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Abstract: Heteronuclear NMR spectroscopy has been used to probe the structure and dynamics of a lead-dependent
ribozyme known as the leadzyme. Thijs for all adenine bases in the leadzyme were measured and vary from
<3.1t0 6.5. The adenines with the lowe#t,[s are involved in WatsonCrick base pairs, and the adenine with the
highest [K, is thought to form an AFl—C wobble base pair at the active site of the leadzyme. The potential structural
and functional significance associated with perturbKdsin ribozymes is discussed. NMR studies 6/8MP, 5

CMP, 8 GMP, and 5 UMP were also used to identify thHéC resonances that represent the best probes of base
protonation for all four bases in RNA. The line width of the C2 resonance of the adenine wiKkh & p.5 was

analyzed to probe the dynamics of the catalytically active internal loop in the leadzyme. These results showed that
this adenine is undergoing a chemical exchange process with a lifetim8®fis and demonstrate rapid dynamics

at the active site of this ribozyme. Th&¥C NMR can be used to probe dynamic processes in RNA oligomers.

Introduction tRNAPhethe protonated A6, is part of a triple base interaction,
. ) ) _and the protonated ¥Asg forms a reversed Hoogsteen base pair

Prqton transfer plays_ a critical role_ in many prote_m enzymatlc with Ts,15 These two non-WatserCrick base interactions
reactions and the ability to determine thk,f an ionizable jnyolve invariant or semiinvariant bases that stabilize the tertiary

side-chain group has been important for understanding the 5y cture of tRNASS These findings indicate that ionizable

molecular mechanism of many protein enzyrhel contrast groups are likely to be important for the function and structure
to proteins, nucleic acids are anionic polymers made up of 5 qucleic acids.

monomers that do not contain functional groups wkignear  The apility to prepare milligram quantities of uniform#C/
physmloglcal pH. Therefore one mlght conclude that nucleic 15y |abeled RNA oligomers of defined sequence has allowed
acids are unlikely to undergo pH-induced transitions near many heteronuclear magnetic resonance techniques, initially
physiological pH. However, structural studies on various geyeloped for proteins, to be applied to nucleic acids and has
nucleic acids have revealed adenine and cytL(jlifﬁphatq[ﬁer also prompted the development of new NMR experiments
significantly from the [a's of the monomers:* In addition, specifically designed for assignment and structure determination
many mon_jl_fled nucleosides in naturaflsly occurring RNAS POSSESS of RNA (see ref 17 for a review). In addition to simplifying
a net positive charge at neutral BH.° For example, in yeast  he sirycture determination of RNA, NMR studies of isotopically
labeled RNA can also yield information on the function and
* Author to whom correspondence should be addressed. . .
 Present address: Department of Medical Genetics and Microbiology, dynamics of RNA. For example, we recently describedG
One King’s College Circle, University of Toronto, Toronto, Ontario, M55~ NMR method for measuring adenin&(gs in nucleic acids.

1A8, Canada. _ _ This technique was used to identify an unusu&j, pf 6.5 for
ribog/emy\évords: RNA structure, Igs, chemical exchange, NMR, dynamics, 5 adenine at the active site of a lead-dependent ribozyme
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solution. *3C or 15N relaxation data can be used to probe very an error of+0.2 ppm in the**C chemical shift. After the NMR
rapid molecular motions in macromolecules (lifetimes titrations, the integrity of the RNA sample was demonstrated by
~nanosecond®P,but it is not always clear how well these fast electrophoresis where only a single band was observed on a 20%
motions can be correlated with biological function. Slower denaturing polyacrylamide gel.

molecular motions are often manifested as line broadening of ~NMR Spectroscopy. The'*C chemical shifts for th&C/**N-labeled
specific resonances, which yields information on processes in5 NMPs were measured from 1fH-decoupled™*C NMR spectra

the microsecondmillisecond timescalé! and such processes ~'ecorded at 25C. The %C resonances in the’ 8IMPs have been
are more likely to have functional significance than subnano- Previously assignédand the chemical shifts measured here have an
second processes. Observationi andsN resonances in  €/or of £0.03 ppm. One-bondH - *C J coupling constants were

