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Abstract: The hepatitis delta virus (HDV) ribozyme uses a cytosine to facilitate general acid—base catalysis.
Biochemical studies suggest that C75 has a pK, perturbed to near neutrality. To measure this pKj directly,
Raman spectra were recorded on single ribozyme crystals using a Raman microscope. A spectral feature
arising from a single neutral cytosine was identified at 1528 cm~*. At low pH, this mode was replaced with
a new spectral feature. Monitoring these features as a function of pH revealed pKj values for the cytosine
that couple anticooperatively with Mg?*™ binding, with values of 6.15 and 6.40 in the presence of 20 and 2
mM Mg?", respectively. These pK, values agree well with those obtained from ribozyme activity experiments
in solution. To correlate the observed pK, with a specific nucleotide, crystals of C75U, which is catalytically
inactive, were examined. The Raman difference spectra show that this mutation does not affect the
conformation of the ribozyme. However, crystals of C75U did not produce a signal from a protonatable
cytosine, providing strong evidence that protonation of C75 is being monitored in the wild-type ribozyme.
These studies provide the first direct physical measurement of a pK, near neutrality for a catalytic residue
in a ribozyme and show that ribozymes, like their protein enzyme counterparts, can optimize the pK, of
their side chains for proton transfer.

Introduction mechanistic question for ribozyme catalysis then is whether
ribozymes can perturbify values of certain nucleotides toward
neutrality to aid proton transfer.

The hepatitis delta virus (HD¥Yibozyme is an 85 nt RNA
(Figure 1A) that functions in the life cycle of the human hepatitis
delta virus, a 1.7 kb circular satellite of hepatitis B. The virus
replicates via a double rolling-circle mechanism in which
concatemers are resolved by self-cleavage of the closely related
genomic and antigenomic HDV ribozym&sThe chemical
reaction of the HDV ribozyme involves attack on the scissile
phosphate by the' 2DH of U-1 to leave termini of a'2Z'-cyclic
phosphate on U-1 and &8H on G1 (Figure 1B). The ribozyme
uses a general acid/general base mechanism involving cytosine
75 (C75) in proton transféf.11

The original evidence implicating C75 in proton transfer came
from the crystal structure of the self-cleaved form of the
T Case Western Reserve University. ribozyme, which showed hydrogen bonding between the N3 of
;Purdue University. o C75 and the 50H of G1, the leaving group in the reactiéh.

The Pennsylvania State University. Been and co-workers demonstrated that catalytically inactive

(1) Doudna, J. A.; Cech, T. RNature2002 418 222-228.
(2) Saenger, WPrinciples of Nucleic Acid Structur&Springer-Verlag: New

Catalytic RNA molecules, or ribozymes, comprise only four
nitrogenous nucleobases, which lack the functional diversity of
their amino acid counterpartg.Such functional uniformity has
the potential to severely limit the catalytic versatility of RNA.
In particular, A and C residues have relatively oW palues
near~4, while G and U residues have relatively higkuwalues
near~9. Watson-Crick base pairing stabilizes the uncharged
species; therefore, RNA secondary structure formation only
serves to shift K, values even further from neutrality.
Unfolding the RNA can shift thel, values of A and C toward
neutrality due to the proximity of the negatively charged
phosphodiester groups, but the shift is small at erly2 units?
Thus, typical nucleobasekp values are unsuited for effective
proton transfer, which is optimal near neutrafity. A key

York, 1984; p 556. (8) Abbreviations used: HDV, hepatitis delta virus; CMP, cytidine 5
(3) Legault, P.; Pardi, AJ. Am. Chem. S0d.997, 119 6621-6628. monophosphate; C75 is numbered as C76 in the antigenomic version of
(4) Moody, E. M.; Lecomte, J. T.; Bevilacqua, P.RNA2005 11, 157-172. the ribozyme; C75U, ribozyme variant in which C75 has been mutated to
(5) Fersht, AEnzyme Structure and Mechanistnd ed.; Freeman: New York, U; MPD, 2-methyl-2,4-pentanediol.

1985; p 475. (9) Lai, M. M. Annu. Re. Biochem.1995 64, 259-286.
(6) Bevilacqua, P. CBiochemistry2003 42, 2259-2265. (10) Perrotta, A. T.; Shih, I.; Been, M. [Bciencel999 286, 123-126.
(7) Bevilacqua, P. C.; Brown, T. S.; Nakano, S.; YajimaBrpolymers2004 (11) Nakano, S.; Chadalavada, D. M.; Bevilacqua, PS€ience2000 287,

73, 90-109. 1493-1497.
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(A) o is coupled anticooperatively with Mg binding1116 This
. - coupling has been attributed to electrostatic repulsion between
-8 I P2 a closely positioned protonated cytosine and a magnesium ion.
P A Pt Although rate-pH profiles are helpful in determining{a values
E °P°§§§ Gﬁ of enzyme residues, they are notoriously difficult to interpret.

Observed K, values can be complicated by changes in the rate-
limiting step of the reaction to pH-independent conformational
changeg) contributions of pH-independent reaction chandels,
and acid and base denaturation of the enz§fieAlthough
numerous controls have been carried out on the HDV ribozyme
to address these issues, a direct measurement oKthaf £75
would provide significantly stronger support for this mechanism.

