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Catalytic Core Structure of the trans-Acting HDV Ribozyme Is Subtly Influenced
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ABSTRACT. The human pathogenic hepatitis delta virus (HDV) employs a unique self-cleaving catalytic
RNA motif, the HDV ribozyme, during double-rolling circle replication. Fluorescence spectroscopy, circular
dichroism, terbium(lll) footprinting, and X-ray crystallography of precursor and product forms have revealed
that a conformational change accompanies catalysis. In addition, fluorescence resonance energy transfer
(FRET) has previously been used on a trans-acting HDV ribozyme to demonstrate surprisingly significant
catalytic and global conformational effects of substrate analogues with varyseg@ences, which reside

as dangling overhangs outside the catalytic core. Here, we use the fluorescent guanine analogue
2-aminopurine (AP) in nucleotide position 76, immediately downstream of the catalytically involved C75,

to monitor the relative structural effects of these substrate analogues on the ribozyme’s trefoil turn of the
catalytic core. Steady-state and time-resolved AP fluorescence spectroscopies show that the binding of
each substrate analogue induces a unique local conformation with a specifista€king equilibrium.

Binding of the 3 product results in a relative increase in AP fluorescence, suggesting thabéddmes

more unstacked upon catalysis. These local conformational changes are kinetically concomitant with global
conformational changes monitored by FRET. Finally, the rate constant of the local conformational change
upon 3 product binding is fast and independent 6fpBoduct concentration yet Mg dependent. Our

results demonstrate that the trefoil turn of the HDV ribozyme catalytic core is in a state of dynamic
equilibrium not captured by static crystal structures and is highly sensitive to the identity ofsthgugnce

and Mg ions.

Conformational changes are an important strategy usedrole in the replication and propagation of the associated
by enzymes to facilitate catalysis. Such conformational subviral genomes.
changes can range from small rotations to drastic secondary HDV affects millions of people worldwide. It is a
structure reorganizations and may occur during any phasepathogenic RNA satellite of the hepatitis B virus (HBV),
of a reaction to lower its energy barrier. The examination of which can increase the severity of hepatitis disease symp-
an enzyme’s conformations, as it is bound to substrates anttoms, including progression to liver cirrhosi$2j. HDV
products, has long been used as a means to elucidate thexists in nature as a single-stranded 1700-nucleotide circular
catalytic cycle of an enzymel{-3). By analyzing the  genome, which is high in G-C content and shows a high
differences in the precursor and product conformations, onedegree of intramolecular base pairing. HDV replicates
can often come closer to discovering how an enzyme carriesthrough a double-rolling circle mechanism to form comple-
out catalysis. Like protein enzymes, RNA enzymes (ri- mentary genomic and antigenomic RNA concatamers, both
bozymes) are capable of using conformational change toof which undergo self-cleavage and re-ligation into circular
facilitate catalysis. Evidence of such strategy has been found,monomers through the action of the embedded, highly
for example, in the hammerhead €), hairpin 6—8), and homologous~85 nucleotides long catalytic RNA motifs
hepatitis delta virus (HDY ribozymes 9—11), representa-  termed the genomic and antigenomic HDV ribozymes,
tives of the class of small endonucleolytic ribozymes. These respectively {2, 13). Site-specific cleavage occurs through
RNAs are characterized by their small size200 nucleo-  deprotonation of the adjacent@H group and nucleophilic
tides) and their ability to catalyze reversible self-cleavage attack on the scissile phosphate to forn®yclic phosphate
reactions through transesterification, and they play a centraland 3-OH termini (L0). Both cis-(self-) and trans-cleaving
forms of the HDV ribozyme have been studied to probe its

t This work was supported by NIH Grant GM62357 (N.G.W.), an Catalytic mechanisml(Q); in addition, the trans-acting HDV
NIH NRSA pre-doctoral fellowship (R.A.T.), and a University of ribozyme has potential therapeutic applications in targeted

Michigan Rackham Merit pre-doctoral fellowship (R.A.T.). i ivati —
* To whom correspondence should be addressed. Phone: (734) 615-RNA ma(.:tlvat_lon 4-12). )
2060. Fax: (734) 647-4865. Email: nwalter@umich.edu. Since its discovery, the HDV ribozyme has been the

,§%U1r(r)elntcaddr2882 Depgrtmt?nt |\2|f Eg;orgistry. Wayne State Univer- subject of extensive research. Cross-linking studies and
sity, ass Avenue, Detroit, . ; A

1 Abbreviations: AP, 2-aminopurine; FRET, fluorescence resonance hy.droxyl radical fOOtp”ntmg data SqueSte.d early on the
energy transfer; HBV, hepatitis B virus; HDV, hepatitis delta virus; €Xistence of a compact tertiary structure with the cleavage

NMR, nuclear magnetic resonance. site phosphate buried deep within the active cle§).(Crystal

10.1021/bi052116j CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/27/2006



7564 Biochemistry, Vol. 45, No. 24, 2006

structures of the cis-cleaving genomic HDV ribozymé-
21) report, along with prior fluorescencgl, 22), NMR (23,
24) and biochemical dat®8), a change in the catalytic core

structure between the precursor (substrate bound) and product
forms, suggesting that a conformational change accompanies

catalysis. The catalytically essentials@nd its two adjacent
nucleotides, & and Gg, are observed to form a trefoil turn
that pushes & toward the 5OH leaving group while
extruding Ge away from the ribozyme into solutiod@, 20).

This conformation and the fact that the identity of the base
in position 76 is not essential for catalys®2( 25) provide

the unique opportunity to modify fs to the fluorescent
guanine analogue 2-aminopurine (AP). AP can be selectively

excited in the presence of the natural nucleobases and is a

highly sensitive probe for changes in its local environment;
it is quenched when stacked with other nucleobases but
fluoresces upon exposure to solvei26{30). Consequently,

an increase in fluorescence intensity signifies the formation
of the trefoil turn that extrudes AR into solution while
pushing Gsinto the active sited2). Using steady-state and

Gondert et al.

