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ABSTRACT. Cations play an important role in RNA folding and stabilization. The hairpin ribozyme is a
small catalytic RNA consisting of two domains, A and B, which interact in the transition state in an
ion-dependent fashion. Here we describe the interaction of mono-, di-, and trivalent cations with the
domains of the ribozyme, as studied by homo- and heteronuclear NMR spectroscopy. Paramagnetic line
broadening, chemical shift mapping, and intermolecular NOEs indicate that the B domain contains four
to five metal binding sites, which bind Mh, Mg?*, and Co(NH)". There is no significant structural
change in the B domain upon the addition of Co@\ or Mg?*. No specific monovalent ion binding

sites exist on the B domain, as determined¥yH,* binding studies. In contrast to the B domain, there

are no observable metal ion interactions within the internal loop of the A domain. Model structure
calculations of MA™ interactions at two sites within the B domain indicate that the binding sites comprise
major groove pockets lined with functional groups oriented so that multiple hydrogen bonds can be formed
between the RNA and Mn{D)s?+ or Co(NHs)s®". Site 1 is very similar in geometry to a site within the
P4—P6 domain of th& etrahymenaroup | intron, while site 2 is unique among known ion binding sites.
The site 2 ion interacts with a catalytically essential nucleotide and bridges two phosphates. Due to its
location and geometry, this ion may play an important role in the docking of the A and B domains.

Coulombic interactions of cations with nucleic acids have from the negative polarity strand of the tobacco ringspot virus
profound effects on molecular and thermodynamic properties satellite RNA, the hairpin ribozyme functions in processing
(1). Metal ions in particular play important roles in bio- the RNA during rolling circle replicatior?(?). The ribozyme
chemistry, and the structure and function of modern day is a reversible, site-specific RNA endonuclease that cleaves
RNAs have been shaped by evolving in the presence of metalRNA substrates to form products with cyclic phosphate and
ions ). In addition to providing electrostatic stabilization 5'-hydroxyl termini. The hairpin ribozyme is unusually
during folding, elegant biochemical experiments have shown promiscuous in its ionic preference, as it is able to utilize a
that metal ions are directly involved in RNA catalysis for variety of ions or polyamines for proper folding and catalysis
some ribozymes3-6). (28—31). Using kinetically well-behaved molecules, it has

Despite their obvious importance, metal ions are often been recently demonstrated that the catalytic rate of the
difficult to localize in RNA structures. From the small hairpin ribozyme approaches similar values with many
number of RNA crystal structures in which ions have been different ions, including manganese, cobalt hexamine, or
observed, it is evident that there are numerous ways in whichmagnesium 32).
they can interact with RNAZ-14). The L-shape of tRNA® The observation that cobalt hexamine efficiently supports
is stabilized by tightly binding four metal ions within 100p  hairpin ribozyme chemistry indicates that direct inner sphere
regions, with many more metal ions bound less tightly metal ion coordination is not necessary for cleavage, since
(7—9). Metal ions mediate helical packing of the PR6 this ion has a kinetically stable outer hexamine ligand shell
domain of theTetrahymengroup | intron, in a manner akin - (28—30). These results show that metal ions do not act as
to that of the hydrophobic core of proteins0f. A “metal Lewis acids in hairpin ribozyme chemistry. Rather, metal
ion zipper” in 5S rRNA bridges the close approach of jons play an important role in promoting the proper folding
phosphatesl@). Additionally, metal ions have been localized required for hairpin ribozyme catalysis. Proper folding of
at or near the active sites of some small ribozymes by the hairpin ribozyme involves a docking interaction between
crystallography 11, 14, 13. NMR has also emerged as a the A and B domains (Figure 1). Docking of the A and B
powerful technique for localizing metal ion binding sites on  domains is greatly facilitated by both di- and trivalent metal
RNA in solution (6—23). ions 25). Kinetic analysis suggests that approximately one

The hairpin ribozyme has a unique, two-domain structure to two metal ions are bound to the docked ribozyme during
which folds in an ion-dependent mann@¢d{26). Derived catalysis 82, 33.

The solution structures of the individual A and B domains
" This work was supported by NSF and NIH grants to J.F., a Jonsson of the hairpin ribozyme have been solved by NMR (Figure
Cancer Center postdoctoral fellowship to S.E.B., and Human Frontiers 1) (34, 35. Exactly how the two domains dock in the
Sciences Program Organization postdoctoral fellowships to F.H.-T.A. o . . . . .
* To whom correspondence should be addressed. Phone: (310) 206iransition state is unknown. How do metal ions interact with
6922. Fax: (310) 825-0982. E-mail: feigon@mbi.ucla.edu. the hairpin ribozyme to facilitate docking? Do ion binding
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A B of 1K points in the acquisition dimension and 512 increments
5': - 5 3 in the indirect dimension. The mixing time was 200 ms. The
- 58-¢ 18:?: 38 spectra were apodged vylth aﬂfmz_ase—sh}fted sine bell and
« z g-& U-A zero .f|.II.ed to 1K points in the indirect dimension. The 2D
A :g‘é\m asg sensitivity-enhanceéH,'3C ct-HSQC 87) spectra of the B
. U G Loraee®@ domain were acquired with 32 scans of 1024 points in the
- CU_A*S AeU, acquisition dimension and 220 increments in the indirect
35 b AmAl dimension. The spectra were processed as described above,
égg é:ﬁ except that the indirect dimension was zero filled to 512
3 5 (812Ae G250 increments. The constant time evolution period was set to
é;% 30 ms (2lco) for C5-C6 refocusing. Other spectra that were
G-G collected for obtaining the paramagnetic ¥tine broaden-
Yyt ing data included 1D and 2D NOESY spectra isgCHusing