) Here we use a Raman microscope to elucidate detailed
Figure 1. Secondary structure and cleavage mechanism of the HDV

ribozyme. (A) Nested double pseudoknot secondary structure of the HDV chemical changes in single CrYStaIS of the HDV nbOZyEne' This
ribozyme, as determined from crystallograghy® Numbering is provided approach has been dubbed “Raman crystallography” and has
every 10 nt, and the direction of chain connectivity is denoted with been used to probe chemical changes due to ligand binding or

arrowheads embedded in the lines. The 5 base-paired regions are labele ; ; ; ; ;
P1-P4 and P1.1. The cleavage site between U-1 aitd G denoted with %hemical reactions in protein crystdlsThe present work is

an asterisk. C41 and C75, which are important to the mechanism and canthe first application to ribozyme crystals. For any macromol-
be protonated, are numbered individually. The sequence used is the fast-ecule, the effectiveness of the Raman crystallographic method
reacgng_ Gll? ﬁequenCE_ used in_thisl stiidyB) F’OISSib_le C|92|1V%99 is due to two major factors. First, the macromolecule is present
il nicregpgli\géﬁgfwﬁs'(;';'grg'tg%a?:;s;z[GZ'ZE;:SﬁYﬁS 5 in the crystal in tens of millimolar concentrations. This is about
ion, while the leaving group’80 of G1 is protonated by the cationic N3 of ~ 2 orders of magnitude greater than can be attained in solution
C75. The N4 of C75 is depicted as hydrogen bonding with the phosphate and leads to commensurately higher intensities of Raman signals.
of C22, as revealed by crystal structures of the cleaved riboz§i@tase Second, interference from a broad “light background”, due to
positioning of the M&" ion and the cationic C75 is a possible source of . . .

weak luminescence or sample aggregation for solution samples,

the anticooperative interactions between these two sp¥cies. ! )
is essentially absent for most crystal samples. We show that

C75U or C75 deletion ribozymes could be rescued by addition Raman crystallography can probe the effects of pH change in
of imidazole, consistent with C75 serving a histidine-like ile. ~ crystals of the HDV ribozyme, even at the level of an individual
Subsequent studies showed that the observed rate of the reactiogytosine ring. Experiments on crystals of the C75U HDV
depends on theKy of the rescuing small molecule in a log- ribozyme variant support assignment of the individual cytosine
linear fashion, providing strong evidence in support of a role being probed in the wild-type ribozyme to the active-site C75.

for C75 in proton transfer in addition to any role in electrostatic _ _
stabilization!314 Experimental Section

IfC75is |nvollved in proton transfer, thgn the question arises Chemicals. Cytidine 3-monophosphate (CMP), 2-methyl-2,4-pen-
as to whether it acts as the general acid or general base. BYanediol (MPD), spermine, and salts were purchased from Sigma
invoking the principle of microscopic reversibility, the crystal  chemical and used without further purification. Milli Q ultrapurified
structure of the self-cleaved ribozyme implicated C75 as the deionized water was used for sample preparation. CMP was dissolved
general acid in the cleavage reaction, and this hypothesis hasn 50 mM acetate or cacodylate buffer at a final concentration of 90
been supported by a number of biochemical experiniértsl’ mM. Acetate buffer was used for the Raman spectra obtained below
However, a crystal structure of the substrate-bound form of the pH 5.4 and cacodylate buffer for those above pH 5.4.
ribozyme, in which the ribozyme was inactivated by a C75U Preparation of Wild-Type and C75U Ribozymes. The HDV
mutation, shows a hydrated ¥fgion at the 5O of G1, and ribozyme was designed on the basis of fast-folding ribozymes previously
C75U could be moved near thé-QH of U-1 by modeling® characterized?2* Briefly, the construct consisted of two strands. The
In contrast to biochemical experiments, this structural model onger strand begins at thé-énd of P2 and ends at its-8nd (Figure
implicates C75 as the general base in the cleavage reaction?)- This strand was made by T7 transcription and purified on a
Although there is not a consensus on the precise role for C75 Si_engt'unng poly"ac_rylamlde gel. The shorter strand, referred to as the
in the mechanism, there is solid agreement that C75 is involved inhibitor strand” since the reactivé-©H has been substituted, is from

. o . —1 to the 3-end of P1 and was prepared by solid-phase chemical
in proton transfer and that shifting of th&ptoward neutrality synthesis (Dharmacon). This strand contained-él,2F, or -OCH at

would be beneficial to function. . o ~ the —1 nucleotide to prevent reaction in the presence of the annealed

The (Kq of C75, as determined on the basis of kinetic studies, ripozyme and Mg ions. The C75U mutant was prepared by mutagenic
is near neutrality. Moreover, kinetics experiments to assessSPCR, and the sequence was confirmed by dideoxy sequencing, which
ribozyme activity in solution show that proton binding at C75 was carried out after both minipreps and maxipreps to control for
sequence reversions.

G-cucGc2r y Cy
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(12) Ferre-D’Amare, A. R.; Zhou, K.; Doudna, J. Nature 1998 395, 567—
574

(13) Shih, I. H.; Been, M. DProc. Natl. Acad. Sci. U.S.£001, 98, 1489~ (19) Herschlag, D.; Khosla, MBiochemistry1l994 33, 5291-5297.
1494, (20) Knitt, D. S.; Herschlag, DBiochemistry1996 35, 1560-1570.

(14) Perrotta, A. T.; Wadkins, T. S.; Been, M. RNA2006 12, 1282-1291. (21) Carey, P. RAnnu. Re. Phys. Chem2006 57, 527—554.

(15) Nakano, S.; Proctor, D. J.; Bevilacqua, PB@chemistry2001, 40, 12022 (22) Chadalavada, D. M.; Knudsen, S. M.; Nakano, S.; Bevilacqua, B. C.
12038. Mol. Biol. 200Q 301, 349-367.

(16) Nakano, S.; Bevilacqua, P. 8iochemistry2007, 46, 3001-3012. (23) Chadalavada, D. M.; Senchak, S. E.; Bevilacqua, B. ®lol. Biol. 2002

(17) Das, S. R.; Piccirilli, J. ANat. Chem. Biol2005 1, 1-8. 317, 559-575.