; . . o . obtained from 1D'H NMR spectra recorded at 2%&. For the'3C/
isotopically labeled RNA provides additional timescales that 5N-labeled leadzyme or when there was overlap in the spectra of the

expapd the possibillities _for prgbing the.dynamics of RNAin g NMPs, thel*C chemical shifts were measured from 250, *H)
solution. The™*C line widths in the unlform|y13C Iabe!ed HMQC spectr&’ These spectra were recorded af@5with 128 scans,
leadzyme were analyzed, and these data provide novel informahe i+ carrier at 4.80 ppm and 2048 complex points with a sweep width
tion on the dynamics of the catalytically active internal loop in  of 6000 Hz int, and the'3C carrier at 145.54 ppm and 180 complex

this molecule. points with a sweep width of 3000 Hz in t Quadrature detection in
t; employed the States-TPPI methiSdand *3C WALTZ-decoupling
Materials and Methods was applied during.. The total time of each HMQC experiment was

8.5 h. For the studies of the dynamics of the leadzyme, the line widths

Preparation of 13C/'>N-Labeled 5 NMPs and 13C/'*N-Labeled were measured from 1BC vectors of 2D £C, H) HSQC spectra at
Leadzyme Samples.The 99%C/**N-labeled NMPs were obtained 25 °C transformed without the use of any weighing function. These
from E. coli cells grown on minimal media containing 99%-glucose HSQC spectra were recorded as above except that 192 scans were
(Isotec) and 99%°N-(NH,)-SO, (Isotec) as described previoushf? collected for 1024 complex points with a sweep width of 4200 Hz in
The four isotopically labeled NMPs were separated by anion exchanget,, and 108 complex points with a sweep width of 2600 Hz,inThe
chromatograph#f using Dowex-1 anion exchange resin with 2% cross- total time of each of these HSQC experiments was 21 h. fFhe
linkage and 106200 mesh size (Sigma). Nucleotide purity was chemical shifts were referenced to the internal HOD at 4.80 ppm, and
assessed to be greater than 95% by optical/UV spectrostidpnd the3C chemical shifts were referenced to an external standard of TSP
13C NMR spectroscopy, and HPLC on an analytical anion exchange 5t 9.00 ppm. A 2.5 h 2D%C, 'H) HSQC spectrum was also collected
nucleotide separation column (Vydac 303NT405). The 2 mM NMR 51 the 1.2 mM3C/5N-labeled leadzyme sample at pH 5.5, Z5in

samples of the*C/**N-NMPs were prepared in £, and their pH's D,O. To assign the C4 resonances in the cytidine residues, a triple
were adjusted using a glass electrode. A 0.44 mM NMR sample of yegonance 2D (HN)C(CC)H spectrum was collected on the 1.2 mM
99% *3C/5N-labeled leadzyme was prepared from a 20 mLuitro leadzyme sample at pH 5.5, 2% in 90% H0O/10% DO. The

transcription reaction containing 40 mM Tris pH 8.0, 20 mM MgCl
5 mM DTT, 1 mM spermidine, 8 mM (16@mol) 3C/**N-labeled
NTPs, 0.1% Triton X-100, 0.2M template, and 0.46 mg T7 RNA
polymerase using standard procedif&s. The gel-purified*3C/N-
labeled leadzyme was dialyzed using a Centricon-3 concentrator
(Amicon, Inc.) to a final buffer composition of 10 mM sodium T ) .
phosphate, 0.2 mM EDTA, 0.1 M NaCl, and pH 5.5. The sample  Detérmination of Adenine pKg's in the Leadzyme. The K
volume was brought to 5501 and transferred to 99.996%.0 by de_termlnatlon was based on a Hill plot analysis for one-site protordétion
multiple cycles of lyophilization and resuspension. A second 1.2 mM Using the equation pk log((1-o)/a) + pKa, wherea represents the
99%13C/15N-labeled leadzyme was also prepared by a similar procedure. fraction of the protonated species. The valuexdb calculated from
This sample is being used in structural studies, and the pH was kept atthe change in C2 chemical shift relative to the unprotonated state at a
5.5. given pH,A, divided by the total change in chemical shift between the
pH Titrations. pH values were measured in,® with a glass unprotonated angl the protonated sta;e, This HendersonHassel-
electrode and adjusted with 0.1 N DCI and 0.1 N NaOD. For the Palch-type equation can then be rewritten asplbg((Ar — A)/A) +
titration of the?3C/5N-labeled 5NMPs a 2 mMsample of each NMP ~ PKa For A25, a complete pH titration curve was obtained in the range
was prepared at each pH. For the 0.44 HiW/*N-labeled leadzyme ~ ©f PH studied (pH 4.48.3), and the K value was solved by linear
sample, two separate pH titrations were performed, one for measuring"egression analysis of the Hill plot as describe@ihe (Ka's of all other
the (KJ's of the adenine bases and a second for probing the dynamics @denines were calculated from this Hendersbiasselbalch equation
for adenine 25. For measuring th&4s, spectra were recorded on  at pH= 4.4 whereA is the difference in C2 chemical shift between
the same sample where the initial pH was 5.8, then adjusted by stepsPH = 8.3 and 4.4 (with an error a£0.6 ppm on the difference in
of ~0.5 pH units up to pH 8.3, brought down to pH 4.4, and adjusted chemical shifts ane-0.3 ppm if there is no observed change) and where
by steps of~0.5 pH units up to pH 5.8. The NMR spectra collected At is the total change in chemical shift for protonation bABP (8.0
at pH 5.8 before and after the pH titration were identical within =+ 0.6 ppm).
experimental error. In the pH titration for probing the dynamics, NMR Determination of the Lifetime of Exchange. The lifetimes for
spectra were collected at pH’s of 4.20, 5.50, 5.85, 6.55, 7.63, and 8.45.exchange were determined from an expression derived from the Bloch
The extreme pH values (4.20 and 8.45) are averages of the pH measure@quations which defines the NMR signal lineshape for a two-site (A
in D20 with the glass electrode before and after the NMR experiment and B) chemically-exchanging system. Equation 1 is an extension of