18 the 11 echo water suppression pulse sequeB8g @D

FIGURE 1. Schematic illustration of the hairpin ribozyme secondary NOESY and TOCSY3J9) in D,0, and 2D*H,'5N HSQC in

structure, along with the sequences of the A and B domains used TENILd 4 i A .
in this study. The RNA cleavage site in domain A is marked with 120 @nd DO (40). For the®™NH," binding studies, a 1EH

an arrow. A dashed line between the A and B domains representslSN'f"tered NOESY ¢m = 80 ms) @1) and a 1D'H *N-
a covalent connection in the intact ribozyme secondary structure. filtered ROESY ¢ = 40 ms) @2) were acquired with 3072
The sequences of the individual A and B domains are identical to scans of 8192 points.

those used in their NMR structure determinatioB4,(35. Non- ;
Watson-Crick base pairings determined by NMR are indicated with d Model Structure Cbalc?ulacgl?nsThi SONII\%\QI est energ)(/j B
ovals. The numbering system for the B domain corresponds to the A0Main structures obtained from the structure deter-

NMR construct, with the original hairpin ribozyme numbering Mination @5) were used as starting structures for calculating
scheme shown as adjacent numbers in parentheses. The A domaithe structures of the RNAmetal complex. Two Mn(kD)e**
nqmbelnr;]g .sc.hembe is the same for the r’:‘MR C%T]St“g?tda“d the jons were placed at a random position relative to the RNA,
original hairpin ribozyme numbering scheme. The omain ; ; 3
contains a stable helical extension and UUCG tetraloop not normally approxma_ltely 30 A'away, by gen%:atlng an X-PLOR)(
found in the ribozyme. structurg file cont.alnlng the Mn(#®)s cpordmates and the

) o ) _ B domain coordinates3p). The coordinates for the Mn-
sites exist in the ground-state domain structures, or are ions(H,0),2+ jons were obtained from the high-resolution crystal
only captured when the A and B domains are in very close strycture (1.5 A) 1D4944). Distance restraints of-67 A
proximity? We set out to determine whether metal ion \yere assigned to all atoms that were broadened to baseline
binding sites exist within the individual domains of the at 20-40 4uM MnCl.. For site 1, these atoms were G1 H1,
hairpin ribozyme, using NMR and the cations Co(#f, H2', N1, H8, C8, and N7; G2 H1, H2N1, H8, C8, and N7;
Mn?*, Mg?*, and**NHy". Binding of a paramagnetic Mn and U3 H3, N3, H5, and C5. For site 2, the atoms were A6
ion results in the NMR line broadening of nuclei that are Hg 8, N7, H3 and C3 and G7 H8, C8, and N7. Repulsive
very close to the ion in three-dimensional space, while cobalt gistances were also included to help the ion localization.
hexamine and ammonium binding can be detected by NMR These distances were restrained to>t®A for a subset of
via intermolecular NOEs. Additionally, chemical shift map-  atoms which showed no specific line broadening a60
ping can be used to locate sites of ion interaction. In this MncCl,. For site 1, these atoms were G1'Hihd C1, G2
report we use the above methods to demonstrate that thergq1' and C1, C38 H?, H5, and C5, C37 H5 and C5, and