ST
u-A
strand A J§
- Cp2
81/ 3'p C-G
neS1A - 3l 20 S-S50
¥e IG-C—e* A-U
& cig .S 4 strand B
0 P1-A P3GIEA .0
G G-C GCZ U A S
G G=C c “AP'.I"O
G 5§G-U Ul £-75
5'A G-
sic] <., &GC /
e “lP11%g.4
neS1U| U 0°c-6
s2cc| & 0ok
e ¢ P4 C-G-70
neS2UC| C G-C
- AU
neS3UUC Ug U-A
u 3: 5|

Ficure 1. Synthetic HDV ribozyme construct D1. The ribozyme
consists of two separate RNA strands A and B. Fluorescent guanine
analogue 2-aminopurine (AP, orange) is incorporated at position
76 in the joiner sequence J4/2, which contains the trefoil turn motif.
The catalytically involved & is shown in red. For FRET studies,

time-resolved AP fluorescence spectroscopies on a trans-donor (fluorescein) and acceptor (tetramethylrhodamine) fluoro-

acting form of the HDV ribozyme in complex with various
substrates and droduct analogues for comparison, we are,
therefore, able to examine the relative range of catalytic core
conformations that the HDV ribozyme samples during its
reaction cycle.

In the product crystal structurel9), confirmed by
biochemical studies3(l, 39, the short helix P1.1 bolsters
the cleavage site 8Jz wobble pair through stacking
interactions (Figure 1), leaving little room in the active cleft
for the dangling nucleotides bf the cleavage site. Therefore,
it was proposed that such & $quence is accommodated
by the bending of the substrat&(( 11). To test this idea,
several groups examined the contribution of theegjuence
to catalysis in trans-cleaving HDV ribozyme8, 33, 34).
Variations in the N1 and N-, positions were found to have
a strong (up to 100-fold) effect on the cleavage rate constant
(e.g., U; > C_y > A_; > G_y). Furthermore, the rate of
cleavage was observed to be impacted by the length an
composition of up to four nucleotides in thesequence33).

To explain these results, a ground-state destabilization mode
was proposed9 34): The densely packed catalytic core
cannot accommodate the danglingsBquence substrate so
that the substrate is bent around the cleavage site, destabiliz
ing the ground state; the amount of destabilization depends
on the identity of the N; and N-, nucleotides and, to a lesser

extent, substrate length. The recently solved crystal structure

of the precursor form of the cis-cleaving, genomic HDV
ribozyme supports this hypothesis; electron density at the
active site shows that the substrate strand makes18®

turn about the scissile phosphate while wedging into the
catalytic core and splaying apart the two major helical stacks,
P1/P1/1/P4 and P2/P32Y). Accordingly, fluorescence

phores were coupled to the' mnd 3 termini of strand B,
respectively, as described). The 3 product (3P, light blue) is
shown in complex with the ribozyme. The noncleavable substrate
analogue ncS1A contains one additional nucleotideo the
cleavage site (arrow). Other substrate analogues with varying 5
sequences are shown in the box. To render substrate analogues
noncleavable, the'20H groups of the nucleotides underlined in
gray immediately 5 of the cleavage site were modified to
2'-methoxy groups of similar sugar pucker preference. Dashed lines
represent tertiary hydrogen bonds ofs@nd the ribose zipper of
A77 and A78 in joiner J4/2, flanking Al. Dashes between bases
represent Watson Crick base pairs, whereas dots represent non-
Watson Crick base pairs.

varying B sequence has on active site conformation. We find
that the binding of each substrate analogue induces a unique
catalytic core conformation in which the distribution of AP
between different stacking environments, as quantified by
time-resolved AP fluorescence spectroscopy, differs from that

Gjn the 3 product bound form. We correlate the local

conformational changes upon cleavage of the various sub-

Is’[rates with kinetically concomitant global conformational

changes monitored by FRET. We also find that the rate
constant of the local conformational change upbprdduct
binding is fast and independent of thiepgBoduct concentra-
tion, suggesting that in this case, not binding but conforma-
tional relaxation is rate-limiting. Our results emphasize that
the trefoil turn of the HDV ribozyme catalytic core is in a
state of dynamic equilibrium not captured by the static crystal
structure, which is dependent on the identity of tHe 5
sequence and Mg ions and is related to distinct global
architectures and catalytic activities.

MATERIALS AND METHODS

resonance energy transfer (FRET) studies were able to detect Preparation of RNA OligonucleotideRNA oligonucleo-

strong effects of the'sequence on the global conformation
of a trans-acting ribozyme34), yet the effects on the
conformation of the deeply embedded catalytic core remained
largely unresolved.

Here, we have used our previously characterized trans-
cleaving HDV ribozyme 11, 22, 34—36) in conjunction with
a 3 product and six substrate analogues of varyirig 5

tides (for sequences see Figure 1) were obtained com-
mercially from the HHMI Biopolymer/Keck Foundation
Biotechnology Resource Laboratory at the Yale University
School of Medicine or from Dharmacon, Inc. (Lafayette,
CO). The 2-OH protection groups were removed according
to the manufacturer’'s recommended protocol. Deprotected
oligonucleotides were purified by denaturing 20% poly-

sequences to observe the relative structural effects that acacrylamide8 M urea gel electrophoresis, diffusion elution
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Table 1: Binding and Dissociation Rate Constants of the Substrate 2N@logue. Resulting time traces were fit in Origin 7.0 as
Analogues and the’ Product necessary to double-exponential increase or decrease func-

tions of the formy = yp + A; (1-€/) + A, (1-€/7) andy =

in~1M-—1 in—1

~SIA (lk‘gfglr;) leoi gogérilg 0)2 Yo + Ale—”fl' + Aze“’le, respectively, wherwp is the
NOS1C (1'_& 0:4) o« 10° 011+ 005 y-intercept,A is the amplitude, and #1 and_lt2 yield fast-
ncS1u (6.4+ 1.2) x 10P 0.15+ 0.06 and slow-phase rate constants, respectively. For substrate
ncS2CC (1.4:0.1) x 10° 0.04+ 0.02 analogue ncS3UUC, a single-exponential increase function
Qgggggc Eiﬁ Sggi ig 8'381 8-82 of the formy = yo + A; (1-€) was sufficient to fit the

Ip N (é.o £1.1) <10 n/a ' time traces. The resulting pseudo-first-order rate constants