(18) Ke, A.; Zhou, K.; Ding, F.; Cate, J. H.; Doudna, J. Mature 2004 429, (24) Brown, T. S.; Chadalavada, D. M.; Bevilacqua, P.JCMol. Biol. 2004
201—-205. 341, 695-712.
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Raman Spectroscopy of Aqueous CMP Samples:or CMP in Quantum Mechanical Computation. In order to analyze the
solution, Raman spectra were acquired using 647.1 nm |&ser vibrational modes of cytosine in CMP, cytosine with a methyl group
excitation from an Innova 400 krypton laser (Coherent, Inc.), a back- instead of ribose at its N1 site (1-MeC) was used as a simple model
illuminated charged-coupled device (CCD) detector (Princeton Instru- compound to carry out quantum mechanical computation by using
ments, Inc.) operating at 183 K, and a Holospec f/1.4 axial transmission Gaussian 98 softwarfé,as described previoustj.Neutral and N3-
spectrometer (Kaiser Optical Systems, Inc.) employed as a single protonated forms of 1-MeC were analyzed by this method.
monochromator, as described previouslythe CMP sample, which Curve Fitting of Cytosine Raman Bands.Band fitting of cytosine
was studied in solution, was held in a cuvette (80 under the 90 Raman data was performed with the CurveFit.Ab routine of GRAMS/
excitation/collection geometry, and data were collected using laser 32, which is based on the Levenbefgarquardt nonlinear least-squares
power of ~1000 mW with spectral acquisition times of 5 min. The method®® A mixed Gaussian and Lorentzian peak shape was applied
CMP samples were recorded from pH 3.0 to 7.0 with an interval of in the curve fitting process. Two Raman bands, centeredl&82 and
0.2 units. Wavenumber calibration was performed by recording the ~1547 cnr! for CMP and~1528 and~1536 cnt? for HDV ribozyme,
Raman spectrum of cyclohexanone, which yields Raman band positionswere fitted as shown in Figures 2 and 5. The fitting quality can be
to within +1 cn1. The Raman spectrum of the buffer at a given pH assessed by comparing tpeof the fits.
was subtracted from that of the CMP solution with the same pH, which  Determination of pK, of Cytosine in CMP and HDV Crystal.
gives the spectrum of the CMP at the corresponding pH value. The The K, values of cytosine in CMP and HDV ribozyme crystals were
subtraction of data sets and data analysis were performed usingdetermined from the change in the intensity of the Raman marker band

GRAMS/32 software (Galactic Industries, Inc.). (lob9 With pH according to a two-state model using the equation
Crystal Preparation. Crystals of the highly reactive variant of the

HDV ribozyme* were prepared using the hanging drop vapor diffusion I lere — Ir @

method (unpublished results). Briefly, equimolar concentrations of HDV obs ™ 'R 1+ 10PH PKa

ribozyme and inhibitor strands were mixed and incubated &C5fdr
10 min in a buffer containing 10 mM cacodylate (pH 6.5) and 5 mM wherelry+ andlg represent the intensity of the Raman marker band of

MgCl,. Cubic crystals with dimensions of 0.35 mm 0.35 mm x protonated and deprotonated cytosine, respectively. This model assumed
0.35 mm were obtained using 35% MPD, 10 mM Mg@.5 mM a single protonation was involved in switching between the two states,

spermine, and cacodylate (pH 6.5) buffer as a precipitant. Crystals grewwhich gave good fits to the data. In the present study, an internal Raman
in 1-3 weeks, belong to the space groi(1)32, and diffract intensity standard band was used to normalize the Raman marker band

synchrotron X-rays te-4.2 A (unpublished results). Crystals of C75U  of cytosine. In this case, eq 1 becomes
variant were obtained under similar conditions. HDV ribozyme crystals

were held in a stabilization buffer containing 20 mM MgC2 mM ol o= 1l o+ lerr/lis — 1/l s @
spermine, and 50% MPD (v/v) in addition to acetate or cacodylate buffer obs 1S LS 4 10PHPKa
(50 mM) at a variety of pH values.

Raman Spectroscopy of HDV Ribozyme Single CrystalfRaman where |, s is the intensity of the internal standard band, which is

spectra of single HDV ribozyme crystals were acquired using a HoloLab insensitive to pH titration. For both CMP in solution and HDV ribozyme
Series 5000 Raman microscope (Kaiser Optical Systems). In thesecrystals, we used the BOsymmetric stretch as the internal standard.
experiments, the 100 mW of 647.1 nm laser excitation was injected Although the K, of the phosphate of CMP is-6, this band is

into a single crystal in a hanging drop via the microscope’s HoloProbe insensitive to pH in the ranges used in this study (not shown). Equation
and objective len& The focusing process can be monitored by a video 2 helps ensure that the observed intensity change of the cytosine Raman
camera incorporated into the microscope. The back-scattered light frommarker band is due to pH effect rather than concentration discrepancies
the crystal was collected by using the long focal-leng80 microscope between samples. Values oK of cytosine in CMP and the HDV
objective lens for 100 s. Before acquiring crystal Raman data, the ribozyme were determined by fitting the data to eq 2 using Kaleida-
Raman microscope was calibrated by using standard neon and tungsteraph (Synergy Software). In some cases, the exponent for the second
lamps, which gives the Raman band positions withihcnt™. In order term in the denominator of eq 2 was multiplied by a Hill coefficient,

to collect data from the same crystal at different pH conditions, crystal nui (see eq 3). However, the value fi was close to unity and so
stabilization solutions were prepared with a series of acetate or was held constant at 1 for analysis.

cacodylate buffers differing by 0.2 units. These were soaked into the

crystal one-by-one by changing the surrounding artificial mother liquor. lpdly s = Iefl s + lre/lis — IR/l @)

After each change, Raman data were collected from the crystal and obsTLS T IRTLS Ty g grvn(PH-pKa)

the surrounding buffer, separately. In multiple experiments, we found

equilibration after 1520 min with no further change after that time.  Results

The HDV ribozyme crystal Raman spectrum was obtained by subtract-

ing the buffer spectrum from that of the HDV ribozyme crystal Usmg Raman Marker Bar_lds to Measure the |, of
containing buffer. Cytosine in CMP. We studied the pH dependence of a

The intensity of Raman scattering from a crystal can depend on the CONcentrated solution of CMP to establish regions of the

relative orientation of the laser beam and the cry®talowever, in spectrum that would allowt, determination. This small system
the present case, the laser beam is not polarized and the highlyis also amenable to quantum calculations used to determine the

symmetric nature of the cubic space group gives rise to an essentiallymolecular origin of the pH-sensitive spectral features. The
isotropic condition in which there is no dependence of scattering Raman spectrum of 82MP reveals features between 1505 and
intensity on crystal orientation. This is borne out by reproducibility of 1575 cnt? that are characteristic of the cytosine base and are
?ndepe'ndent 9xper'iments we have performed on more than 50 crystalsstrong|y pH-dependent. Curve fitting of spectra obtained at pH
in multiple orientations. 6.0 revealed bands near 1532 and 1547 (Rigure 2). Upon
lowering pH from 7.0 to 3.0, the band at 1532 ¢hdlisappeared.