and have an error at0.05 pH unit. For the intermediate pH's onthe  previous worlé! where here the line widths of the two states were not
0.44 mM Sample of the |ead2yme (5&5007, 6.55+ 005, 7.6+ assumed to be the same:

0.2) and for the 1.2 mM sample at pH 5t50.1, the pH of the solution
was calculated from the value of the A25 C2 chemical shift assuming — (26) Dorman, D. E.; Roberts, J. Broc. Natl. Acad. Sci. U.S.A970Q

spectrum was acquired and processed as previously desétibemkpt

that the pulse sequence was modified to frequency label the C4
resonances in the evolution period. The NMR data were collected on
Varian VXR-500S or Unityplus 500 spectrometers and processed with
the program FELIX (Biosym Inc.).

65, 19—26.
(20) Peng, J. W.; Wagner, ®lethods Enzymoll994 239, 563-596. (27) Mueller, L.J. Am. Chem. S0d.979 101, 4481-4484.
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Table 1. Maximum Changes iA°C Chemical Shiftsd (pHr) — o Table 2. Maximum Change in One-BontH—13C Coupling
(pH) in ppm) with pH for the!*C/**N-Labeled 5 NMPs Constants with pH for thé*C/**N-Labeled 5 NMPs*
O (pHr) — o (pH) ma>k<). ct:jz:mg%icr:l
one-bondH—
5 AMP 5 CMP 5 GMP 5 UMP :
carbon  pH =2.1 pH = 2.6 pH = 7.1 pH = 7.1 one-bond coupling constant (Hz)
type  pH=73 pH=7.5 pH=123 pH =123 coupling error is£0.4 Hz
AH2-C2 —-13.4
c8 —22 —21 AH8—C8 Z24
C6 5.6 2.1 9.2 -15 . ,
AH1-C1 —-2.0
C5 0.0 1.5 1.3 0.5
G H8—-C8 —-2.3
C4 0.7 7.1 0.0 10.8 ' ,
G HI-CY —15
Cc2 8.2 94 7.3 7.9
! C H6—C6 —-3.8
C5 —-0.8 —-0.7 0.1 0.2
' C H5-C5 —6.9
C4 0.5 0.2 —-0.2 —0.6 ' .
CHI-C1 —-29
C3 0.4 0.6 0.2 0.2 U H6—C6 37
c2 —-0.2 0.0 0.1 -0.1 '
cr ~12 -06 ~05 0.4 UH5—CS 67
) ) ) ) UH1-CY —-2.8

a Maximum differences in one-bond protenarbon coupling con-
0 [P(L + 7edPawe + Psa)) + QR 1) stants were obtained from 1B NMR spectra obtained at extreme

v(f)