— - — were generally linearly dependent on the excess concentration
aThe binding rate constakg, and the dissociation rate const&mt

were determined as described in Materials and Methods under standarqmc SUbStrate’ _|nd|cat|ng that the obseryed fluorescence
conditions: 40 mM Tris-HCI at pH 7.5 and 11 mM MggGit 25°C. Increase is a direct result of substrate bindibgy 2). Thus, _
The ko, value was obtained from the steady-state;@fRiorescence fast-phase rate constants, averaged over at least two inde-

data in Figure 2. The errors ka, were derived from the error in slope  pendent experiments, were plotted over the noncleavable
as determined by five measurement&gfat various substrate analogue g pstrate analogue or Product concentration to obtain

concentrations. Thike value was determined fromB chase experi- : Lo
ments (Materials and Methods), which were not applicable (n/a) for bimolecular substrate binding rate constants from the slope,

the 3 product itself. The errors ik were derived from at least two @S reported in Table 1. Additionally, the pseudo-first-order
independent measurements. rate constants of' roduct binding were plotted in depen-

dence of magnesium concentration and fit with a modified

into 0.5 M NH,OAc, 0.1% SDS, and 0.1 mM EDTA Hill equation of the form

overnight at 4°C, chloroform extraction, ethanol precipita-

tion, and G reverse-phase HPLC with a linear acetonitrile [Mgz+]”

gradient in triethylammonium acetate, as descril3x38). Kobs = Ao T Knax 21n n

Noncleavable substrate analogues were modified with a 2 [Mg“']" + Mgy,

methoxy group at the cleavage site with a similar sugar

pucker preference as the native@H. For FRET studies, a  Where Ao is the offset, knax is the cleavage rate under

5'-fluorescein was coupled to strand B during synthesis, saturating Mg" conditions, Mg, is the magnesium half-

whereas tetramethylrhodamine was postsynthetically attacheditration point, andn is the cooperativity constant.

to a 3-amino linker, as previously describetfl( 38). RNA To obtain substrate dissociation rate constants, a 3-fold

concentrations were calculated on the basis of their absor-excess (at least) of the Broduct over substrate was added

bance at 260 nm. When necessary, corrections were maddo an equilibrated ribozymenoncleavable substrate analogue

for the additional absorbance of fluorescein and tetrameth- complex, as previously described2j. The resultant fluo-

ylrhodamine by using the relationshipsefA0> = 0.3 and rescence intensity increases were fit to double-exponential

Azsd/Assa = 0.49, respectively. increase functions, and the fast-phase substrate dissociation
Steady-State Fluorescence Spectroscafyperiments  rate constantsfs) are reported in Table 1. Errors represent

were conducted under standard conditions of 40 mM Tris- the standard deviation as determined by two or more repeat

HCl at pH 7.5 and 11 mM MgGlat 25°C, unless otherwise = measurements.

stated. For FRET measurements, the standard buffer was Time-Resaled Fluorescence Spectroscopyhe local

supplemented with 25 mM dithiothreitol as the oxygen environment of ARs was probed under standard conditions

scavenger. HDV ribozyme was heat-annealed from an excessising time-resolved fluorescence spectroscopy as described

of 400 nM unlabeled strand A over 200 nM labeled strand (39, 40). Specifically, the ribozymenoncleavable substrate

B by heating at 70°C for 2 min, followed by cooling to analogue complex or the ribozymproduct complex (7aL;

room temperature for 5 min. Noncleavable substrate ana-1uM ribozyme strand B, &M strand A, and 6:M substrate,

logues and the '3product were prepared to reach final noncleavable substrate analogue, ‘oprdduct; for the two-

concentrations ranging from 1 to3V, whereas cleavable  strand construct J1/2-PEX-1 strand B and the long substrate

1)

substrates were prepared at final concentrations M1 strand were at kM and 3 uM, respectively) was heat-
Pre-annealed ribozyme and substrates solutions were therannealed and incubated in standard buffer at@%for J1/
separately incubated for 15 min at 26. 2-PEX-1 and 3S-PEX-1, the conditions were 25 mM acetic

Fluorescence spectra and time traces were recorded on aacid, 25 mM MES, 50 mM Tris-HCI (pH 7.5), and 11 mM
Aminco-Bowman Series 2 (AB2) spectrofluorometer (Ther- MgCl, at 37°C) for at least 15 min. Time-resolved emission
mo Electron Corporation, Houston, TX). AP was excited at profiles were then collected using time-correlated single-
290 nm (4 nm bandwidth), and the emission was measuredphoton counting: a frequency-doubled Nd:YVO4 laser
at 360 nm (16 nm bandwidth). For FRET measurements, (Spectra-Physics Millenia Xs-P, operated between 8 and 8.5
fluorescein was excited at 490 nm (4 nm bandwidth), and W) pumped a frequency-doubled, mode-locked Ti:sapphire
fluorescence emission was recorded simultaneously at thelaser (Spectra-Physics; operated at 1 W) to excite AP at 347
fluorescein (520 nm, 16 nm bandwidth) and tetramethyl- nm with pulses 2 ps in width, picked down to 4 MHz.
rhodamine (585 nm, 16 nm bandwidth) wavelengths. The Isotropic emission to>20 000 peak counts was detected
noncleavable substrate analogue, cleavable substrate, or thender magic angle polarizer conditions at 360 nm (10-nm
3 product was manually added to the ribozyme-containing band-pass interference filter). An instrument response func-
cuvette (3 mm path length, 150 volume) 60 s after starting  tion was measured as the scattering signal from a dilute
a measurement. For analysis, emission signals were normalsolution of nondairy coffee creamer to deconvolute the
ized to their values prior to the addition of the substrate fluorescence decay data. The obtained emission decays were



7566 Biochemistry, Vol. 45, No. 24, 2006

Gondert et al.