(25) Dong, J.; Dinakarpandian, D.; Carey, PAppl. Spectroscl998 52, 1117
1121.

(26) Altose, M. D.; Zheng, Y.; Dong, J.; Palfey, B. A.; Carey, PFRoc. Natl. (28) Frisch, M. J.; et alGaussian 98Gaussian Inc.: Pittsburgh, PA, 1998.
Acad. Sci. U.S.A2001, 98, 3006-3011. (29) Dong, J.; Swift, K.; Matayoshi, E.; Nienaber, V. L.; Weitzberg, M.;

(27) Carey, P. RBiochemical Application of Raman and Resonance Raman Rockway, T.; Carey, P. RBiochemistry2001, 40, 9751-9757.
SpectroscopiesAcademic Press: New York, 1982. (30) Marquardt, D. WJ. Soc. Ind. Appl. Math1963 11, 433.
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Figure 2. Curve fitting of the cytosine band of CMP in the spectral region
of 1575-1505 cnT!. Spectra were obtained at different pH values: (A)
pH 4.0 and (B) pH 6.0. The component banc-dt532 cnt? is the Raman
marker for neutral cytosine in CMP. The dashed lines are the experimentally
determined spectra. The dotted lines denote individual component functions,
and the solid lines indicate the sum of the functions. The peak positions
are labeled. The vertical bar represents a 5000 photon event, apdxire
scales linearly with the number of photons.
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Figure 3. The K, measurement of cytosine in CMP. Theaxis is the

relative intensity ratio of the 1532 crhband (neutral cytosine) to the 1084

cm~1 band (PQ-, internal standard). Ak, of 4.094 0.04 was obtained
using eq 2.

2 8

Density functional theory calculations were carried out on
1-MeC, in which the methyl group mimics the glycosidic linkage
and allows protonation at N3 but not N%3?These calculations,
which were at the B3LYP/6-3&G(d) level, give tentative

Table 1. Comparison of pK; Values from Raman and Biochemical
Studies?

C75° C75°
condition CMP (2 mM Mg?*) (20 mM Mg?)
Raman (Hill=1)°  4.09+ 0.04 6.40+ 0.05 6.15+ 0.08
Ramah 4,134+ 0.0 6.40+ 0.05 6.14+ 0.09
(Pwin) (1.3+£0.07p  (0.93+0.09) (0.86+ 0.15)
biochemicdl 4.30 6.5 6.1

a All Raman studies are in single crystals of the genomic HDV ribozyme
except where noted.Values are for the '2methoxy substitutiont These
data were fit with the Hill coefficient forced to #.Raman experiments on
CMP were in solution (50 mM acetate or cacodylate buffer using 90 mM
CMP).®A pK, value of 6.19+ 0.06 was obtained for the'-Beoxy
substitution, and a K, of 6.08 + 0.11 was obtained for the'-Buoro
substitution These data were fit with a Hill coefficienty, allowed to
vary, which is provided directly below thekp. 9 The lower pH baseline
was poorly defined, which caused difficulty in determining the Hill constant.
h Biochemical studies are on the HDV ribozyme as inferred from kinetics
measurements in solution, except where notdtkasured spectrophoto-
metrically in 25 mM sodium phosphate, which is similar to conditions used
in Raman CMP experiment§. | Value measured in 1.9 mM Mg.1!
kValue measured in 10 mM Mg; it can be noted that 10 and 50 mM
Mg?" gave nearly identical i, values in solution of 6.1 and 5.8,
respectively:!

symmetrical stretchingf. Although the phosphomonoester group
of CMP has two ionizable protons with typicaKpvalues of

1.0 and 6.2*35we did not observe any RO intensity in the
difference spectrum [CMP pH 7.0] minus [CMP pH 3.0] (not
shown). Thus, within the present pH range of-3700 for CMP,

the 1084 cm! band is insensitive to pH change; its intensity
only reflects the sample concentration and can be used as an
internal standard. The ratio of the intensities of 1532/1084cm
was measured as a function of pH and fitted to eq 2. Figure 3
shows the K fitting curve of cytosine in CMP and gives a
pKa of 4.09 4+ 0.04 (Table 1). The same strategy was used to
measure the K, of a cytosine residue in an HDV ribozyme
crystal. To further demonstrate that the phosphate grd(p p
of 6.2 does not interfere with curve fitting, the absolute value
of the intensity of the 1532 cm band was also plotted as a
function of pH. This revealed a of 4.12+ 0.03 with a Hill
coefficient of 1.36 or 4.07+ 0.04 when setting the Hill
coefficient= 1 (not shown). These numbers are identical within
error to the value obtained from plotting the 1532/1084 ratio.

assignments of the two bands. For neutral cytosine, the 1547 Using Raman Marker Band to Quantitate Non-Base-

cm! band is predominantly due to Nending, while the 1532
cm! band is mainly caused by N3C4 stretching. Upon
protonation of N3, the N&C4 stretching mode is replaced by
an in-plane N3-H stretching coupled with ring deformation and
thus the 1532 cmt band disappears. The new vibrational mode
shows a frequency of-1546 cnt?!, which shares the same
spectral region with Nklbending of neutral cytosine. Because
the intensity of the 1532 cm band reflects the population of

Paired Cytosines in an HDV Ribozyme Crystal.A Raman
spectrum of a single HDV ribozyme crystal is shown in Figure
4A. This crystal is of a fast-reacting version of the ribozyme,
which contains a cytosine at position 75 and is inhibited by
substituting the 20H at the—1 nucleotide by 20CHs. In other
instances, the '20H was substituted with'2H or 2-F (see
below). Due to several decades of research into the vibrational
spectra of nucleic acids, the origins of the most intense modes

neutral cytosine in CMP, the integrated area of the band can beare known, and the assignments are given in TaBle23"As

used as a Raman marker to measure directly Kh@pcytosine
in CMP. Benevides et al. have also noted that a similar feature
can be used to monitor cytosine protonation/deprotonation in
deoxynucleic acid

In implementing eq 2, the Raman band at 1084 tmvas
used as an internal standard. This band represents PO

(31) Colominas, C.; Luque, F. J.; Orozco, M. Am. Chem. Sod 996 118
6811-6821.