P2+ R pH values. For 5AMP, the difference is calculated dgi7.3 — Jorz.1,
for 5 GMP and 5 UMP asJyri2.3— Jphr.1, and for 5 CMP asJphzs —
J
wheretee = taTe/(ta + 78), 1 = pa + Pe, on = 7Wy, Wy = line P26
width at half-height of state NP = — ((fa + fg) — 2+ L - . .
22t — fa)] + piwA + paws, Q ZTC;[CC:[?;&BA +(]f;§ " Z;f) _ %?A N titration of the imino nitrogen&  In all cases the slope obtained
pe)(fa — fe)], R = mt(fa — fa)(Pa — Pe) — Test(fa — fe)(wa — we) + for the Hlll plot was 1.0+ 0.1 as expected for a single
[7(fa + f5) — 27f][1 + Tedwa + ws)] Where 7 is the lifetime for protonation event. The protonation of therBonophosphate

exchangery, fn, andpy are the lifetime, the frequency (Hz), and the  which has a , around 6.8 does not have any detectable effect
fractional population of the state N (either state A or B), respectively, on the C2, C4, C6, and C8 chemical shifts (Figure 1). These
andw(f) represents the signal intensity at a frequen(iyz). An awk results demonstrate that the C2 and C6 resonances of purines
(AT&T Bell Laboratories) script that calculates the lineshape of atwo- and the C2 and C4 resonances of pyrimidines can be used to

state system was used to extract the chemical shift and line width atmonitor accurately the protonation of the imino nitrogen for
half-height of the signal for a given lifetime of chemical exchange. the four common nucleotides.

The rate of exchange and its error were calculated by fitting the ) )

experimental chemical shift and line width at half-height with the ~ The effects of base protonation édc coupling constants
calculated onespa (population of protonated A25) ame (population ~ were measured for the aromatic protons of tHe/*>N-labeled

of unprotonated A25) were derived from the chemical skiijtdf the 5 NMPs. Except for the H2C2 coupling constant of AMP
A25 C2 resonance using the conversipas= A/Ar andpa + ps =1, and the H5-C5 coupling constants of £MP and 5UMP no
whereA = 155.32 ppm— da2s c2 (ppm) andAr = 7.78 ppm (978 Hz)  sypstantial pH-dependent changestdsy coupling constants
(Table 1)° Iwsg is the line width at half-height of the unprotonated were observed (Table 2). For A H2-C2, U H5-C5, and C H5-

state and was measured to be-27 Hz at pH 8.45, and lyis the C5, the change in protercarbon coupling constant with pH
line width at half-height of the protonated state measured and was 37directly reflects the imino protonation (not shown)

+ 15 Hz at pH 4.20. These line widths were not affected¥s-1°5N
J coupling constants which were less than 10 Hz at all pH values in 5~ Measurement of (Ky's in the Leadzyme. 2D (*3C, 'H)
AMP (data not shown). The errors on the lifetime of exchangg, HMQC spectra were collected at multiple pH values and used
were estimated using errors #0.2 ppm on the measuré¥ chemical to monitor the aromatic C2-H2 region of the leadzyme as a
shift which was used to calculapa andps, and errors for the measured  function of pH, and these spectra are similar to those previously
line widths at a given pH and at the extreme pH values (Table 3). published (see Figure 2 in ref 5). The pH titration plots for all
adenine C2s in the leadzyme are shown in Figure 2a. A detailed
analysis of the pH titration study of A25 C2 was published
pH Dependence of3C Chemical Shifts and One-Bond previously? It was not possible to obtain a complete pH titration
1H—13C Coupling Constants in 3 NMPs. To search fof3C curve for the other adenines in the range of pH studied, because
NMR probes that can be used to detect unusKalsdn nucleic we did not want to subject the RNA to very extreme pH's
acids, the pH dependence of &AC chemical shifts were  (Figure 2a). However, we can estimate theft,p from the
determined int3C/A5N-labeled 5 AMP, 5 GMP, 8 CMP, and maximum change in C2 chemical shift between pH 8.3 and 4.4
5 UMP by 1D !H-decoupled!3C NMR spectra. The results  assuming that no pH-dependent effect other than imino nitrogen
for the aromatic C2, C4, C6, and C8 resonances are presentedprotonation contributes to the pH-induced change i@
in Figure 1. For all four nucleotides, there is at least one base chemical shifts. A summary of all adenin&kgs for the
carbon chemical shift that changes by at least 8 ppm over theleadzyme is given in Figure 2b.
pH range studied, whereas the ribose carbon chemical shifts To test for protonated cytidines in the leadzyme a 2D (HN)C-
change by<1.2 ppm (Table 1). These results are consistent (CC)H spectrum was collected on the leadzyme at pH 5.5 where
with previously published two data-point pH studies fo€dP, the C4 resonances are frequency labeled in thevolution
5 ATP, adenine, and cytosir#é32 The C2 and C6 of adenine  period. This 2D spectrum is shown in Figure 3.
and guanine and the C2 and C4 of cytosine and uridine are the  ca|culating the Lifetime of Exchange for Protonation—
most sensitive*C NMR probes for Ka determinations. The  peprotonation of A25. Chemical exchange on the chemical
pKa's of all four 5 NMPs were estimated from Hill plot analysis  ghjft timescale is reflected in the lineshape of the detected signal
based on the change of the chemical shifts of these carbonsyhere the exchanging nuclei experience two or more electronic
(not shown) and agree with values published previously for the onvironment@ In the leadzyme, the large line width for the
(32) Sierzputowska-Gracz, H.; Gopal, H. D.; Agris, PNEcleic Acids C2 of A25 at various pH’s indicates that this resonance is in
Res.1986 14, 7783-7801. intermediate exchange (as illustrated in Figure 2 in ref 5). Both