Table 2: Fluorescence Intensity Decay Times of Various AE 5 —F— T T
Ribozyme-Substrate Analo i = sz
y gue and Ribozymeroduct Complexés =l /W____.._.»_ 1 2
7l 72 3 4 g //,. )
ncS1A 0.113 (75%) 0.93 (15%) 3.76 (6%) 10.2 (4%) g3t
ncS1C 0.073 (83%) 0.78(10%) 3.29 (5%) 9.11 (2%) 3 |/
ncS1uU 0.076 (84%) 0.72(9%) 2.88 (4%) 8.78 (3%) S 2L ;
ncS2CC 0.098 (81%) 0.83(11%) 3.06 (6%) 8.11 (2%) 2 - — ggg%gc
ncS2UC 0.077 (81%) 0.78 (11%) 3.10 (6%) 8.33 (2%) gt g = =ihie
ncS3UUC 0.082 (78%) 0.64 (13%) 2.51(7%) 7.79 (2%) fra i ncsS2UC
3P 0.054 (77%) 0.69 (13%) 3.04 (4%) 9.46 (6%) %o e JesIuue
3S-PEX-1-ncS  0.020 (91%) 0.61(5%) 2.62 (3%) 7.63 (1%) TR T
3S-PEX-1-3°  0.048 (94%) 0.70 (2%) 2.90 (1%) 9.10 (2%) Time )
J1/2-PEX-1-ncS 0.027 (87%) 0.58 (7%) 2.86 (4%) 8.36 (2%)
J1/2-PEX-1-3 0.027 (88%) 0.74 (6%) 3.71(3%) 9.48 (3%) B
L) M Ll ) L)

aFluorescence decay time constants were determined as described hd M 3P
in Materials and Methods under standard conditions: 40 mM Tris- 8F . e nes2uc
HCl at pH 7.5 and 11 mM MgGlat 25°C. . J - * ncsS2cc

ncs1C
ncS1A

fit with multiexponential decay functions as described above
to each yield four decay time constantsand amplitudes
A, as reported in Table 239, 40).

Tnes1u

RESULTS 0pF— 4 +———+———4—ncS3ULC
1000 1500 2000 2500 3000
[ncSubstrate], [3'P] (nM)

Catalytic Core Conformation of the HDV Ribozyme
Depends on Dangling NucleotideS & the Cleaage Sie.  pgyre2: AP Fluorescence detection of substrate analogue binding
The trans-cleaving HDV ribozyme construct D1 utilized in in 40 mM Tris-HCI (pH 7.5) and 11 mM MgGlat 25°C (color-
this study consists of three strands; ribozyme strands A andcoded as in Figure 1). (A) Fluorescence time traces upon the
B and a substrate analogue or product strand (Figure 1). Theﬁggiztiom“eOf Dz tg-f(\?\lgr :Xfcitesvsvitﬁf jgl?ts)ltéateoraf;?r'f?geex()\éifer']‘t'igl\/
catalytic .aCtIVIty of this f'bozyme h_a_S previously been (ncS%/UUC) increase functions (Materials and M(gethodsr;, yielding
characterized under a variety of conditions and was ShoWNfast-phase. pseudo-first-order rate constakis (B) Plot of
to be at least equal to that of other trans-acting HDV averaged pseudo-first-order rate constdgisfor each substrate
ribozymes {1). In addition, we have used FRET to analogue over the excess noncleavable substrate analogue (or 3
charactetize global conformational changes induced by theSCLED Soneeniaton st wich ey et i, Thse cepent
bmdmg of S‘_Jbs,tfate analogues \_N'th differensBquences; binding rate constantkd,) as the slope (reported in Table 1).

a slight to significant decrease in FRET was observed for

each analogue, indicating conformational extension of the cence upon binding and dissociation of each of the various
RNA between the fluorophore attachment sites at the P2 andsubstrate analogues with that of thepBoduct complex

P4 termini 34). To observe localized structural changes in (Figure 1).

the catalytic core of the ribozyme, we modifiede®f the The fluorescence changes observed forARdicate that
HDV ribozyme to the fluorescent 2-aminopurine (AP). AP the 5 substrate sequence indeed has an impact on the
is a fluorescent base that is highly sensitive to local stacking conformation of the catalytic core. Figure 2A shows that the
interactions with other bases (excitation at 320 nm, emission addition of a saturating 5-fold (1000 nM) excess of each
maximum at 360 nm, 68% quantum yield). When AP stacks noncleavable substrate analogue to the;sARodified ri-

with neighboring bases, its fluorescence becomes quenchedbozyme in a standard buffer (40 mM Tris-HCI, pH 7.5 at
consequently, when AP is fully exposed to solvents its 11 mM MgCh; see Materials and Methods) at 26 leads
fluorescence increases substantial®9,(41, 42). Upon to fluorescence changes of distinct extents and rates. The
monitoring conformational changes around position 76 in binding of all noncleavable substrate analogues (ncS...,
our wild-type trans-acting ribozyme by Affluorescence, Figures 1 and 2) to the ribozyme results in a slight to
we observed a substantial local conformational change thatsignificant increase in relative ARfluorescence but not to
accompanied catalysis. This local conformational change wasthe same extent or at the same fast rate as the binding of the
found to occur simultaneously with global conformational 3' product (3P), which lacks the 'Ssubstrate sequence. By
changes as observed by FRE?R); This was confirmed by fitting our steady-state fluorescence time traces with double-
terbium(lll)-mediated footprinting, which showed that there exponential increase functions (single-exponential for
are detectable and widespread structural differences betweemcS3UUC), we extracted a fast-phase rate constant that
precursor (substrate bound) and product forms of the trans-characterizes the pseudo-first-order reaction of formation of
acting HDV ribozyme as is the case between the precursorthe ribozyme-noncleavable substrate analogue complex
and the product of the cis-acting antigenomic ribozyd® (  (Figure 2B). The bimolecular substrate binding rate constants
and that these differences are modulated in response to thé,, for all substrates were then extracted, as described
identity and length of the'sequence34). We therefore set  previously (1, 34, 43), from the substrate analogue and
out to examine the impact of thé Substrate sequence on product concentration dependencies (in the range of 2000
the catalytic core conformation of our trans-acting HDV 3000 nM) of these pseudo-first-order rate constants; the
ribozyme by monitoring and comparing the ARluores- results are reported in Table 1. Interestingly, the binding of
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3P is the fastest and independent of concentration. This
suggests that for the rapidly binding @roduct conforma-
tional relaxation around AR and not binding is the rate-
limiting step. Please note that none of the slow-phase rate
constants exhibited a dependence on substrate analogue ¢
product concentration (data not shown), indicating that the
associated minor AR fluorescence changes occur after
complex formation. Finally, as observed previously by FRET 2
analysis, ncS3UUC binds considerably more slowly than all £
other substrate analogues, possibly because of the competi
tion with the formation of helix P1.1 (Figure 134).