(32) Sponer, J.; Leszczynski, J.; Hobza Bopolymers2001, 61, 3—31.

(33) Benevides, J. M.; Kang, C.; Thomas, G. J.Biochemistryl996 35, 5747
5755.

13338 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007

seen in Figure 4A, the data are of high quality, superior to those
that can be obtained from samples in solution, and have a signal-
to-noise ratio of about 300. The need for high-quality data is
apparent since non-base-paired cytosine produces the weak band
near 1530 cmt. The quality of signal arises in large part from

(34) Cantor, C. R.; Schimmel, P. RBiophysical Chemistry Part I: The
Conformation of Biological Macromolecule$V.H. Freeman and Com-
pany: New York, 1980; p 158.

(35) lzatt, R. M.; Christensen, J. J.; Rytting, J. Ghem. Re. 1971, 71, 439-
481.

(36) Thomas, G. J., Jr.; Tsuboi, Mdv. Biophys. Chem1993 3, 1—70.
(37) Thomas, G. J., Jr.; Wang, A. H.Nucleic Acids Mol. Biol1988 2, 1—30.
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1800 1600 1400 1200 1000 800 600 Spectra of a HDV ribozyme crystal (using-QCH; substitution) in the
Wavenumber / cm-! spectral region of 15481520 cnv! were obtained at different pH values:

] ) (A) pH 5.0 and (B) pH 7.2. The component band~a528 cnt! is the
Figure 4. Raman spectra of HDV ribozyme crystals. (A) The spectrum of Raman marker for neutral cytosine in HDV ribozyme crystal. The dashed
the wild-type ribozyme (using'2DCHs substitution) in the region of 1860 lines are the experimentally determined spectra. The dotted lines denote
600 e, The crystal was surrounded by cacodylate buffer containing 20  individual component functions, and the solid lines indicate the sum of the
mM Mg?2* at pH 7.0 at room temperature (22). Additional experimental functions. The peak positions are labeled. The vertical bar represents a 500

details are provided in the Experimental Section. The frequencies of major photon event, and thg-axis scales linearly with the number of photons.
Raman bands are marked in the spectrum, and assignments of these bands

are shown in Table 2. The vertical bar represents a 5000 photon event, and
they-axis scales linearly with the number of photons. (B) Raman difference . . . .
spectrum between C75U and wild-type HDV ribozymes (both using the iP0zyme and CMP profiles are likely due to environmental
2'-H substitution) shows that the conformations of the RNA molecules in factors affecting the cytosine modes for the ring within the HDV
C75U and wild-type are very similar. The HDV ribozyme crystal was  ribozyme.

surrounded by cacodylate buffer containing 20 mM2¥gt pH 7.0 at room . : .
temperature (22C), conditions wherein C75 in the wild-type ribozyme is For CMP, a linear relatlonShlp was found between the

largely deprotonated. intensity of the neutral cytosine mode near 1532 tand CMP
) ) concentration (Figure S1). These data were collected at pH 7.0,
Table 2. Wavenumbers (cm~1) and Assignment of Major Raman which is well above the I, for the N3 of CMP (Table 1),

Bands Observed in Raman Spectrum of HDV Ribozyme Crystal?

assuring that neutral cytosine is being monitored. In an HDV
ribozyme crystal, at pH 7.0 and 20 mM Kig which is ~1
1677 (m) base €0 unit above the observed<p (Table 1), the measured integrated

wavenumber assignment

ig;g 82) é’ G intensity of the band near 1528 cin(the counterpart of the
1528 (w) C 1532 cm1! feature in CMP) corresponds to an uncorrected
1483 (vs) G A concentration of neutral cytosine of 24 mM in the crystal (Figure
ﬂg(l) % g_g (ting) S1). When corrected for the-10% of the ribozyme still
1376 (m) A G protonated at this pH, the concentration of ionizable cytosine
1337 (s) A in the crystal is~27 mM. The concentration of HDV ribozyme
ggg 8 g molecules in the crystal is calculated to be 26 #\h good

1232 (sh) U agreement with the concentration of ionizable cytosine measured
1181 (w) G by Raman. Thus, there appears to be a single ionizable cytosine
1101 (s) PG per HDV ribozyme in the crystal. Other non-base-paired and
égg‘r’(vfl‘;") rri'gggg base-paired cytosines also contribute intensity in the 1536 cm
917 (w) ribose region (Gong, Christian, and Carey, unpublished work). How-
812 (s) o-P-0 ever, the Raman intensity from these does not change in the
;2‘51 E‘rﬁ)) Ev u pH range of 4.2-8.8 (see C75U below). Thus, we are measuring
670 (m) G the pH-dependent change in the Raman signal from only one
633 (W) G cytosine on a constant background.

_ Measuring a Cytosine K, in an HDV Ribozyme Crystal.
fe;l:/rsevs":sré’i srt]r:(;‘%é tsHeStk;ggg;s ’;‘;ergﬁg'%g‘;ir‘]"" r‘;}"gg'é?s sh, shoulder. The As described, the 1528 crhfeature can be assigned to a single
9 g ' neutral cytosine in the HDV ribozyme and, based on mutagen-

use of crystals, which minimizes conformational heterogeneity €SiS (Se€ below), assigned to C75. These characteristics allow
and maximizes the concentration of RNA being sampled. US to measure thelKp value for this ribozyme cytosine. The

Because this region of the spectrum corresponds to the mode&TYStals used in this experiment contained th©2ZHs substitu-

seen in Figure 2 for CMP, and it occurs in a spectral window tion at the U-1 position of the inhibitor strand. Ratios of the
uncluttered by other RNA features, it provides an excellent @rea of the fitted band, centered at 1528 ¢nand that of the