Results
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Figure 1. pH titration of 13C/*N-labeled NMPs monitored b{¥*C NMR spectroscopy: (A)'5AMP, (B) 5 GMP, (C) 3 CMP, and (D) 5UMP.
The individual bases are shown above the titration plots.

the line width and chemical shift of A25 depend on the Discussion
populations, line widths, and rate of exchange between the

protonated and the unprotonated state€D (13C, 1H) HSQC Detection of Unusual Ka's in Nucleic Acids. Although
spectra of the leadzyme were collected at six pH values, andPase protonation affects tfi, >N, and**C chemical shifts in
line widths at half-height were measured from #86 vectors ~ Mononucleotide8*34the effects on thé*C and™*N shifts are

(Table 3). For A25 the C2 lineshapes are broader at intermedi- much larger than th&H shifts and are therefore less influenced
ate pH than at the extreme pH’s. In the range of pH'’s studied, by environmental factors other than base protonation. Thus,
the 13C line width of A12 C2 in the leadzyme does not vary 15N and®*C chemical shifts provide superior probes for detecting
which indicates that the overall relaxation properties of the shifted base Ka's in nucleic acids. The pH dependences of
leadzyme do not change enough to affect the carbon line widths.*N chemical shifts in 3SNMPs have shown that the N1 chemical
Therefore the observed variations in the A25 C2 line widths shifts of GMP and AMP and the N3 chemical shifts of CMP
are simply caused by the protonation equilibrium. and UMP change dramatically (400 ppm) upon protonation

The slope of 1 obtained from the Hill plot of A25 protonafion ~ ©f the imino nitrogen and that these are the only nitrogen
validates a two-state model between the unprotonated andchemical shifts that are significantly affected by #H.Es-
protonated forms of A25 and justifies the use of eq 1 for the Sentially complete NMR assignment of the proton, protonated
determination of the lifetime of chemical exchange associated carbon, and protonated nitrogen resonances have been made
with A25 protonation. This equation was therefore used to for the leadzyme at pH 528which then makes it possible to
estimate the lifetime of chemical exchange from the line width use the NMR chemical shifts as probes of unusual bss p
of A25 C2 at the four pH values of 5.50, 5.85, 6.55, and 7.63 in this system. Allthe A N1s, U N3s, and G N1s were assigned
(Table 3). The line widths of A25 C2 at pH 4.20 and pH 8.45 exceptfor A18 N1, A25 N1, G7 N1, GO N1, and G24 N1 where
represent the line widths of the fully protonated and fully chemical exchange broadening or raptl relaxation led to
unprotonated states, respectively. The fractional populationsinefficient transfer of magnetizatici. All the assigned A, U,
of the protonated fn = (155.32 ppm— Jpny)/7.78) and and G imino nitrogens in the leadzyme lie within a narrow range
unprotonatedg = 1 — pa) forms were determined from the of 5 ppm for each base type at pH 5.5 (data not shown).
chemical shift of A25 C2 at a given pHuy). As seen in