are four to five metal binding sites on the loop B domain A36 H2 and C2. For site 2, the nonbroadened atoms were
and none within the A domain. The NMR data are used to ag H1', C1, H2, and C2, G21 Hland C1, A8 H8 and CS8,
precisely localize two of the metal ion binding sites on the zng A32 H2 and C2. All calculations were done with
loop B domain structure. X-PLOR version 3.143). First, the structures were subjected
to an initial simulated annealing protocol of 105 ps at 1000
MATERIALS AND METHODS K, followed by 42 ps of cooling with a temperature step of
NMR Sample Preparation and SpectroscoRNA was 7 fs in the absence of van der Waals forces, followed by 50
transcribed and purified as previously describdd).(The steps of Powell algorithm energy minimization. Soft NOE
B domain RNA samples were 04 mM, in 50 mM NacCl, potentials with a scale factor of 50 were used at this step. A
pH 7.0. The A domain samples were 1.4 mM (0.7 mM in final round of molecular dynamics and simulated annealing
strand), in 150 mM NaCl, pH 7.0. A higher concentration in the presence of van der Waals forces was then performed
of monovalent salt was required to maintain the two strands at 2000 K with cooling to 100 K in 28 ps, using a 0.7 fs
of the A domain as a duplex, whereas the B domain time step. Square-well NOE potentials were used with a scale
maintains its hairpin structure at lower salt concentrations. factor of 100, and the protocol was followed by 500 steps
Samples were in ¥D (90% HO/10% D,O) or DO (99.99% of energy minimization using the Powell algorithm.
D0, Isotech). NMR spectra were recorded on Bruker DRX RESULTS
500 MHz spectrometers. Spectra were processed with
Xwinnmr (Bruker instruments) and analyzed with Felix 97 Interaction of M with the B Domain.The secondary
software (Biosym). The B domain spectra in@ were structure of the hairpin ribozyme is shown, along with the
recorded at 303 and 310 K, while the A domain spectra were domain constructs used in this study (Figure 1). The loop B
recorded at 298 K. The residual water HDO signal was domain sequence is identical to the one used in our recent
suppressed by low power presaturation. The 2D NOEXY (  NMR structure determination of the loop B domaiBby.
spectra of the loop A domain were acquired with 96 scans We chose to probe the loop B structure with Ma@b
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48 46 4.4 ‘ppm 48 46 44 ppm Ficure 3: Lowest energy NMR structure of the B domaBb),
FIGURE 2: 500 MHz IH,13C ct-HSQC spectra of the B domain with atoms that are specifically broadened as a result of"Mn
without (A and C) and with (B and D) the addition of 281 MnCl,.  2inding shown as spheres.

(A and B) Aromatic region. Aromatic resonances that are broadened ) ) )
as a result of M&" binding are labeled with their corresponding ~ Site or is the result of ion movement between sites 1 and 2

numbers in the spectrum without ¥ (C and D) C2-H2' and (Figure 3). The final two sites of manganese interaction,
gi;:g;&%;’%rgggeﬁgg?g l(-|D3) ngglc?:g)?/vgr:eagcezlciﬂrlg d((:;)t é’&d referred to as sites 3 and 4, are located at nucleotides G13
with spectral widths of 5000 and 2800 Hz in the proton and carbon and G25, respectlvgly, at the junction _Of the |nternal Ioop
dimensions, respectively. and the second helix. Both of these sites are in the major
groove but lie on opposite sides of the helix.
determine if the divalent metal manganese interacts at Interaction of Cobalt Hexamine and Magnesium with the
specific sites within the B domain. Because #inis B Domain. Since NMR chemical shifts are exquisitely
paramagnetic, it causes line broadening of NMR resonancessensitive in reporting ligand binding, ion interactions, and
in close proximity to the ion, with a distance dependence of conformational changes, we acquifét/**C ct-HSQC spectra
r—¢(45). Additionally, it has been observed with other RNAs of the B domain in the absence and presence of cobalt
that only micromolar amounts of manganese are required tohexamine and MgGl Co(NHs)¢*", an analogue of hexahy-
observe this effect1p, 17, 23, which circumvents the  drated magnesium, efficiently stimulates high levels of
potential problem of aggregation at millimolar concentrations hairpin ribozyme activity at relatively low concentrations.
of both RNA and metal. A ligation rate constant of 4.3 min is observed in 0.1 mM
IH,13C ct-HSQC 87) spectra were recorded on uniformly  cobalt hexamine, whereas 10 mM MgQroduces a rate
13C '5N-labeled loop B domain RNA with and without Nh constant of 1.3 mint (32). We find that the B domain
(Figure 2). At 20uM Mn?*, a specific subset of resonances aggregates at high concentrations of cobalt hexamine (4 mM)
within the loop B domain are completely or almost com- or magnesium (10 mM) under NMR conditions (1 mM RNA;
pletely broadened to baseline. Most of the aromatic H8 and data not shown). We therefore probed the loop B domain in
C8 resonances which are broadened by Mare within the the presence of 1 mM cobalt hexamine or 6 mM magnesium,
internal loop and belong to the nucleotides A6, G7, G13, conditions which are both amenable for NMR spectroscopy
and G25 (Figure 2A,B). Additionally, the H8 and C8 and known to promote high levels of ribozyme activity.
resonances of the stem residues G1 and G2 are broadened The addition of 1 mM Co(NR)¢*" or 6 mM Mg has
beyond detection, and the imino protons of these nucleotideslittle effect on the proton and carbon chemical shifts of the
are also broadened (data not shown). ThéMmobing data B domain, suggesting that the structure of the domain is the
show that the A6 H3proton is specifically broadened (Figure same in the absence and presence of cobalt hexamine (Figure
2C,D). This proton is located in the major groove directly 4A,B). However, small chemical shift changes are observed
between the A6 and G7 H8 protons, which are also at positions which are at or near the nucleotides observed to
broadened (Figure 2A,B). Since the RNA concentration is interact with manganese. Resonances in the major groove
millimolar, the Mr?t is in fast exchange and must have an of the terminal helix are affected, including G1, G2, and G34.
off-rate on the order of 1000~% which is similar to the The aromatic H8 chemical shifts of these resonances shift
time scale of MA" binding to other RNAs 16, 17, 23. by 0.06-0.08 ppm in the proton dimension (Figure 4). These
The atoms which are observed to be specifically broadenednucleotides are also specifically broadened by manganese
by Mn?* binding to the loop B domain structure are shown and constitute metal binding site 1 (Figures 2 and 3). Within
as spheres on the loop B domain structi8®) (Figure 3). the internal loop, the C8 chemical shifts of AB10 shift
All of the atoms which interact with Mi ions are in the by 0.4-0.6 ppm in the'*C dimension upon addition of
major groove. Figure 3 shows that the sites of manganeseCo(NH;)¢*" or Mg?". The A6 and G7 resonances were also
binding localize to four to five different regions of the B  specifically broadened by manganese and constitute metal
domain RNA. Site 1 is located within the major groove of binding site 2 (Figures 2 and 3). Last, similar chemical shift
the terminal helix. Site 2 is located within the internal loop, changes are observed for both the proton H8 and carbon C8
between nucleotides A6 and G7. G34 is also broadened byresonances of G13 and G25 upon cobalt hexamine binding,
manganese. This nucleotide is between site 1 and site 2, sand these resonances are also specifically broadened by
it is not clear as to whether this constitutes an additional manganese and constitute metal binding sites 3 and 4.
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Ficure 5: Portion of a 500 MHz 2D NOESY spectrum in 90%
H.0/10% DO of the B domain in the presence of 1 mM cobalt
hexamine, which resonates at 3.65 ppm. The spectral width was
10 000 Hz in both dimensions, the mixing time was 150 ms, and
the temperature was EC. NOEs could be unambiguously assigned
to the imino protons of nucleotides G2, U3, and G4 (left) and the
amino protons of C35 and C37 and the H8 protons of G2 and G7