Next, to assess substrate dissociation, we utilized the fact
that the 3 product has a higher affinity for binding to the
HDV ribozyme than any substrat®, (11, 22, 34, 35). An
excess of 3 (3uM) was added as the chase to the preformed
ribozyme-noncleavable substrate analogue complex in
standard buffer at 28C (Materials and Methods). This
resulted in an increase in APfluorescence due to the
dissociation of the substrate analogue and the replacemen
with 3'P. The extracted single-exponential rate constiapts
which we have previously shown to be independent of the g , . ) e . ;
thus saturated'B concentration1(l, 22), are summarized 0 5°°Time (5)1000 1500: 0 e P f5)1°°° .
in Table 1. Importantly, the dissociation rate constants _ '

Ficure 3: Relative steady-state fluorescence changes upon the

measured by AR fluorescence are similar to those previ- "

. ) addition of our noncleavable substrate analogues (neS.1000
ously measured using FRE34); generally, and as expected, \ each) and cleavable substrates (32,, 1000 nM each),
the substrates that have the ability to additionally bind to respectively, to 200 nM AR-labeled HDV ribozyme D1 in 40 mM
the GG sequence of thé 8egment of the P1.1 stem, such Tris-HCI (pH 7.5) and 11 mM MgGlat 25°C. Data were fit with
as S1C and S2CC, have considerably slower dissociation rateélouble-exponential increase functions, yielding the following fast-
constants. However, again as previously observed via F_RET’f:)lr:ag?/%brlaetzugg?rzttaegt,srgg;er::(t)i?/gll‘;?vla.gfs Sa”ntasgfgg%a'(ﬂ%;’_es and
the ncS3UUC substrate analogue is the exception to this rulesia 2.5 and 2.86 mirt for (nc)S1C, 2.07 and 0.32 mih for
because its dissociation rate constant (0.205 Higroups (nc)S1U, 3.91 and 2.05 mi# for (nc)S2CC, 7.20 and 0.5 nii#
it with the faster dissociating substrates. for (nc)S2UC, and 0.095 and 0.028 mirfor (nc)S3UUC.

Cleavage Actiity Monitored by Steady-State AFHFluo-
rescence Detects the Formation of the Product Structure Noncleavable substrates (analogues) supports our implicit
After Substrate Binding and Release of tHeSequence.  assumption that the--methyl modification at the cleavage
Previously, we have shown by steady-state fluorescence thasite of the noncleavable analogues mimics the behavior of
the addition of a Sextended cleavable substrate called S3 the native 20H group.
to the ribozyme leads to a large increase ingfRorescence, Rate and Extent of AR Unstacking upon ‘3Product
suggesting the rapid dissociation of tHesBquence and the  Binding are Dependent on Magnesium Concentratidetal
formation of the ribozyme 3'-product complex upon cleav- ion interactions, particularly with Mg, are crucial to the
age. This observation is in contrast to the slight decrease inefficient folding and function of the HDV ribozyme. For
AP fluorescence resulting from the binding of the corre- example, we have previously shown that the global confor-
sponding noncleavable substrate ncS3, which indicates thatmational change of the HDV ribozyme detected by FRET
AP+ is significantly more stacked in the precursor than in between a doneracceptor pair located at the P2 and P4
the product complex2@?). Unlike ncS3, however, we find  termini is dependent upon Mg concentration 5). We
here that the binding of all shorter noncleavable substratetherefore set out to examine whether the local conformational
analogues leads to increases in;&fuorescence, although  change observed by Affluorescence upon'B binding is
not to the same extent or rate as in the binding of the 3 also dependent on Mg concentration. To this end, a
product (Figure 2). To confirm this observation, we tested saturating concentration (1200 nM) dP3was added to the
whether the increases in Affluorescence observed upon assembled ribozyme in 40 mM Tris-HCI (pH 7.5) at 256
the binding of our noncleavable substrate analogues areas a function of Mg concentration (Materials and Methods).
enhanced for the cleavable substrate versions. Indeed, thdhis resulted in a slightly double-exponential increase in AP
addition of saturating concentrations of the cleavable sub- fluorescence in which the major fast-phase rate constant was
strates (1000 nM) to the assembled ribozyme in standarddependent on Mg concentration. These rate constakts
buffer at 25°C results in varying increases in relative AP~ which describe the velocity of B binding, were plotted as
fluorescence that in all cases surpass in extent to thosea function of Mg*, yielding an apparent Mg half-titration
observed upon the binding of the noncleavable substrate formpoint of Mgy, = 2.6 = 0.6 mM (cooperativity constamt=
(Figure 3). This enhanced fluorescence dequenching furtherl.6), when fit with the modified Hill eq 1 (Figure 4A).
supports the notion that ApPbecomes more unstacked upon  To also examine the relationship between the extent of
cleavage of bound substrate and release of tee&uence. APy stacking and magnesium concentration, we performed
It should be noted that the good agreement between the initiala titration in which increasing concentrations of ¥gvere
APy¢ fluorescence rise upon the addition of cleavable and added to the pre-annealed ribozynmigBduct complex in
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) Ficure 5: Time-resolved fluorescence decay of the precursor and
Time (s) product forms of several trans-acting HDV ribozyme constructs.

FIGURE 4: Magnesium dependence of trefoil turn folding in the (A) AP fluorescence decay curves of the ribozyrmeS3UUC and

ribozyme-3 product complex under standard conditions (40 mm  ribozyme-3" product complexes of the D1 construct in 40 mM

Tris-HCl at pH 7.5, 25C). (A) Dependence of the APmonitored Tris-HCI at pH 7.5 and 11 mM MgGlat 25 °C with their

rate constant of ‘3product binding to HDV ribozyme D1 on  corresponding exponential decay fits (grey lines). The insets show

magnesium concentration. The Broduct was added to the the fitresiduals. (B) AP fluorescence decay curves of the precursor

ribozyme at MgCJ concentrations ranging from 0.1 to 50 mM. and product structures of the 3S-PEX-1 (top panel) and J1/2-PEX-1

Each resultant fluorescence time trace was fitted with a double- (Pottom panel) HDV ribozyme constructs in 11 mM MgC25

exponential increase function (Materials and Methods) to obtain MM acetic acid, 25 mM MES, and 50 mM Tris-HCI (pH 7.5) at

the fast-phase’ pseudo_first_order rate Cong{&BtThekobsvamGs 37 °C with their correspondlng exponentlal decay fits. The insets

from at least three independent experiments were averaged to obtairhow the secondary structures of the constructs.

the data points reported here (error bars refer to standard deviations).

