are
is also present in the 3C-filterediv, 3C-filtered NOESY observed in the NOESY spectra.
spectrum (not shown), but the sensitivity of this experiment  Intermolecular NOE Conneclities. The wi/w,, °C-
is reduced due to the longer delay used during the two selectedfC-filtered experiments were performed on tfe/
filtering periods, compared to the, °C-filtered NOESY 5N-labeled R19:S19dA17 and th¥C/°N-labeled R19:
spectrum (see Figure 1 in Supporting Information). TRt H S19dC17 samples to identify intermolecular NOEs between
Hs to Hy region shows all the expected sequential NOE in the labeled ribozyme and the unlabeled substrate. In this
the two stems for the both samples. For 1#@/°N-labeled experiment, addition or subtraction of the different FIDs give
R19:S19dA17 complex, NOEs were also observed betweenfour subspectra from which the proton signal bound t&Ca
He(U16.1)/H(dA17), Hi(U16.1)/H(dA17), Hs(dAL17)/Hs- is selected or filtered along each dimensi@g)( Figure 5
(G1.1), H(dA17)/H(G1.1), and H »(dA17)/Hy(G1.1), which shows the aromatic proton toyHegion of two of the four
demonstrates that the dA17 at the cleavage site has shorsubspectra obtained from the/w, 13C-selected?fC-filtered
proton—proton distances to its two sequential neighbors. experiment on thé3C/*5N-labeled R19:5S19dC17 sample in
These NOEs were observed in the absence and presence &0 mM M. Figure 5A is thew; 13C-filterediv, °C-
Mg?* (see Figure 3). As discussed below, these U16.1 to filtered subspectra where the sensitivity allows observation
dA17 NOEs are not predicted from the X-ray structures of of NOEs for protons that are separatedi§—4.5 A. Since
the hammerhead. Thus, to confirm these NOE assignmentsthe sensitivity is the same for all four subspectra, any short
experiments were also performed withd#t decoupling in (<4.0 A) intermolecular protoaproton connectivities should
the w; and w, dimensions. In absence &IC decoupling, be observed in the, 1°C-filterediv, 13C-selected subspectra
all the peaks involving an aliphatic or an aromatic proton of shown in Figure 5B. Only one intermolecular NOE is
the 13C/**N-labeled R19 are readily identified because they observed in this region, and none of the NOEs observed in
change from a singlet to a doublet. To test that these NOEsthis spectrum involve nonexchangeable protons on nucle-
are not due to spin diffusion, experiments were performed otides U16.1 or dC17. The same experiment was performed
with NOESY mixing times of 50, 80, 140, and 180 ms on on the!*C/**N-labeled R19:S19dA17 in Mg (not shown),
the R19:519dA17 sample in Mg The linearity of the NOE ~ and again, no nonexchangeable protons on dA17 and U16.1
build-up curves indicate that these peaks arise from directgive NOEs to the R19 ribozyme.



Structural Variation in the Hammerhead Ribozyme Biochemistry, Vol. 37, No. 12, 19981039

A Hy, Hg, Hg region B Hy, Hg, Hg region

1.1
Hg (17) Ha(I ) é_ hppan L
y

2.5

Hor, Hon region
®4 TH (ppm)

Hq», Hg region

Hy (16.9) + |CDIE

¢ TH (ppm)

H2, HG’ H8 region
4 TH (ppm)

0o TH ( ppm) ®2 TH (ppm)

Ficure 4: Three regions of the, °C-filtered 2D NOESY experiments performed at 25, 2.0 mM Mg". Spectra of the (AJ}3C/*5N-

labeled R19:S19dA17 and (BJC/*®N-labeled R19:S19dC17 complexes. The region on the bottom containstHe/tty to Hy/He/Hg
correlations. The region in the center containgHd/Hg to Hy/Hs correlations and the region on the top containgHg/Hg to Hz/Hy-
correlations. In panel A, the boxed peaks indicate the NOEs observed between the aromatic and sugar protons on dA17 and protons on
U16.1. The same connectivities should appear in the boxes displayed in panel B for the R19:S19dC complex. No NOEs were observed
between U16.1 and dC17 in this spectrum. For the R19:S19dA17 complex in panel A, NOEs are observed betweeftiQEsbhances

and the G1.1 and dC17gHesonances (top panel). For R19:S19dC17 in panel B NOEs were not observed between4G1and G1.1

because the G1.1gH4vas not unambiguously assigned. Both spectra were acquired in 48 h with 256 transients, at 31 Hz/point resolution

in t;, 12 Hz/point int,, a recovery time D1 s and a mixing time of 200 ms.