(right).
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E netic line broadening in the presence of manganese show
chemical shift changes upon the addition of cobalt hexamine,
consistent with cobalt hexamine interacting with the same
sites as manganese. Cobalt hexamine binding to other RNAs
has been observed to induce similar chemical shift changes
(18, 22. The chemical shift mapping data indicate that
magnesium binds to the same sites as both manganese and
cobalt hexamine (Figure 4B).

814 812 810 7.|8 76 bpm We observe that the ribose resonances are unaffected by
the addition of cobalt hexamine or magnesium, indicating
that the sugar and backbone conformation is unchanged by
cobalt hexamine binding (data not shown). Although a

0.2 B specific subset of nucleotides displays chemical shift changes,
none of their base pairing partners do (Figures 1 and 4). The
Cobalt Hexamine observed chemical shift changes are relatively small, with
0.1 the largest observefippm equal to 0.12 ppm (Figure 4B,C).
Additionally, the same sequential NOE connectivities are
II I observed in the presence or absence of 1 mM cobalt
Y S — ———— hexamine (data not shown). We therefore conclude that there
13 657 9 113151719 21 23 25 27 20 31 33 35 &7 are no significant structural changes in the B domain upon
0.2 C the addition of 1 mM cobalt hexamine or 6 mM MgCl

Intermolecular NOEs between the cobalt hexamine protons

Magnesium and the RNA are detected in 2D NOESY spectra of the B

01 domain RNA in 1 mM Co(NH)s*" (Figure 5). At site 1,

NOEs can be seen from cobalt hexamine to the imino protons

I of G2, U3, and G4, as well as the amino protons of C35 and

0 T T T T T T T T T C37 and the H8 aromatic proton of G2. At site 2, an NOE
tesTe 11F1{3 19 1719 21 28 25 27 29 31 33 35 37 can be seen from cobalt hexamine to the H8 aromatic proton

esidue Number of G7. Last, a site 3 NOE is detected at the imino proton of

FiGUrRe 4: (A) *H,1C ct-HSQC spectra of the B domain, with (red) - G13. Many more intermolecular NOEs are also visible, but

and without (blue) the addition of 1 mM Co(N)4**. The aromatic . :
region is shown. Resonances which display chemical shift Changesunamblguous assignments for these NOEs could not be made

upon interaction with cobalt hexamine are labeled. Spectra were fOr two reasons. First, line broadening at low temperatures
acquired as for Figure 2, except that the temperature w37  (0—10°C) in the presence of cobalt hexamine caused severe
(B and C) Observed changes in chemical shifpgm) upon the  spectral overlap even in 3B4,'3C HSQC NOESY spectra
Pumber in the B domain. Changes 1 ahemical shits were caloufated (112 10t SNOWn); second, at higher temperatures 420C),