PO~ band, centered at 1101 cfy were determined as a

opportunity for K measurement. ) g
function of pH for two concentrations of Mg, 20 and 2 mM

Band fitting was undertaken for the HDV ribozyme profile
near 1530 cm! (Figure 5). The profile can be successfully fitted

(38) Examination of the Matthews coefficient of the crystals suggests that there

by two peaks near 1536 and 1528 ¢hnthat correspond to the are 2 molecules in each of the 48 asymmetric units within the unit cell or

; ; ; 1.59 x 10722 mol HDV ribozyme per unit cell. The volume of the unit
two bands See_n in CMP near 1547 and 153_23(:"‘ '_:Igure 2. cell is (183 A or 6.12 x 102! L. The concentration of HDV ribozyme
The small shifts between the peak positions in the HDV in the crystal is therefore calculated to be 26 mM.
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Figure 6. The pH titration of HDV ribozyme crystals. Th&gs of cytosine in an HDV ribozyme crystal (using the@CHs substitution) containing 20 and
2 mM Mg?* were fit using eq 2 as shown by the solid line. For comparison, the best fit to eq 3 using a Hill constant of 2 is shown with a dashed line. The
model with a Hill constant of 1 provides the best description of the observed data-&tie is the relative intensity ratio of 1528 ciband (neutral
cytosine) to the intensity of the band at 1101@nPO,~, internal standard). Ak, of 6.154 0.08 at 20 mM M@g*' (A) and a K, of 6.404 0.05 at 2 mM

Mg?*+ (B) were obtained, demonstrating that the observed protonation of cytosine in an HDV ribozyme crystal is anticooperative with magnesium binding.

The magnitude and the anticooperative coupling betweenKhamd magnesium concentration is in agreement with values measured for the HDV ribozyme
in dilute solution by kinetics methods (Table 1). (C) The Raman spectra of a C75U mutant ribozyme crystal'(ibswgp&titution) was examined in the
pH range of 4.27.4. No signal from a protonatable cytosine was observed, supporting the assignment of the titratable group in wild-type HDV to C75.

(Figure 6A,B). At each Mg" concentration, the data could be
fit to a single K, consistent with our model that the 1528 ¢m
feature arises from a single cytosine. At 20 mM Mga K,

of 6.154 0.08 was obtained, which increased to 6:4®.05
at 2 mM Mg* (Table 1). The increase inkg with decreasing

agreement with X-ray crystallographic data of Ke and co-
workers, which revealed only minor conformational differences
between the wild-type and C75U mutdft.

As can be seen in Figure 6C for a C75U HDV ribozyme
crystal, the intensity ratidys,dl1101 is constant throughout the

Mg?* concentration represents anticooperative coupling betweenpH 4.2-7.4 range, showing no evidence of a titration. Since

proton and magnesium binding. ThesK,pvalues and the
anticooperative ion binding are similar to those observed in
solution kinetics experimenid:3° For example, [, values of
5.8, 6.1, and 6.5 were found at Ffgvalues of 50, 10, and 1.9
mM Mg?+, respectively:! Titrations were reproducible, and
crystals showed no signs of cracking or hysteresis.

To test whether the nature of the substitution at thedaition
of the inhibitor strand affected the conformation of the active
site, tandem experiments were also performed withl 2nd
2'-F modifications in 20 mM M§". The (K, values for the
2'-H and 2-F substitutions were 6.12 0.06 and 6.08t 0.11,
which were identical within experimental error to the value of
6.15+ 0.08 for the 20CH; substitution (Table 1). Absence
of significant differences in the Ky, values for the 2H,
2'-F, and 2-OCH; substitutions suggests that all three sub-
stitutions are relatively nonperturbing to the active site
structure.

The C75U Mutation Abolishes Cytosine ProtonationSince
C75 is an active-site residue known to be crucial for catalysis,
it is a strong candidate for the cytosine that is undergoing
titration near pH 6 (Figure 6A,B). In an effort to correlate the
observed [, with C75, the inactive C75U variant of the HDV

the C41 base triple is intact in the C75U crystal strucftiaad
because the only significant differences in this structure are
localized near residue 75,the data in Figure 6C support
assignment of the titratable group in wild-type HDV ribozyme
(Figure 6A,B) to C75.

Discussion

Raman Spectroscopy is Uniquely Applicable to RNA
Enzymes.In the present work, Raman spectroscopy has been
applied to determine K, values in a functional RNA. In
addition, Raman offers several advantages for other mechanistic
studies of RNA enzymes, and some of these are unique. Herein,
we are discussing nonresonance (“normal”) Raman spectroscopy
which does not utilize a chromophore and is widely applicéble.
Raman can follow chemical events, including reactions in single
crystals and inform the crystallographer of the optimal conditions
for trapping target species for X-ray analy3idn favorable
cases, a direct comparison can be made between the same
processes occurring in crystals and in soluf®ihe intrinsic
time scale of the Raman effect is subpicosecond, thus the Raman
spectrum is essentially an instantaneous snapshot of all the
molecules giving rise to the spectrum, and spectral line

ribozyme was prepared and crystallized. A difference Raman proadening due to chemical exchange events is not seen. By
spectrum calculated using C75U and wild-type ribozyme crystals sejective isotopic labeling and using Raman difference spec-
shows that the C75U and wild-type HDV ribozymes are in troscopy, it should be possible to obtain the vibrational spectrum
similar conformations under conditions where C75 is largely of individual groups in RNA molecules to probe the very groups,
deprotonated (Figure 4B). The difference spectrum exhibits only oy ponds, that are bringing about catalysis or undergoing
minor features that have about 1% of the intensity found in the chemical transformation. Finally, Raman offers a unique probe
parent spectra. In particular, we see almost no Raman signalsor the RNA—metal interactions that play vital roles in RNA
near 813 cm!, which is in the CG-O—P—O—C stretching  folding, structure, and catalysis (unpublished work from our
region. Since this is very sensitive to conformational change, |aporatories and E. Christian and M. Harris).

the lack of this signal demonstrates that little overall confor-  pges the HDV Ribozyme Adopt a Catalytically Competent
mational change occurs upon C75U substitution. This is in conformation in the Crystalline State? The HDV ribozyme