NMR Studies of the Hammerhead with rG or dl at the cleavage site. Since no inosine imino proton resonance was
Cleavage Site. 1D and NOESY spectra were performed on observed in the NOESY spectra (Figure 3D, Supporting
the R19:S19G17 complex in,B to test for formation of Information), there is no direct evidence for formation of a
the G17C3 base pair. Figure 2B shows an NOE cross- dI17-C3 base pair. Inosine lacks the amino group at C2 but
peak between the imino proton resonances of G1.1 and G17should still be able to form an 117-C3 base-pair with two
indicating base pair formation, and the chemical shift of the hydrogen bonds. The absence of the 117 imino proton
G1.1 imino proton resonance is also consistent with-a0G resonance means that this proton is in fast exchange with
Watson-Crick base pair. This conclusion is confirmed by water, indicating that this base pair is either not formed or
the presence of two strong NOESY cross-peaks between G1#raying in the hammerhead complex.
and two amino protons which are tentatively assigned to C3. Ky Measurements on the Hammerhead Complexédse
In addition, the G17 imino proton gives a weak cross-peak presence of the deoxyribose sugar at N17 in the S19dA17,
with another resonance at 8.4 ppm which arises from a S19dC17, and S19dI17 substrates makes it impossible for
sequential NOE to the H-bonded amino proton on the the hammerhead to cleave these molecules. To test for how
neighboring base pair (C2.1) (Figure 2A). Together these the deoxyribose affects the stability of the ribozyme
results demonstrate formation of the -©317 base pair in  substrate complex, the dissociation constants for substrates
the R19:519G17 complex. NMR data were also obtained containing dA17, dC17, di17, dG17, and rG17 at the
on the R19:519dI17 complex that has a inosine at the cleavage site were measured by both native gel shift assays
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Ficure 5: The H/Hy to Hy/He/Hg region of thew:/w, 13C-filtered*3C-selected NOESY experimerg, 33 performed on thé3C/*>N-

labeled R19:519dC17 complex at 25 in 2.0 mM Mg*. (A) The w, 13C-filteredin, 13C-filtered subspectrum where only NOEs between

two protons on the substrate are observed. The assignments for the substrate resonances were obtained as described in thedgxt. (B) The
13C-filtered/ w,*3C-selected subspectrum plotted at the same threshold level as in (A). This subspectrum contains NOEs bet#@en the
15N-labeled ribozyme and the substrate S19dC17. In this region, only one NOE is observed betwegeofttié M or G1.5 in the S19dC17

substrate and an aromatic proton of the R19 ribozyme (at 7.94 ppm). The dashed line at 5.83 ppm indieatesehdcal shift of the

Hy resonance of C17. None of the NOEs expected from the X-ray structure between residues dC17 and U16.1 of the substrate and protons
in the ribozyme are observed (see text). The strong NOEs for §lod tHC17 in panel A demonstrate the high sensitivity of the experiment.

This isotope-edited NOESY experiment was performed in 24 h, with 128 transients, at 31 Hz/point resolttidi? iklz/point int,, a

recovery time 61 s and a mixing time of 200 ms.