; ' where line widths are narrower, th It hexamine proton
from the equatio(ppm)=[(A'H ppmy + (& °C ppmx aCJA1° excehzn s tO(;j :as izle toab(;J dsté(t:teedcitalfltS gogalt higa%?nes
(56), whereAppm is the difference in ppm between the chemical g pialy ) . iexami
shifts of the B domain RNA in the absence and presence of metal protons resonate at a single frequency (3.65 ppm), indicating
ions andaC is a scaling factor to normalize the magnitude of the that the cobalt hexamine ion tumbles rapidly when bound
carbon chemical st changes rlaive o he proton scalec@e 1o the RNA and i n fast exchange between the bound and
chemical shift range of 1 ppm and the C8/é carbon chemical shift free _forms. Th_erefore_, a single °9ba_'t he_xamlne molecule
range of 9 ppm. (B) 1 mM cobalt hexamine. (C) 6 mM MgCl  Can interact with multiple metal blndlqg sites on the RNA
Chemical shift changes were calculated for all H8/6 and C8/6 during the course of the NMR experiment. The observed
resonances in the presence of cobalt hexamine and for all H8/6fast exchange kinetics of cobalt hexamine binding in solution
and C8/6 resonances in magnesium except 10, 11, and 26, whichyaye thys far been observed for every RNA which contains
could not be unambiguously assigned for the magneslum-contaunlnga cobalt hexamine binding siteg, 21, 23. The equilibrium
sample. . L RPN N

P dissociation constant for cobalt hexamine binding to a

Therefore, all of the resonances which displayed paramag-pseudoknot RNA has been estimated at8.6.4 mM, on

140
141

142

0

A (ppm)
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FIGURE 6: 500 MHz 1D**N-filtered NOE (top) and ROE (bottom)
spectra of the B domain RNA (0.5 mM) in the presence of 25 mM
15NH,4CI. The NOESY mixing time was 80 ms, while the ROESY
mixing time was 40 ms. The temperature was°@and spectral ' ’ ' ‘ ‘ ! ‘ ‘ ’ ‘

widths were 10 000 Hz. Th&NH,* resonance and the NOE and 60 58 56 54  ppm60 58 56 54 ppm

ROE to the imino proton of U18 are labeled. The broad exchange Ficure 7: 500 MHz 2D NOESY spectra of the A domain, without
peak at 8.0 ppm is not assigned. (A) and with (B) the addition of 2«M MnCl,. The sequential

. ) L H8/H6/H2—H1'/H5 region is shown. The G1 and G15 resonances
the basis of the chemical shift differences between the freethat are broadened as a result of Miinding are labeled in the

and bound states2p). The chemical shift differences spectrum without M#". The spectral widths were 5000 Hz in both
observed for the B domain with and without cobalt hexamine dimensions, the mixing times were 200 ms, and the temperatures
are nearly identical to these values, and therefore the binding)'®® 20 dC' Lines mdoulg:ate rtlhe Tequentual_cog(r;ecéngtﬁ/lbetween the
affinities for cobalt hexamine on the B domain appear to be nucleotides surrounding the cleavage site; 1can '

quite similar.

Absence of Detectable Moralent lon Binding Sites.
Monovalent ion binding sites on nucleic acids have been
observed using the iotPNH," (46, 47). Since the hairpin
ribozyme functions efficiently under high concentrations of
ammonium ions 31, 32, we wished to ascertain whether
the multivalent ion binding sites also bind ammonium ions.
1D N-filtered NOE and ROE experiments were performed
in the presence of 25 mNPNH," (Figure 6). One intense
NOE is observed between the RNA and t&H,4" ion,
which can be unambiguously assigned to the imino proton
of U18 in the UUCG tetraloop. However, the 1BN-filtered
ROE experiment shows that the majority of this NOE is due
to direct chemical exchange between ¥#¢H," ion and the
U18 imino proton, which is possible since this proton i
directly exposed to solvenBb, 49. We therefore find no
evidence for specific monovalent ion binding sites within
the B domain RNA, since the UUCG tetraloop was engi-
neered for stability and is not part of the natural ribozyme
sequence.

Absence of Manganese Interactions within Internal Loop
A. The loop A domain sequence used in these studies is
identical to that used by Cai and Tinoco in the NMR structure
determination of the loop A domai4) (Figure 1). Cai and
Tinoco found that the loop A domain structure is the sam
in the presence or absence of magnesigd). (We find that,

of manganese localization upon the B domain. However,
representing the manganese binding data in this manner does
not reveal the precise interaction of the ions at the different
sites. Although the paramagnetic effect of manganese binding
has not been previously used to calculate structures of
manganese bound to RNA, the well-known® distance
dependence of the paramagnetic efféd) (can be used to
extract structural information in much the same manner as
the NOE. We therefore set out to use the distance dependence
of the paramagnetic effect to determine model structures of
the manganese ions bound to the B domain RNA.