Table 3, the lifetime of exchange is independent of pH within  (33) Sowers, L. C.; Fazakerley, G. V.; Kim, H.; Dalton, L.; Goodman,
ith . hich d h M. F. Biochemistry1986 25, 3983-3988.
error, with 7ce = 31 &+ 8 us which corresponds to a rate o (34) Bichner, P.; Maurer, W.; Rarjans, H.J. Magn. Resonl97§ 29,

exchange okee = 1/tce = 3.2+ 1.1 x 10* s7L. 45-63.
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Table 3. Data Used for Calculation of Exchange Times in the Leadzyme &C25

Al2 C2 A25 C2 A25
Al12 C2 line width at A25C2 line width at fractional populatior’ss  exchange time
pH chemical shift (popm)  half-height (Hz)  chemical shift (ppm)  half-height (Hz) pa/pPs for A25 (us)

4.20 152.5 25+ 3 147.7 37t 15 0.995/0.005

5.5C 152.5 23t1 148.3 531 0.898/0.102 2& 4

5.85 152.5 25t 1 149.0 8+ 18 0.812/0.188 2% 13
6.55 152.5 26t 1 151.7 144+ 14 0.465/0.535 3% 5

7.63 152.5 241 154.8 46+ 5 0.067/0.933 2& 8

8.45 152.5 26t 2 155.2 2+ 3 0.011/0.989

2 The fractional populations were calculated from A25 C2 chemical

shifts (see Material and Metpgds)population of protonated A2%s

= 1 — pa. ? The chemical shifts and line width were measured fromXDvector of {3C, H) HSQC spectra (see text). Errors on line widths at
half-height were estimated from fitting to a Lorentzian line and varied depending upon the signal-to-noise of thd pealata at pH 5.50 were
measured in a 2DC, *H) HSQC spectrum taken on the 1.2 nifC/*5N-labeled leadzyme. This spectrum had higher signal to noise than the data
at the other pH values which yielded higher precision for measurement of the line widths of tH€ tibss sections.
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Figure 2. (A) pH titration curve of A25 (cross), A8 (open triangles),
A16 (open circle), A17 (filled circle), A18 (open diamond), A4 (filled
diamond), and A12 (open square) C2 chemical shifts.yf&es is the
difference in'3C chemical shift between the unprotonated form and
the chemical shift at the given pH. (B) Summary of the estimatatbp

and the C2 and C4 of pyrimidines) are the most sensifiGe
NMR probes for monitoring the imino protonation in RNA since
the chemical shifts of these carbons undergo the largest changes
upon protonation. The chemical shift changes for these carbons
between the unprotonated and protonated states rangeHsosn

to +10.8 ppm (Figure 1 and Table 1). The sign and magnitude
of these changes agree with theoretical and experimental studies
of azines (six-membered nitrogen heterocycles) where the
directly bound carbons undergo+e8 ppm upfield shift upon
nitrogen protonatiod® The adenine C2 is directly bound to a
proton and is easily detected by a 2B8Q, 'H) HMQC or HSQC
experiment. Thus for adenine the C2 represents the best probe
of base protonation. For cytosine and uridine, C2 and C4 are
not protonated carbons, and, therefore, these carbons were
previously not routinely assigned, everi#g labeled molecules.
However we have recently developed a series of base-specific
triple resonance experiments for assignment of the exchangeable
and nonexchangeable base protonsi6/°N nucleic ac-
ids29:36.37 A 2D H(NCCC)H experiment was previously used

to provide BN to H6 connectivities for the cytidines in the
leadzyme?® A similar experiment can be used to assign the
C4 resonances in cytidines and Figure 3 shows the 20, (

1H) (HN)C(CC)H experiment that was used to assign the
cytidine C4 resonances in the leadzyme at pH 5.5. Comparison

in the leadzyme (see Materials and Methods). The sequence andof this spectrum with the pH dependence of C4 in th€BIP
secondary structure of the leadzyme are shown where the boxed region(Figure 1) shows that all the leadzyme cytidine C4 resonances
indicates the residues that are required for cleavage, and the arrowhgye chemical shifts consistent with the unprotonated species.

indicates the site of cleavad®!®
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Figure 3. A contour plot of the C4 to H6 region of the cytidine-specific

2D (*3C, H) (HN)C(CC)H spectrum of the 1.2 mM uniformBzC/
15N-labeled leadzyme at pH 5.5. The spectrum was collected as

previously described except that the carbon evolution period was set

for frequency labeling of the C4 resonanégs.