(39) Huppler, A.; Nikstad, L. J.; Allmann, A. M.; Brow, D. A.; Butcher, S. E.
Nat. Struct. Biol.2002 9, 431-435.
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catalyzes an RNA cleavage reaction using general-duide
catalysis. To dissect the role of C75 in catalysis, we set out to
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measure the K, of this nucleobase directly. It is desirable to potential protonated cytosines in the RNA: C75, in the active
study the precleaved state of a ribozyme for a number of reasonssite of the ribozyme, and C41, which is involved in a structural
This state contains the scissile phosphate and so has the greatesiteraction!?2 The measuredi, value of the observed cytosine
potential to provide insight into the chemical step; moreover, is near neutrality and couples anticooperatively with2Mg
the scissile phosphate may provide the electrostatic backgroundbinding. Solution studies indicate that protonation of C75
necessary for full i, shifting*154°However, studying such a  exhibits anticooperative coupling with Mt consistent with
state requires that the chemical step be inhibited in some way.the Raman data, while protonation of C41 exhibits cooperative
Most of the previous crystallographic studies on the precleaved coupling with Mg*.111516 To further support assignment
HDV ribozyme used the C75U mutation to prevent chemical of the observed Ig, to C75, this nucleotide was changed to a
reaction'® This mutant is catalytically inactiv€. Comparison  uridine and crystallized. No change in cytosine protonation was
of the C75U precleaved structure with the wild-type post- observed using the C75U mutant, again suggesting thatthe p

cleavage structure revealed an active site that underwent aof C75 is being observed.

conformational chang®:'8The C75U structure was consistent
with a hydrated magnesium ion acting as a general acid and

C75 as a general base. However, the role of C75 had to bey,q Ka

inferred from computational studies, as it was not positioned
in either the general acid or base role in the experimental
structuret®4-42Another crystal structure of the precleaved state
was of wild-type, but without Mg" ions!8 However, such ions
have profound effects on the fold (manuscript in preparation)
and couple to K, values (Figure 6), suggesting their presence
is essential to functionally relevant results.

In the present study, we left C75 intact and inhibited the
reaction by changing the nucleophife@H of U-1. This change
allowed us to grow crystals in the presence of2¥gns and
a cytosine at position 75. To test for any structural or chemical
changes induced by altering the functional group at the
2'-position of U-1, we made a series of modifications in which
this hydroxyl group was changed to -H, which removes the
ability to accept or donate a hydrogen bond, or -F or -QCH
which retain the ability to accept a hydrogen bond. We prepared
crystals of the genomic HDV ribozyme and determind<h p
values in single crystals by titrations.

We observed protonation of a single unpaired cytosine base
in the ribozyme that appears to be arising from C75. The
observed K, values were not dependent on the identity of the
functional group at the 'Zoosition of U-1. For example,
methoxy, deoxy, and fluoro' Zubstitutions in the presence of
20 mM M¢?" gave essentially identicalkp values (Table 1).
This suggests that the nature of the inhibitor strand does not
affect the ribozyme active-site structure.

To determine whether the conformation of the ribozyme in
the crystal was relevant to the ribozyme conformation in
solution, @K, values obtained from the present study were
compared to solution kinetic experiments. Nearly identi¢&l p
values are obtained in the crystal and in solution kinetics
experiments (Table 1% For example, the observeKpwas
6.40 in 2 mM Mg in the crystal and 6.5 in 1.9 mM Mg in
solution, while the g, of C75 was 6.15 in 20 mM Mg in the
crystals and 6.1 in 10 mM Mg in solution (Table 1). These
comparisons suggest that the crystal has proper protonation an
Mg?" binding behavior and is therefore in a catalytical
competent conformation.

Does the Observed K, Correspond to C75?The crystal
structure of the HDV ribozyme suggests that there are two

(40) Tang, C. L.; Alexov, E.; Pyle, A. M.; Honig, Bl. Mol. Biol. 2007, 366,
1475-1496.

(41) Krasovska, M. V.; Sefcikova, J.; Spackova, N.; Sponer, J.; Walter, N. G.
J. Mol. Biol. 2005 351, 731-748.

(42) Krasovska, M. V.; Sefcikova, J.; Reblova, K.; Schneider, B.; Walter, N.
G.; Sponer, JBiophys. J.2006 91, 626-638.

The simplest interpretation of these results is that the Raman
experiment is monitoring the protonation state of C75, and that
of this nucleobase is near neutrality. The experiments
do not absolutely rule out the possibility that the presence of
C75 is required for protonation of a different cytosine elsewhere
in the ribozyme. However, there are three lines of evidence
inconsistent with this interpretation. First, there is no evidence
for a large-scale conformational change upon substituting C75
with U. The difference spectra between the wild-type ribozyme
and C75U demonstrate little or no conformational rearrange-
ments when C75 is substituted with uridine (Figure 4B). Second,
the observed Ig,, if belonging to C41, would be expected to
increase with Mg" concentration, not decrea¥e'> 16 Third,
the ability to titrate the ribozyme in the crystal is consistent
with relatively minor changes in conformation between the C75-
protonated and unprotonated states. No cracking or hysteresis
was observed in the crystals, a given crystal could be titrated
multiple times, and the titration could go up in pH or down in
pH and give similar values. This plasticity suggests that large-
scale motions such as docking and undocking of helices are
not needed to change between these states of the system. This
conclusion is consistent with the very similar overall folds
between self-cleaved and C75U precleaved crystal strucgites,
as well as the ability of C75U to be rescued by imidazole
addition1911.13|n the absence of any conformational rearrange-
ment upon protonation of the ribozyme, it is unclear from the
HDV ribozyme crystal structuté how the presence of C75 at
the active site could be structurally coupled to a protonatable
cytosine elsewhere in the molecule.