Two sites within the loop B domain yielded significantly
more line broadening data than the others, due to higher
s Pproton density and better chemical shift dispersion at those
sites. These sites correspond to site 1 at the helical terminus
involving G1, G2, and U3 and site 2 within the internal loop
at A6 and G7 (Figure 3). These two sites of ion localization
are also particularly interesting cases for determining the
structure of the ion bound to the RNA. Site 1 has a helical
sequence on one strand-BGU-3) that is identical to the
P5 helix of theTetrahymenaroup | intron P4-6 domain,
which binds a hexahydrated divalent idk0). However, the
P5 site contains two ® wobble pairs, whereas site 1 is
e purely Watsor-Crick. Site 2 is especially interesting because
it is the only observed site of ion localization involving a

in contrast to the B domain, nearly all of the resonances in catalytically essential nucleotide (G7, corresponding to G21

the loop A domain are unaffected by the addition of M the intact hairpin ribozyme).
micromolar amounts of the paramagnetic ¥rion. 2D The 30 lowest energy B domain structurgs)(were used
homonuclear NOESY spectra of the loop A domain with as starting structures for calculating structure models of the
and without M+ show that specific line broadening is only manganese-bound RNA. The manganese ions used in the
observed at G1 H8 and G15 H8 (Figure 7). These nucleotidescalculations are modeled as fully hexahydrated ions, for the
are involved in terminal @J and GC base pairs, respec- following reasons. First, the fast off rate of the ions suggests
tively, and may constitute sites of metal ion localization due that they are not directly coordinated to the RNA, and similar
to the presence of adjacen‘t.tﬁrmina] triphosphates_ No kinetics of Mr#+ blndlng have been observed at sites that
resonances within the internal loop A are specifically bind a hexahydrated manganese i@1)( Second, cobalt
broadened by Mit, even at MA* concentrations as high as hexamine also binds at these sites, as evidenced directly by
60uM (data not shown). The sequential connectivity between intermolecular NOEs and chemical shift changes. Last, all
the cleavage site nucleotidest@ and G-1 are visible in divalent ions which influence the hairpin ribozyme structure
both spectra (Figure 7), indicating that no manganese ionsmust be able to do so as hexahydrates, since cobalt hexamine
interact in the vicinity of the cleavage site. is very proficient at promoting proper folding.

Model Structure Calculations of the B Domain Metal Constraints between the center of the MgQ2" ions
Binding SitesFigure 3 allows one to visualize the regions and the RNA were included only for atoms which were



lon Binding Sites in the Hairpin Ribozyme Domains Biochemistry, Vol. 39, No. 9, 200®179

Ficure 8: The five lowest energy model structures of the B domain with two hexahydrated manganese ions bound. The two sites are
shown separately to illustrate the local precision of the RNA and the bound ion. (A) Site 1, superimposed upon G1, G2, U3, G4, C35, A36,
C37, and C38. The view is into the major groove of the helical terminus. (B) Site 2, superimposed upon C5, A6, G7, A8, A32, C33, and
G34. The view is into the major groove of the internal loop. The M)+ ions were left out of the superimpositions to emphasize the

localization of the ion. Note that the five lowest energy structures are shown, but the reported RMSD values in the table are for the 10

lowest energy structures out of the 30 calculated.

Table 1: Structure Determination Statistics for the 10 Lowest
Energy Loop B Domair2[Mn(H,0)s**] Complexes

total no. of B domain RNA restraints 1024
intermolecular restraints between RNA and ions
site 1toion1 18
repulsive 11
site 2 to ion 2 8
repulsive 10
RMSD for all heavy atoms relative to mean structure (A)
site 1: G1-G4, C35-C38,ion 1 1.44t 0.45
site 2: A6-A8, U31-C33, ion 2 1.35+0.27
NOE violations (A) 0> 0.1
angle violations (deg) 65
mean deviation from covalent geometry
bond lengths (A) 0.004
angles (deg) 1.0
impropers (deg) 0.36

specifically broadened to baseline upon addition of-20
uM MnCl,. All distances were weakly constrained to be 7
A or less (Table 1 and Materials and Methods). Additionally,
repulsive distances 6f7 A were included for atoms which
were not affected by the paramagnetic Wmon (Table 1

forces produced structures with low overall energies and
RMSD values, good overall geometries, and no distance
violations between the RNA and the ions or within the RNA
itself (Table 1).

DISCUSSION

Model Structures of the Metal lon Binding Pockéigure
8 shows the lowest overall energy structures of the calculated
RNA—2[Mn(H,0)s*'] complex. In both site 1 and site 2,
the position of the ion was precisely localized with respect
to the RNA, with a local RMSD for the surrounding RNA
residues and the metal ion of about 1.4 A for both sites (Table
1). The geometry and RMSD values of the calculated RNA
2[Mn(H,0)s**] model structures remain essentially un-
changed from the starting structures. Therefore, the ion
restraints are accommodated without deformation of the RNA
structure. In site 1 (Figure 8A), the MngB)s>" ion is
localized within the major groove of the helix between G2
and U3. The major groove is the site of highest negative
electrostatic potential in A-form RNA. In site 2 (Figure 8B),

and Materials and Methods). Structures of the B domain the second Mn(kD)s** ion also localizes to the major

RNA in complex with two Mn(HO)s?>" ions were calculated
with X-PLOR (43). Briefly, the Mr?* ions started at random

groove, between purines A6 and G7 within the internal loop.
The orientations of the six water molecules surrounding

coordinates with respect to the RNA structures, approxi- each ion are less well defined than the position of the ion.