Therefore, for these observed imino nitrogens there is no
indication of perturbed g, values at this pH in the leadzyrig.
As seen in Figure 1 the carbons directly bonded to the

nitrogen that becomes protonated (the C2 and C6 of purines

The C4 resonance of residue C6 shows the largest deviation
from the chemical shift of the mononucleotide, but this residue
forms a base pair with the protonated A25 as discussed below.
Formation of the A25H-C6 base pair is likely leading to the
slightly perturbed chemical shift for the C4 resonance of residue
C6. Thus the chemical shifts of the C4 resonances (Figure 3)
indicate that there are no cytidine residues with unusually high
pKa's in the leadzyme.

In Situ Measurement of Adenine [KJ's in the Leadzyme.
Figure 2 shows thelfy’s for the adenine bases in the leadzyme.
These [Ky's fall in three general classes when compared with
the K, of 5 AMP. 1) pKy's that are similar to the kg, of 5'

AMP are found for the adenines in the GAAA loop and for A8

in the internal loop region. NMR solution and X-ray crystal
structures of GAAA loop have been determined and show that
the imino nitrogens of the three adenines in the loops are solvent
accessiblé®41 Thus the [K5's of these adenines are expected
to be similar to the [, of 5 AMP. For A8 in the internal

(35) Pugmire, R. J.; Grant, D. Ml. Am. Chem. Sod.968 90, 697—
706.

(36) Simorre, J. P.; Zimmermann, G. R.; Mueller, L.; Pardi,JAAm.
Chem. Soc1996 118 5316-5317.
(37) Simorre, J. P.; Zimmermann, G. R.; Mueller, L.; PardiJABiomol.
MR 1996 7, 153-156.
(38) Heus, H. A.; Pardi, ASciencel991, 253 191-194.
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loop, having a B, similar to AMP indicates that this imino
proton is also accessible to solvent. Our current three-
dimensional structure of the leadzyme is consistent with the
imino nitrogen of A8 being solvent accessiife.(2) A4 and
A12 have X;'s that are lower than thekf of 5 AMP. These
residues are involved in standard Wats@rick base pairs. The
lower pKy's mean that formation of a stable base pair makes it
more difficult to protonate the adenine. Thus the helix-coil
transition equilibrium affects the protonation equilibrium. This
result is similar to what is observed for hydrogen exchange
experiments where the G and U imino proton hydrogen
exchange rates are slower in base pairs relative to solvent-
exposed base$:** (3) The K, of 6.5 for A25 is 2.5 pH units
higher than that of 5AMP and is close to physiological pH.
Many potential structural roles could be attributed to A25.
A protonated adenine could stabilize the formation of base
pairing interactions by direct hydrogen bonding of its imino
proton. A large number of interaction schemes are possible
but to our knowledge the A imino hydrogen has been found to
form hydrogen bonds only in specific types of AHC®4%and
AHT—GB84546 hase pairs and in the AH-G—C? base triple
(Figure 4a). A X, of 6.6 has been reported for an AHC
wobble base pair in a DNA oligomérand a K, of 6.2 was
measured for a AH—C wobble base in an internal loop in a
domain of the hairpin ribozym¥. We are presently refining
the 3D structure of the leadzym&and these structural data
indicate that the same type of AHC wobble base paif-Cis
forming between C6 and A25 in the internal loop in the
leadzyme (see Figure 4A). Another possibility that could lead
to an increasediy, for A25 is if the imino proton is involved
in the formation of a “salt-bridge” or stabilizing interaction with
a negatively charged phosphate. Such interactions have been
proposed for AH—A and AH"—G base pairing in DNA
oligomerd” and in poly(AH")-poly(A)1548(Figure 4b). In these
cases, the protonated adenine most likely helps to neutralize a
local negative potentidf The amino protons in adenine become
more acidic upon N1 protonati6hwhich could then form
stronger hydrogen bonds. More stable hydrogen-bonding
interactions with the amino protons could also result from the
restricted rotation of the carbon-amino nitrogen bond which
gains additional double-bond character upon N1 proton&fion.
It has also been proposed that the change in the dipole moment
of the protonated adenine, compared to its neutral form, favors
particular stacking interactiorfg.

Although the structural data indicate formation of a AZ5H
C6 wobble base pair in the leadzyrifehe potential roles for
a protonated adenine in RNA are not strictly structural. The
presence of a base with &pclose to physiological pH and in

(39) Pley, H. W,; Flaherty, K. M.; McKay, D. BNature 1994 372,
111-113.