The resultant Mg~ dependence was fitted with a modified Hill o ] o .

equation (Material and Methods), yielding a magnesium half- APz Fluorescence Lifetimes Confirm that Variations in

titration point (Mgy2) of 2.6 == 0.6 mM (cooperativity constanmt Catalytic Core Conformation Depend on' Sequence

= 1.6). The maximum rate constant at saturatingMgpncentra-  |ganity. Time-resolved AP fluorescence spectroscopy is a

tion (kmay is 7.7 & 0.6 mirrl. (B) Dependence of the AP . . IS
fluoréscae)ance on magnesium ccgngentrgtion, as observed by thel€chnique that resolves fast base motion and equilibria in
titration of the ribozyme-3' product complex starting at 0 mM  RNA, which occur on the pico- to nanosecond time scale
Mg... After 500 s of equilibration, MgGlwas added to a final ~ (39). Previously, it has been shown that AP that is incorpo-
concentration of 1 mM. After the fluorescence intensity had leveled rated into a nucleic acid chain exhibits four distinct lifetimes

off, at~1500 s, MgC} was again added to a final concentration of : . .
2 mM and so forth, as indicated. The inset graph shows the identical that report on different base stacking environme8g; 40,

experiment repeated with mononucleotide 2-aminopuridedxy- 44, 45). The longest lifetime is typically around 10 ns and
ribose 3-triphosphate instead of the ribozyme. represents a completely unstacked AP, and the shortest

lifetime is around 56-90 ps and represents a strongly stacked
AP. The two intermediate lifetimes represent bases in the

: . . population with partial stacking interactions. To quantify the
2+ - . . . . .
Mg=", the fluorescence intensity of Afincreased 9-fold, local stacking interactions of AP in our trans-acting /AP

with the I:;lrgest change occurring upon the addition of just 5y, ribozyme, we used ps time-resolved AP fluorescence

+ i ifi . .
1 mM Mg*" (Figure 4B). As a control, we verified that the 15 measure emission decays for each noncleavable substrate
fluorescence of the mononucleotide 2-aminopurifte@xy-  analogue and the droduct in standard buffer at 2&. As
ribose 5-triphosphate is not Mg dependent, that is, metal  expected, we observe a substantial difference in the fluo-
ions have no direct impact on AP fluorescence in the absenCQ'escence decays between the precursor and product com-
of an embedding RNA structure (Figure 4B, inset). These plexes, as exemplified in the decay curves of the ribozyme
results suggest that both the rate and extent of conformationahcS3UUC and ribozyme3' product complexes in Figure
relaxation of ARs upon 3 product binding to our trans-acting  5A. The ribozyme-ncS3UUC complex decays faster, sug-
HDV ribozyme are Mgt-dependent. gesting a decreased population of stacked AP bases compared

40 mM Tris-HCI (pH 7.5) at 25C. Between 0 and 7 mM
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to that in the ribozyme 3 product complex. Using previ- in concert by employing a modified strand B of our D1
ously described analysis procedures (Materials and Methods)construct with the GAP substitution and terminal'5
(39, 40), we were able to obtain four lifetimes with fluorescein and'3etramethylrhodamine labels as the donor
corresponding amplitudes for each ribozyamoncleavable  acceptor FRET pair. To ensure that this triply labeled strand
substrate complex as well as the ribozyn® product (at a concentration of 200 nM) is completely converted into
complex, all reported in Table 2. Interestingly, we observed the substrate analogue’ (8roduct) complex, we added 2-
only relatively modest differences in the relative amplitudes and 5-fold excesses of the unmodified strand A and substrate
of lifetimes between the complexes. For all substrate analogue (3product), respectively (Materials and Methods).
analogue complexes, the shortest lifetime contributes the Figure 6 shows the changes in relative-fuorescence
largest amplitude (7585%), whereas the longest lifetime 5,4 FRET efficiency upon the addition of a 1000 nM excess
represents the smallest amplitude-(26). In contrast, the  of our various noncleavable substrate analogues or ‘the 3
longest lifetime, which represents a completely unstacked yroqyct to the assembled triply labeled ribozyme in standard
(solvent exposed) Ak, contributes approximately 6% tothe  yffer at 25°C. Indeed, an increase in the relative AP

fluorescence decay of the roduct complex, 2- to 3-fold  f,,grescence and a synchronous decrease in relative FRET

higher than that for the precursor complexes (Table 2). Thesegficiency are observed. The resultant biphasic rate constants,

time-resolved data support the notion that the steady-stat§jsteq in the Figure legend, are in reasonable agreement with

fluorescence intensity increase upon cl_eavage and formationhe values obtained from APprobing in the absence of

of the 3 product complex is due to partial ARunstacking.  ERET fluorophores. These results demonstrate that the local
To verify that these differences in extent of ABtacking conformational change observed through,&fRiorescence

between the precursor and product conformations are generaly, o, the binding of substrate analogue op@duct occurs,

we employed two other trans-acting HDV ribozymes, 3S- i, g|| cases, simultaneously with the global conformational
PEX-1 and J1/2-PEX-2 (Figure 5B, secondary structures change detected by FRET.