mately 30 A away from each other. An initial round of

However, the five lowest energy structures reveal that the

simulated annealing in the absence of van der Waals forceswaters are capable of forming hydrogen bonds with acceptor

allowed the ions to localize to the sites of specific line

functional groups on the RNA (Figure 9). Four out of the

broadening. A second round of molecular dynamics and six waters surrounding the ion bound to site 1 at the stem

energy minimization refinement including van der Waals

5'-GGU-3 sequence are oriented to form five potential
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Ficure 9: Structure models of the metal binding sites. (A) Site 1, rotated to illustrate the five possible hydrogen bonds between the
Mn(H,O)e?" ion and the RNA. (B) Site 2, rotated to illustrate the four possible hydrogen bonds between thgdW{kbn and the RNA.

hydrogen bonds to the guanine N7, guanine O6, and uracil

04 functional groups at this site (Figure 9A). All five of the R
hydrogen bonds at this site are with base functional groups ‘
and none with the backbone. At metal binding site 2 within /’},?g
the internal loop, three out of six coordinated water molecules '
form four potential hydrogen bonds to functional groups on (vz02) 037//87 :
the RNA (Figure 9B). Two of these hydrogen bonds are to

the A6 and G7 phosphate oxygens, while the third and fourth
hydrogen bonds are to the G7 N7 and O6 functional groups. Ficure 10: Comparison of site 1 from the B domain with the P5
Therefore, this G7 metal binding site is quite different from site from the P4P6 domain of theTetrahymenagroup | intron

he 5- -3 site. inth kbon n re form (10). The two sequences are superimposed over the common heavy
itneagd?tf)g t:(;) ?r:z,gu;n?:wgvlg)azaeccggtaecfso tacts are formed atoms of the RNA. The B domain RNA and bound ion are in black,

o ) and the P5 RNA and bound ion are in gray. lons are shown as
Both of the calculated metal binding sites hydrogen bond spheres.

to guanine N7 functional groups. Additionally, sites 3 and
4, which were not calculated, are likely to involve the N7 three specific regions of metal ion localization. Therefore,
functional groups of G13 and G25, since the adjacent C8 the 28-nucleotide A domain may be unusual in its lack of
and H8 atoms are specifically broadened by manganesemetal ion binding sites, especially since metal ions are known
However, metal binding to guanine N7 groups cannot be a to be important for the overall folding of the ribozyme. How
general effect, because no line broadening is observed at G4do the structures of the metal ion binding sites determined
G15, G20, G21, and G23, all of which have exposed N7 for the B domain compare to known sites? Figure 10
atoms. Therefore, there must be other determinants thatcompares the X-ray crystal structure of the P5 helical
influence metal ion localization on the RNA. Indeed, the sequence '5SGGU-3/5-GUC-3 (10) with the helical se-
structures of the metal binding pockets show that an array quence 5GGU-3/5-ACC-3 determined in this study. The
of hydrogen bond acceptors is required to constitute a metalformer sequence contains tandem wobble pairs, while the
binding site. latter is purely WatsonCrick. Nevertheless, the RNA
Structural Similarities with Other Metal Siteghe hairpin structures are remarkably similar (1.3 A RMSD), and both
ribozyme B domain contains four to five metal binding sites. bind a hexahydrated metal ion in the major groove within
In contrast, the A domain only binds Mhat the helical the 8-GGU-3 strand, with the ion located between the G
termini, where the Sterminal guanines and possibly their and the U. Both ions interact only with the base functional
triphosphates constitute sites of metal interaction. Comparedgroups at this site and not with the backbone. Interestingly,
to the A domain, the B domain seems to bind a dispropor- the location of the ion in the P5 helix is shifted 2.5 A toward
tionately large number of metal ions. In fact, the B domain the center of the helix relative to the position of the ion in
binds the same average number of metal ions per nucleotidethe B domain structure (Figure 10). This shift is likely to be
(0.13) in solution as does the recently studied rRNA S8 due to the fact that the tandemGwobble pairs in the P5
binding site 20), which is a 23-nucleotide RNA that contains helix provide hydrogen bond acceptors in the center of the

N

G1(G118)



lon Binding Sites in the Hairpin Ribozyme Domains

Biochemistry, Vol. 39, No. 9, 200181

helix (e.g., uracil O4 and guanine O6 on the opposite strand), shift mapping data of the B domain is 0.12 ppm in 6 mM

which are not present in WatseiCrick pairs. The elec-

MgCl,. Slightly greater changes were observed for some

tronegative surface area of the major groove containing G residues in the leadzyme in 5 mM Mgdb3). Previously,

U wobble pairs is therefore larger than one with Watson
Crick functional groups. The major groove of the Watson

it had been observed via 1D and 2B NMR spectra that
the B domain shows the same number of imino proton

Crick helix actually contains partial positive charges in the resonances and NOE connecitivities ind% mM MgCh (35).
center of the helix in the form of adenine and cytosine amino Additionally, it was shown that formation of a UV cross-

groups. Therefore, the ion in the P5 major groove can easily jink, which reports the folding of the internal loop, is not
slide over toward the center of the helix, whereas the B jnfluenced by metal ion concentratiors4). These data

domain ion is forced to localize more toward the@GU-
3 strand.