Comparison with Previous AnalysesObservation of alda
for C75 near neutrality is in contrast to conclusions drawn from
a previous study designed to measure tKg pf C75 in the
HDV ribozyme. Luptak and co-workers performed NMR
experiments 0A3C,'>N-cytosine labeled ribozymes in an effort
to determine the g, of C7543 These studies focused largely
on the 3-product of ribozyme self-cleavage and reveale®a p
of 4.1-4.3 in 3 mM MgCh and 70 mM LiCl, which is

Oessentially unshifted from the value of C in single-stranded

oligonucleotides.Slightly higher K, values were measured in
lower divalent ion concentrations, but no value larger than 4.7
was measured in the presence of Mdons*3 Lack of K,
shifting in the self-cleaved ribozyme may result from the loss
of the negatively charged scissile phosphate. Moreover, the
hydrogen bond observed from thetydroxyl of G1 to the N3

of C75 in the product crystd is predicted to stabilize the

(43) Luptak, A.; Ferre-D’Amare, A. R.; Zhou, K.; Zilm, K. W.; Doudna, J. A.
J. Am. Chem. So@001, 123 8447-8452.
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deprotonated cytosine ring and thereby depress kKa@pC75 Effects of the Scissile Phosphate and Nucleophilic’'-2
relative to free cytosine. Hydroxyl on pK,. Shifting of the K, of a nucleobase could be

In the substrate-bound ribozyme, the close proximity of the due to formation of structures that are only stable upon
scissile phosphate to the base of C75 could help stabilize theprotonation or due to favorable electrostatic interactions with
positive charge on a protonated cytosti®#°To address this  nearby charged groups, such as phospHafe®. Nonlinear
possibility, NMR experiments were also carried out on pre- Poissor-Boltzmann (NLPB) calculations suggest that the latter
cleaved versions of the ribozym#&While the quality of the may be particularly important in the case of the HDV ri-
spectra prevented thégof C75 from being measured, theC bozyme!540The active site has a highly negative potential, and
chemical shifts of C75 were similar to those of deprotonated positioning of the scissile phosphate near it may sandwich C75
cytosine in the cleaved form of the ribozyme. The simplest between two negatively charged phosphate groups that would
interpretation of these results provided by the authors is that help drive protonation of C75 andg shifting. Comparison of
the K, of C75 is not shifted by the presence of the scissile results reported here for the inhibitor-bound ribozyme with the
phosphate (i.e.,i, < 5). This conclusion is not in agreement NMR results for the product-bound ribozyme suggests that the
with the results presented here nor with kinetic studies that presence of the scissile phosphate alone may shift iKaeop
suggested a near-neutraf pfor C7510.11.17 C75 over 2-3 pH units toward neutrality.

This comparison raises the issue of whylg, pear neutral While the experiments described herein indicate that C75 has
pH could be measured in the crystalline environment, but not a pK,; near neutrality and is therefore optimized for general
by solution-phase NMR. RNA molecules in solution often adopt acid—base chemistry, they do not directly address whether C75
multiple conformations that can interconvert on various time acts as a general acid or base. Nonetheless, it is interesting to
scales. For example, single molecule studies on the hairpinnote that protonation of C75 is not sensitive to the hydrogen
ribozyme revealed four non-interconverting populatitrStruc- bonding nature or size of the substituent at thedsition of
tural heterogeneity of the wild-type HDV ribozyme is a well- U-1, suggesting that C75 may not interact with that position.
documented phenomenon; for exampe M urea or 10 M These observations do not support C75 being positioned near
formamide greatly stimulates self-cleavage of the wild-type the 2-position of U-1 as proposed in the general base model,
genomic ribozymé?® In addition, Ferre-D’Amare et al. used the but full understanding of this possibility will have to await
U-1A protein binding and selectively purified cleaved RNA to further structural analysis of HDV ribozyme crystals.
favor formation of the correctly folding conformation prior to
crystallization?2 Ke et al. were able to grow crystals of the
substrate-bound ribozyme, but generating a homogeneous Using a Raman microscope, it has been possible to character-
sample required a complex refolding protocol out of ufea. ize the protonation of a single cytosine in crystals of the genomic

To achieve a homogeneous population, we exploited two HDV ribozyme. The absence of pH dependence of a cytosine
strategies. First, these experiments relied on a crystal lattice thatRaman band in the C75U variant strongly suggests that we are
would favor formation of homogeneously folded RNA mol- observing the titration of the active-site residue C75 in the wild-
ecules. Second, the crystals used here were composed of dype ribozyme and that ity is shifted toward neutrality. This
genomic HDV ribozyme construct that has fast, monophasic initial use of Raman microscopy to follow events in an RNA
kinetics22-24 suggesting these RNAs are less prone to folding crystal demonstrates the potential of Raman crystallography to
heterogeneity. Observation that the crystals grew rapidly without study RNA structure and function.

a complicated refolding protocol is consistent with a homoge-  This study represents the first direct measurement dfa p
neous native population. Thus, Raman crystallography providesnear neutrality for a catalytic residue in a ribozyme and suggests
a means to study the properties of molecules that tend to bethat local environments of functional RNAs can significantly
heterogeneous when examined in bulk solution. perturb X, values toward neutrality. Such shifting has functional

Spectroscopic approaches, like Raman, report on specificconsequences for ribozymes, as it allows the nucleobases to
chemical functional groups, in contrast to kinetic studies that assume histidine-like catalytic properties.
monitor only product formation. As such, Raman data have
much more information in them. In particular, the Raman data

not only support the I§; measured by kinetics studies but also Harris, and Joe Piccirilli for helpful discussions. This work was

demonstrate that the observelpreflects ionization of the supported in part by NSF Grant MCB-0527102 to P.C.B. and
catalytic cytosine rather than other events such as a change irNIH Grant GM-54072 to P.R.C. This is journal pape} n.ur;wber

“limiti ,19 i 20 i
the rate-limiting stefy or _amd—base denatur_apo‘n?. Last, '_t 2007-18169 from the Purdue University Agricultural Experiment
can be noted that our findings argue th&t ghifting occurs in Station

an accessible ground state, as previously suggésétder than
in the transition state or a high-energy, inaccessible ground state. Supporting Information Available: The CMP standard

It is essential to load the proton in the ground state so that the concentration curve and the full ref 28. This material is available
ribozyme is in its functional form when it engages in the free of charge via the Internet at http://pubs.acs.org.
chemical step of bond making and break#f§.
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