shown as insets). These constructs are derived from the cis-
acting antigenomic HDV ribozyme used in previous studies
by Been and co-workergl) as well as in our own studies DISCUSSION
(43). In construct 3S-PEX-1, both the helical crossover J1/2
and the loop L4 have been removed from the cis-acting form  In recent years, the universal role of RNA in almost every
to create a three-strand version, similar to our D1 construct. aspect of cellular function has become increasingly apparent.
J1/2-PEX-1 is a two-strand construct in which only the loop RNA is essential to the maintenance, transfer, processing,
L4 is severed. Both constructs were modified to include a and regulation of genetic information in the form of an
U77AP mutation, the antigenomic equivalent to theAP endogenous messenger and noncoding RNAs as well as
mutation used in our studies of the D1 construct. We acquired exogenous viral RNAs4({, 48). In fact, the number of
time-resolved AP fluorescence decay curves, as describedioncoding RNA genes probably far exceeds the number of
above, for the precursor (ncS) and produ¢PjZomplexes protein-coding genest@). Unlike proteins with their 20 or
of both constructs in a buffer containing 25 mM acetic acid, more amino acid side chains, RNA has a limited repertoire
25 mM MES, 50 mM Tris-HCI (pH 7.5), and 11 mM Mggl  of building blocks and must, therefore, rely on its innate
at 37°C. The two AP fluorescence decay curves for 3S- structural variability to facilitate its broad range of functions.
PEX-1 look very similar to those for the D1 construct; the A well-defined example is our trans-acting HDV ribozyme,
precursor fluorescence decays significantly faster than thewhich undergoes a change in the local environment ofsAP
product fluorescence. In comparison, for the J1/2-PEX-1 upon the binding of a substrate analogue nearly 20 A away
construct, we observe only a slight difference between the (Figure 7). Although nucleotides 5f the cleavage site are
precursor and product complexes, yet the precursor fluores-not predicted to directly base pair with the downstream
cence still decays faster than the product fluorescence. Thessequence, one may still expect subtler effects on the
data show that there is indeed a consistent difference in theribozyme’s tertiary structure. Indeed, studies have shown that
stacking interactions of ARin the catalytic core that favors  the substrate binding affinity and catalytic activity of the
unstacking in the product over the precursor conformation. HDV ribozyme are strongly influenced by thé $equence
In addition, there are quantitative but not qualitative differ- (9, 33, 34). Studies on the energetic contribution of thHe 5
ences between constructs that share the same secondaisequence ) and the crystal structure of the precursor
structure but differ in the connectivities of their helices. ribozyme @1) suggest that the Sequence influences affinity
Complementary Kinetic Studies by Steady-State FRET andand activity by ground-state destabilization, where a bend
APy Fluorescence on a Triply labeled Ribozyme Demon- in the substrate redirects substrate binding energy to lower
strate the Synchronicity of Local and Global Conformational the energetic barrier of catalysis. To further examine the
ChangesPreviously, we have shown using AP fluorescence structural effects of the'5sequence, we have previously
and FRET in concert that local conformational changes in utilized steady-state and time-resolved FRET in combination
the trefoil turn of the catalytic core of the HDV ribozyme with a systematic set of noncleavable substrate analogues to
kinetically coincide with global structural changes upon demonstrate a significant correlation between theefuence
binding and cleavage of a specific substrate terme®23 (  and the global conformation34). Here, we extend our
However, it remained to be tested whether this is a generalprevious work to demonstrate the effect of the'segfjuences
phenomenon for conformational changes of different am- on the local conformation of the catalytic core, as monitored
plitudes and rate constants as observed upon the binding oby the steady-state and time-resolved fluorescence of a
a set of substrate analogues such as those utilized in thi2-aminopurine, AR, embedded in the trefoil turn that also
study. To this end, we utilized ARfluorescence and FRET  contains the catalytic {s
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Ficure 6: Time traces of relative Al fluorescence and relative FRET efficiency as measured on a triply (fluorescein-, tetramethylrhodamine-,
and AR¢) labeled ribozyme upon the addition of a 5-fold excess of substrate analoguerod@ct. Each panel shows the Afuorescence
and corresponding steady-state FRET time traces, obtained in 40 mM Tris-HCl at pH 7.5 and 11 mMaM@%iC. In each case, the
relative AP fluorescence increase is concurrent with the relative FRET efficiency decrease. Each data set was fitted with a double-exponential
increase or decrease function to obtain the following fast-phase rate constants: RgS#A1.8 Mim?, kerer = 1.9 mim%; ncS1C kap
= 2.0 My, kerer = 6.3 MimL; ncS1U,kap = 2.4 mMiml, keger = 2.49 mimL; ncS2CCkap = 2.62 mim?, kerer = 3.30 mir?; ncS2UC,
kap = 5.46 min‘l, krreT = 5.55 mln‘l, ncS3UUC kap = 0.11 min’l, krrer = 0.10 mln'l, and 3P, kap = 7.58 min‘l, krreT = 3.43 mirrl.

Variations in 8 Substrate Sequence Impact Catalytic Core its neighbors in the trefoil turn as is observed in the product
Structure, Translating into Distinct Local and Global crystal structureX9). Here, we find that both steady-state
Conformations and Catalytic Acities. AP has been previ-  and time-resolved AP fluorescence are also sensitive probes
ously used to monitor local conformational changes in the of more subtle local conformational changes in response to
hammerheads(Q, 51) and hairpin ribozymesQ, 52) as well different 8 sequences. Each ribozymsubstrate analogue
as in aptamery3, 54), kissing loop 55), tetraloop $6), and complex shows distinct binding and dissociation kinetics
HIV RRE RNAs (7). When AP is stacked with natural (Figure 2 and Table 1), fluorescence intensity amplitudes
nucleobases, its fluorescence is quenched, whereas whelfFigure 3), and emission lifetime distributions (Figure 5 and
solvent exposed, it fluoresces (is dequenché®) Although Table 2), consistent with the idea that eatkéguence leads
a structural interpretation of fluorescence spectroscopy datato a distinct equilibrium of stacked versus unstackedsAP
is generally challenging, relative comparisons of AP stacking conformations in the catalytic core. In all substrate com-
preferences among different reaction states and RNA con-plexes, AR is significantly more stacked than in complex
structs are a powerful approach to zooming in on local with the 3 product, in agreement with our previous results
structural rearrangements in the critical regions of an RNA. (22). Furthermore, the conformational changes in the catalytic
Previous studies on the HDV ribozyme, for example, have core upon substrate analogue bp®duct binding kinetically
found that upon cleavage of a specific substrate a significantcoincide for all complexes with the corresponding global
increase in AR fluorescence was observe2ly, consistent conformational changes observed by steady-state FRET
with the idea that the nucleotide in position 76 unstacks from (Figure 6), consistent with the idea that both types of
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1.4 x 10 min-* M~1) as well as from very slow cleavage
(S2CC, 0.01 minY) to relatively fast cleavage (S1C, 2.7
min~1), depending on the identities of the nucleotides in the
N_, and N-3 positions, with no strong correlation between
binding and cleavage rate constants, as discussed bafre (