and competitive inhibition, as previously describ&8)( The (35). In both X-ray structures of the hammerheé&d §),
high stability of stems | and 1l in the R19:519 complex makes the amino proton of C17 at the cleavage site forms an H-bond
it difficult to determine accurate binding constants in this with the N3 of C3 (Figure 6A). Restrained molecular
system; therefore, the binding affinities were measured on dynamics calculations were used to determine what changes
the HH8 hammerhead complex that has shorter helical are required in the catalytic core to form a G123 base
regions in stem | and stem 111L8). Table 1 lists the binding  pair. Distance constraints were introduced corresponding to
constants for the substrates containing different deoxyresiduesa Watsor-Crick G17—C3 base pair, and a representative
at the cleavage site measured here, along with the previouslymodel is shown in Figure 6B. Comparison with the initial
determined binding constants for substrates containing riboseX-ray structure demonstrates that this G173 base pair can
sugars at the cleavage site3|. The binding affinities for form with relatively minor changes from the X-ray structure,
the ribozyme-substrate complexes with a deoxyribose sugars and in this model, only the backbone around G17 and C3 is
at the cleavage site are 2:50-fold weaker than the same significantly changed. This backbone conformational change
substrate with a ribose sugar at the cleavage site. Thus, therés required to eliminate steric repulsion between C3 and G17,
is a trend that the deoxyribose slightly destabilizes the when the larger guanine base replaces the cytosine. In
ribozyme-substrate complex. However, the order of stabil- addition, comparison of the NOE data on the R19:5S19G17
ity of the cleavage-site variants is the same in the ribose ashammerhead complex (Figure 4, Supporting Information)
the deoxyribose sugard3). Thus, we would expect that indicates that there is little significant conformational dif-
the differences in kinetic and thermodynamic parameters ference of the G17C3 base pair in the absence or presence
measured in the cleavage-site variants with ribose substrate®f 2.0 mM Mg*.
(13 also applies to the NMR complexes studied here. Modeling the Conformation of the Cleage Site in the
DISCUSSION R;9:819dA17 ComplexAs discussed above, the isotope-
edited NOESY spectra on tA&/*5N-labeled R19:S19dA17
Modeling Formation of the GX7C3 Base Pair in an complex showed strong intrastrand sequential NOEs for the
Inactive Hammerhead. When the NMR spectra of the dA at the cleavage site that were not observed in the complex
hammerhead R19:S19G17 complex are compared withwith a dC at the cleavage site (Figure 4). This indicates
spectra from complexes with other substrates (the S19dA17, that there are differences in the structure and/or dynamics
S19dC17, or S19dI17 complexes in Figure 3 in Supporting at the active site depending upon whether thereisan Aor C
Information), a new imino proton resonance is observed only at the cleavage site. Restrained molecular dynamics calcula-
for the hammerhead complex Wit G at thecleavage site.  tions were performed to model to what extent the conforma-
This resonance was observed for R19:5S19G17 complex intion of the X-ray structure has to change to be consistent
the absence and presence of 2.0 mM2MdFigure 4, with the observed NMR data. The goal of these calculations
Supporting Information). The observed NOEs and chemical was to produce a model as similar as possible to the X-ray
shifts are consistent with formation of a Watse@rick base structure while still being consistent with the NOE data on
pair between G17 and C3 in an A-form helical geometry the hammerhead complex with the dA at the cleavage site.
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FiGure 6: Stereoview of the active site of (A) the X-ray structure of the hammerhead by Pley 8t ahd (B) the model calculation for
formation of a Watson Crick base pair between the G17 and the C3. Residues 3 and 17 are colored by atom types.

modified to be consistent with the NMR data, and dA at the
cleavage site has the largest variation in these models. Figure
8A shows some of the experimental NOE constraints
involving dA17 in the starting structure for the calculations.

It is clear that the U16.1 to dA17 distances in the X-ray
structure are too long to be observed in the NOESY spectra
recorded here (distances of 5.6 and 8.5 A), respectively. The
calculations were thus performed to constraint these distances
to be consistent with the experimental NOEs (between 2.5
and 5.0 A). As seen in Figures 7 and 8, panels B and C,
there are multiple structures that satisfy these constraints,
with these structures falling into two families. Figure 8B
shows an example from one family where the bases of U16.1
and dA17 move closer together. Thus, one way to satisfy
the NOE data is with the base of U16.1 stacking on dA17,
which is a different stacking pattern than what is observed
in the X-ray structures where the bases of U16.1 and dA17
are splayed aparb( 6).

stex The calculations produced a second family of structures,
one example of which is shown in Figure 8C. In this case,
the experimental NOEs were satisfied by bringing together
FiGURE 7: Models calculated from the X-ray structure using the the base of U16.1 and Al17 but by also changing the
experimental NOEs observed at the cleavage site. The structureglycosidic angle of A17 from anti to syn. A syn conforma-
colored in gold corresponds to the energy minimized X-ray structure tion has a very short fHto Hs intraresidue distance~@2.5

where the nucleotide T16.1 and C17 were replaced by a uridine ; P P
and an adenine, respectively. The other structures were generate ) which should give rise to a large NOE (similar in size to

by restrained molecular dynamics calculations to be as similar asthe pyrimidine H—Hg NOEs) 85). The A17 H: to Hs NOE
possible to the X-ray structure while still fitting the experimental is much smaller than the ++Hs NOEs (Figure 4A) and
Blgf:ﬁb gr?éaf o(rS?k’uee tier)\)i(tti)eil ltf;scfuur;m% r:ilbtiﬂg g:scees Jpreesﬁgﬁgrs)hgge therefore is not consistent with a true syn conformation. Thus,
Al17, and U16.1 are shown and theyyare colored green, red an(’:i.the family of mOdels. having a Syn glycosidic angle for A17
gray, respectively. is not compatible with the experimental NOEs (assuming a
single static conformation for these residues). However,
Figure 7 shows a superposition of 11 models that are all these NMR data would be consistent with a model where
consistent with the experimental NOE data (the starting the Al17 at the cleavage site is in equilibrium between a syn
model is shown in gold). As illustrated in this figure, there and anti conformation and the exchange lifetime between
are a number of ways by which the X-ray structure can be these conformations is fast on the NMR chemical shift time