The metal binding site at G7 lies within a commonly
occurring structural motif, termed the “loop E-like” or “S-
turn” motif, which has been observed in other RNAs
(49-51). The B domain site 2 ion at G7 is the first
experimental evidence of a metal ion binding within the
S-turn motif. However, a metal binding site within the S-turn
motif of the sarcir-ricin loop domain from 23S rRNA was

indicate that the metal ion binding sites on the B domain
are part of the preformed RNA structure.

Is there a possible role for the G7 ion in the folding
pathway of the ribozyme? No ions are observed to bind
within the isolated internal loop of the A domain, and G7 is
the only functionally important nucleotide in the B domain
that interacts specifically with a metal ion. The ion in the
major groove at G7 may directly participate in docking, by

predicted on the basis of Brownian dynamics simulations of Providing the necessary electrostatic shielding required for
cation diffusion trajectories in the presence of a calculated helical packing. It is therefore intriguing that the ion bound

RNA electrostatic field §2). This predicted metal binding

to G7 appears to be ideally situated for such a task. The

site occurs at a location which is equivalent to the site 2 ion cation is located between the phosphates of A6 and G7,

in the B domain RNA.

directly on top of the phosphodiester backbone of the B

Paramagnetic line broadening was observed at G13 H8domain, while half of its surface area (three out of the six

and G25 H8, and these residues also show small chemicakoordinated waters) is exposed to the solvent, capable of
shift changes upon addition of cobalt hexamine. However, binding another phosphodiester backbone. This is quite the
spectral overlap made it difficult to collect enough restraints opposite of the metal ion observed in site 1, which sits deep
to precisely position ions near these nucleotides. Manganesén the major groove of the helix and only interacts with base
binding has been observed previously within the crystal functional groups.

structure of a hammerhead ribozymk2) at a site that is
structurally analogous to site 3 at G13. In the hammerhead
ribozyme structure, a manganese was observed to bind

The metal binding site within loop B at G7 is unique
among ion binding sites identified to date. Biochemical data

a . ..
the B-AG-3' step of the sequencé BG-3/5-CG-3. which tsupport the presence of a metal ion bound to this site in the

is the same sequence surrounding G13. In both the ham_mtact ribozyme. The N7 functional group of G7 is accessible

. . to chemical modification in the absence of magnesigd), (
merhead ribozyme and the B domain structures, the bases .
form a sheared AG pair followed by a GC pair. The as would be expected from the structure of the B domain.

hammerhead ribozyme crystal structure shows that a mar|_However, this N7 position is strongly protected upon addition

ganese binds to the N7 of the G in the Wats@rick pair of 12 mM magnesium 2(.4)' This is the on_Iy purine N7
in the hammerhead, which is equivalent to G13 in the B Position in the entire ribozyme which displays such a
domain. Therefore, a similar type of manganese interaction Protection patternd4). A metal ion interaction at G7 is also
may be formed at site 3 in the B domain. consistent with atomic mutagene3|s data which |nd|ca_te that
Implications for Folding.The metal binding sites at the Poth the O6 and N7 functional groups are catalytically
helical termini of the A domain must have no significance Important 65), even though these functional groups do not
for ribozyme folding, since they are within regions that can Participate in intradomain interaction35). Additionally, a
be substituted by any combination of Watsd®rick base ~ manganese-induced cleavage within the B domain of the
pairs without affecting the activity of the ribozyme, and hairpin ribozyme has been observed between G7 and A8
triphosphates do not naturally occur at these positions. The(corresponding to G21 and A22 in the full ribozyme; K.
observation that the loop resonances are not affected By Mn Hampel and J. M. Burke, personal communication). Finally,
agrees well with chemical probing data, which shows that the observation that cobalt hexamine, magnesium, and
there is no protection of the phosphodiester backbone of themanganese interact at the same site is consistent with the
A domain upon addition of divalent or trivalent metaZs). wide ionic preference of the ribozyme. While the ground-
These data are also in agreement with the results of Cai andstate ion binding sites determined in this investigation may
Tinoco, which report that the loop A structure is the same be involved in the ribozyme folding pathway, it remains to
in the absence or presence of magnesiGh). ( be seen as to whether the same sites exist in the transition
The chemical shift mapping data and NOE patterns state.
observed for the B domain upon addition of cobalt hexamine
or magnesium indicate that the structure of the domain is ACKNOWLEDGMENT
the same in the absence or presence of di- and trivalent ions.
The observed chemical shift changes are similar to those that We thank Dr. K. Hampel and Prof. J. M. Burke for
were observed for the leadzyme structure, which is also thecommunication of results prior to publication, David Finger
same in the presence or absence of divalent méid)sThe for assistance with the labeled NTP preparation, and Dr.
largest observed\ppm value obtained from the chemical Nicholas Hud for assistance with manganese titrations.
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