Magnesium Aids Formation of the Trefoil Turn of the
Catalytic Core RNA generally shows a dependence on metal
ions for folding and catalysis. The HDV ribozyme is no
exception. Crystal structure$9—21), FRET analyses3),
terbium-footprinting 43), and, now, AP-fluorescence all
corroborate the importance of metal ions, especiallyiVig
for the folding of the HDV ribozyme. For example, the rate
constant of 3product binding is clearly M&j-dependent with
a magnesium half-titration point of 2.6 mM, whereas a
magnesium titration of the assembled ribozymei®duct
complex shows an increase in the ARuorescence signal
chiefly below 3 mM Mdg" (Figure 4). These observations
imply that AR is not unstacked to its fullest extent until a
slightly higher than physiologic @2 mM) Mg?" concentra-
tion is reached. Interestingly, a refined crystal structure of
the product form of the genomic HDV ribozyme has revealed
a specific M@" binding site next to & of the trefoil turn
Ficure 7: Effect of the N.; and N, nucleotides of the'Ssequence motif (20)'. Our data suggest that such KMgpinding alds_
on the local stacking environment of APshown in the structural  the formation of the trefoil turn that extrudes the nucleotide
context of the cobalt-hexammine-containing crystal structure of the in position 76.

precursor form of the genomic HDV ribozyme (pdb 1D 1SJF)74AP Picosecond Time-Res@d AR Fluorescence Suggests
(orange) is quenched in the free ribozyme and becomes partially

unquenched (arrows) upon the addition of a noncleavable substratdnat the Trefoil Turn in the Catalytic Core is in a Dynamic
analogue, depending in magnitude on its&quence. The identity ~ Equilibrium of Conformations, in Contrast to the Single
of the N-; and N, nucleotides, thus, affects the conformation of Conformation Obsered in the Crystal StructureA com-

the HDV ribozyme’'s trefoil turn and, thereby, the stacking parison of the AR fluorescence decay curves reveals a

environment of ARs and presumably that of the catalytigsGred) A . .
in the catalytic core at a distance of 16 A betweery,adhd N, significant difference between all ribozymaoncleavable

and a distance of 18 A between ARand N_,. This Figure was  Substrate analogue and product complexe; (Figure 5),.yet
prepared using Insight Il (Accelrys Software Inc.). Table 2 demonstrates that each complex is best described

by a conformational equilibrium that harbors (at least) four

structural dynamics are coupled. Consequently, the relativedifferent conformations in which AR is fully unstacked
order of ARs monitored binding rate constants®3> ncS1A (fastest decay component), fully stacked (slowest decay
> ncS1CC> ncS2C> ncS2UC > ncS1U> ncS3UUC; component), or partially stacked (two intermediate decay
Table 1) is similar to that observed in previous FRET components)39, 40, 44, 45). X-ray crystallography of the
analyses in the absence of thezAProbe @4). The longest cis-acting genomic HDV ribozyme shows a single conforma-
substrate analogue, ncS3UUC, binds most slowly and inducesion in which G is extruded into solvent, thereby pushing
the lowest ARs fluorescence increase relative to the substrate- the catalytically involved & deeper into the catalytic core
free ribozyme, possibly due to the competition of its 5 as part of the trefoil turn motifi(Q, 21). However, there is
sequence with the formation of the short ribozyme helix P1.1 likely a bias in the crystal structure toward the formation of
(Figure 1). Notably, the binding of the shortest substrate this specific conformation because of crystal lattice contacts
analogue, the'Jproduct, is fastest and induces the highest involving the stacking of two extruded-génucleotides from
fluorescence increase without a significatR 8oncentration  adjacent molecule(). It is plausible to assume that once
dependence. This observation suggests that the resultinghis stacking constraint is removed in solution the position
conformational relaxation of the trefoil turn and not th® 3 of the nucleotide in position 76 is generally dynamic so that
binding is rate-limiting in this case. There is, however, no it samples different conformational states, as deduced from
general correlation between the fluorescence increase amour AP decay data. Along this line of thinking, changes in
plitude andko, of substrate analogue binding (compare Figure catalytic core conformation upon introduction of different
2 and Table 1). 5 sequences (at a distance of18 A; Figure 7) or upon

When comparing our results for local conformation in the substrate cleavage simply lead to subtle adjustments in the
catalytic core in response to differertsequences with the  equilibrium ensemble of trefoil turn conformations. Pico-
corresponding data for cleavage activi®y 84), we find that second time-resolved AP spectroscopy, as shown in Figure
a U in the N.; position causes slow binding but fast cleavage. 5 and analyzed in Table 2, provides snapshots of the variety
This indicates that reaction chemistry could, in fact, be rate- of conformations around the spectroscopic probezsAP

limiting for the cleavage of this substrata C in the N-; Complementary steady-state AP fluorescence measurements
position (as in ncS1C, ncS2CC, ncS2UC, and ncS3UUC) is amplify these conformational adjustments into significant
found to lead from very slow binding (h¢cS3UUC, 1x410* signal changes that can be readily detected as demonstrated

min~t M1 to 2 orders of magnitude faster binding (ncS2CC, here.
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One can correlate our observations with recent ns molec-
ular dynamics simulations, which indicate thais @ the
pre-cleavage structure shows a rather weak and, therefore,

dynamic binding in the catalytic cor&§). The adjacent & 13.

moves freely and can turn within less than a ns by large
torsional angles, which impacts the positioning 6f @ithin

the catalytic core and presumably catalysis (unpublished 14
data). Clearly, the trefoil turn (joiner J4/2) is one of the most
dynamic regions of the HDV ribozyme, particularly prior to
catalysis. In comparison, in the product forms &G more 15
deeply lodged and more stably hydrogen bonded in the
catalytic pocket §8). These computational analyses are
qualitatively consistent with the experimental data reported
here, which show that the fluorescence of/AR quenched

by a larger sampling of stacked conformations in the pre-

=

cleavage form compared to that in the product form, allowing 17

the position of the adjacent,£Xo fluctuate. ARs fluorescence

significantly increases upon cleavage and dissociation of the 1g

5 substrate sequence to form the product, indicating that
the 76 position becomes unstacked or exposed to the solvent,
consistent with the deeper anchoring ofsQvithin the 19
catalytic core. This complementarity of experimental and
computational results further supports the notion that the
trefoil turn is in a dynamic equilibrium of conformations not
depicted by the static crystal structures.
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