steca III
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are observed in this spectrum. The boxes in the figure
6.1 ~ indicate the positions of potentialgfJ16.1)/H(dC17) and
Hy(U16.1)/H(dC17) NOEs, and there are clearly no cross-
peaks for these connectivities. The strong U16.1 to dA17
interresidue NOEs that were observed in the hammerhead
with the S19dA17 substrate are absent in the complex with
the S19dC17 substrate. Thus, for the R19:5S19dC17 complex
the observed NMR data are consistent with the substrate
conformation in the X-ray structures.

Conformation and Dynamics of the Agti Site in the
Hammerhead Ribozymd.o further address how consistent
the solution NMR data are with the X-ray structures of the
hammerhead, we calculated all shor(A) intermolecular
distances between protons on the ribozyme and protons on
the substrate in the X-ray structure. Figure 9 shows the
cleave-site region of the X-ray structure of the hammerhead
(5) where some of the shork@.0 A) intermolecular proton
proton distances are illustrated. Having an isotopically
labeled ribozyme complexed with an unlabeled substrate
provides an ideal system for identifying short intermolecular
proton—proton distances, through application of isotope-
edited NOESY experiments. Figure 5B shows part of the
w1 BC-selectedd, 1*C-filtered NOESY subspectrum of the
BC/5N-labeled R19:519dC17 complex, where only inter-
molecular ribozyme substrate NOEs are observed. Al-
though complete assignments for the catalytic core of the
hammerhead are not yet available, the only intermolecular
NOE observed in this region of the spectrum is from a
ribozyme aromatic proton to the;tbf U1.4 or G1.5. This
cross-peak arises from an intermolecular interaction in stem
| and does not involve the catalytic core of the hammerhead.
However, this cross-peak has high signal-to-noise ratio,
which is important in interpreting the absence of NOEs in
this spectrum. The C17Ho A6 Hg distance is highlighted
éy with the green dashed line in Figure 9 because it should give

G11 rise to an NOE cross-peak at the C17 Ehemical shift

C3 indicated in Figure 5B. No intermolecular NOE was

observed at this chemical shift, even though the correspond-

I|_.!1IE.‘I La;

e
AT

]
Ficure 8: Cleavage site region for several of the structures shown ing distance is 3.6 Ain the X-ray structure (Figure 9). The

in Figure 7. (A) The starting structure, which was obtained by .
energy minimization of the X-ray structure after replacing the two shortest protonproton distances between the substrate

nucleotides T16.1 and C17 by a uridine and an adenine, respec-2nd catalytic core of the hammerhead in the X-ray structure
tively. The black dotted lines correspond to the NOEs observed are 2.2 and 2.4 A for the T/U16.1;Ho A6 Hy and the C17
between residues A17 and the U16.1, in tH&/*N-labeled R19:  Hgqto A6 H, connectivities, respectivelp). Neither of these
S19dA17 complex. The structures shown in panels B and C are NoEs are present in the appropriate regions ofdhé3C-

representative of the two different families, where A17 isina anti . 1 ; .
and syn conformation, respectively (see text). Both of these filterediw, 13C-selected subspectrum of Figure 5B. This lack

structures are in agreement with the experimental NOEs observedof NOEs could result from (1) the conformation of cleavage-

at the cleavage site. site region being different under the NMR solution conditions
as compared with the X-ray crystal structure conditions, or

scale (lifetimes less than 1 ms). The conclusion from these (2) part of the U-turn region in active site of the hammerhead

data is that there is a significant change in the solution being more dynamic than the substrate residues at the

conformation of the hammerhead with a dA at the cleavage cleavage site. The absence of NOEs thus arises from too-

as compared with the X-ray structure of the hammerheadlong distances or from flexibility that reduces the intensity

with dC or 20-methyl-C at the cleavage site. of the NOE. Analysis of they; **C-filterediv, °C-selected

It was rather surprising to find a difference in conformation spectra on thé3C/**N-labeled R19:S19dA17 complex also

between the X-ray structures of the hammerhead with a C showed an absence of predicted ribozyragbstrate NOEs

at the cleavage site and the NMR models of the hammerheador the cleavage-site region (not shown).

with an A at the cleavage site. To determine if this difference  Structure and Actity of Nucleotide Variants at the

was caused by a having a different nucleotide at the cleavageCleavage Site of the Hammerhead Ribozymide catalytic

site, a sample of th®C/*5N-labeled R19 complexed with a  activities for cleavage-site variants have been extensively

substrate containing a dC at the cleavage site was alsostudied in the hammerhead ribozyni {—13, 39. These

studied. Thew, *C-filtered NOESY spectra on this complex studies have shown that the cleavage rate for having a rG at

are shown in Figure 4B. No interresidue U16.1 to C17 NOEs the cleavage site is down 106B0000-fold in several
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Ficure 9: Stereoview of the cleavage site region of the X-ray structure of the hammerhead ribozyme. Residues in red belong to the
substrate and the residues in purple are from the ribozyme. A variety of intermolecular (ribegybstrate) NOEs are expected for
residues near the cleavage site, and the dashed lines correspond to some of thesetshppréton—proton distances. The green dash

line corresponds to the C17,Ho A6 Hg distance (see the text). Only heavy atoms are shown except for the protons involved in the
highlighted short protonproton distances.

different hammerhead constructs, relative to having a rC at distances involving A17 that are not predicted from the X-ray
the cleavage site. In contrast, the cleavage rate for the otheistructures of the hammerheds §). Figures 7 and 8 show
three natural nucleotides vary by less than a factor of 10. model structures that are consistent with the observed NOEs
The reduced rate for rG was previously hypothesized to ariseinvolving dA17. These models clearly illustrate that the
from formation of a G1#C3 base pair, which traps the position of A16 must change relative to the X-ray structure
hammerhead in an inactive conformati@y 10, 13, 1% The and move closer to U16.1 to fit the experimental NMR data.
NMR data obtained here provide direct evidence for forma- Another important feature of the NMR studies is that for
tion of this base pair and therefore confirm that the rG17 both the R19:S19dA17 and R19:519dC17 complexes, short
substrate helps inhibit cleavage by stabilization of the ground- intermolecular protorproton distances predicted in the
state ribozyme substrate complex. The binding affinity of  X-ray structure are not observed in the NMR spectra (Figures

an rG17 substrate to the hammerhead ribozyme is188 5and 9). This means that there are either differences in the
times tighter than the three other natural nucleotide3. ( conformation of the cleavage site in the crystal and solution
However, as previously discussel), the reducedk,; for structures or unusual dynamics for the active-site residues

the cleavage of rG is not fully accounted for by stabilization in these complexes. For example, intermediate exchange on
of the ground-state ribozyme-rG17 substrate complex. Thethe NMR time scale (lifetimes of microseconds to mil-
detailed kinetic analysis demonstrated that the transition stateliseconds) can lead to predicted NOEs not being observed
for the rG substrate was also substantially destabilized, due to exchange broadening of individual resonances. It is
leading to the>5000-fold lower cleavage rate than the rC17 not yet possible to determine if the observed differences
or rAl7 substratesl@). between the NMR and X-ray structures are a result of

NMR studies were also performed on the R19:S19d117 conformation differences or flexibility at the active site of
complex to test for how loss of an H-bond donor in the the hammerhead, and additional NMR studies of the ham-
inosine would affect formation of the base pair between merhead are being pursued to help understand these differ-
residue 17 and C3. In this complex, the imino proton of ences.
the 117 was not observed due to fast exchange with solvent
(see Figure 3 in Supporting Information), suggesting that the ACKNOWLEDGMENT
117—C3 base pair is destabilized relative to the GTB
base pair. Th&y measurements also indicate that theCl
base pair is less stable than the-G base pair (see Table
1). SUPPORTING INFORMATION AVAILABLE

The biochemical studies have also shown that the ri- ) )
bozyme-rA17 substrate complex is destabilized by 1 kcal/ ~ TWO tablles of chemical shifts of the proton resonances
mol in both the ground state and the transition state asand four figures of pulse sequences for NOESY and the
compared with the rC17 substrati8(. From these data, it ~ Proton region of the 2D NOESY spectra (8 pages). Ordering
was proposed that the A17 substrate might go through ainformation is given on any current masthead page.
different reaction pathway for cleavage than the C17 substrate
(13). The NMR data on the ribozyme complexes with the REFERENCES
dA17 and dC17 substrates demonstrate that there are 1.Keese, P., and Symons, R. H. (1987 )Minoids and Viroid-
significant differences in the structure and/or dynamics of like PathogengSemancik, J. S., Ed.) pp-#7, CRC Press,
the active site in these two complexes, therefore, supporting Boca Raton.
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