(40) Jucker, F. M.; Heus, H. A.; Yip, P. F.; Moors, E. H. M.; Pardi, A.
J. Mol. Biol. 1996 264, 968—980.

(41) Jucker, F. M.; Pardi, ARNA1995 1, 219-222.

(42) Hoogstraten, C. G.; Legault, P.; Pardi, A. Unpublished results.

(43) Nonin, S.; Leroy, J. L.; Guen, M. Biochemistryl995 34, 10652~
10659.

(44) Englander, S. W.; Kallenbach, N. R. Re. Biophys.1984 16,
521-655.

(45) Carbonnaux, C.; van der Marel, G. A.; van Boom, J. H.; Guschl-
bauer, W.; Fazakerley, G. \Biochemistry1991, 30, 5449-5458.

(46) Leonard, G. A.; Booth, E. D.; Brown, Nucleic Acids Resl99Q
18, 56175623.

(47) Maskos, K.; Gunn, B. M.; LeBlanc, D. A.; Morden, K. M.
Biochemistry1993 32, 3583-3595.

(48) Rich, A.; Davies, D. R.; Crick, F. H. C.; Watson, J. . Mol.
Biol. 1961, 3, 71—86.

(49) Gueon, M.; Leroy, J. L.Meth. Enzymol1995 261, 383-413.

(50) Shoup, R. R.; Miles, H. T.; Becker, E. D.Chem. Physl972 76,
64—70.
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Figure 4. Structures of prewously proposed nucleic acid base pair
interactions involving protonated adenines. (A) The imino proton of
the protonated adenine can directly participate in hydrogen-bonding
interactions in AH—C34¢ and AH'—G base pair§#>4¢ (B) The
protonated adenine can also form stable interactions without its imino
proton being directly involved in an interbase hydrogen bond, as in
the AH"—A base pair$47486land AH™—G base pairé’

proximity to the cleavage site (Figure 2b) could play various
roles in catalysis. For example, (1) the positively charged A25
could stabilize the formation of a negatively charged transition
state; (2) the imino proton of A25 could be involved in general
acid catalysis} but this role could also be ascribed to the amino
protons since thely, of the adenine amino proton decreases
from 20 to around 8 upon N1 protonatié33(3) the protonated
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A25 could aid in the proper positioning of the#l§or cleavage such resonance is observed in the NMR spectrum of the
by creating unfavorable electrostatic interactions with the leadzyme, even at a pH as low as 5.0 (not shown). This means
positively charged metal. Although th&pof 6.5 for A25 was the hydrogen exchange of the A25 imino proton is fast on the
determined in the absence of divalent metatgldition of 1 IH NMR chemical shift timescale which is also consistent with
mM PB?* to the NMR sample does not significantly change kg > 3 x 10* s
the NMR spectra except for a shift of the A25 C2 resonance by  As seen in Table 3, under many of the NMR conditions a
0.7 ppm at pH 5.5. Using the equation for the pH dependence substantial fraction of the A25 base is protonated and forms a
of A25 C2 determined in the absence ofPhwe find a i, of A25H"—C6 base pair. In fact, if the elevatepof 6.5 is
6.3 for A25 under conditions with 1 mM Ph. These results  completely caused by the stabilization of the protonated form
indicate that PB" does not affect the structure and only slightly in a base paired and th&pof A25 in the open state is equal
shifts the K, of A25. to the K, of AMP, it can be shown tha{aazs) = Kaampy(Kop/
There are also other indications that the protonated A25 is k) and that the dissociation equilibrium constégp = Kop/kei
involved in a structural and not a catalytic role in the leadzyme. = 3 x 1073. If ko is the rate Iimiting step for the hydrogen
The log linear pH dependence of the cleavage rate between pHexchange theky, = 3 x 10* s* which yields a value ok of
5.5 and 7.6° does not support the requirement of A25 107 sl. This value ofky is in agreement with previous
protonation to reach the transition state. In addition, A25 can estimates of base pair closing rat@sA dissociation constant
be replaced by C or U, and the extent of cleavage is reducedK,, of 10-2 is indicative of a weak base pair since dissociation
by less than a factor of . In most protein enzymes, constants of 16—106 have been measured from individual
replacement of an amino acid that plays a critical role in the G—C and A-U base pairs within stable helicésand much
chemistry of reaction decreases the reaction fate. larger values{1—10-2) have been measured for Watse@rick
Dynamics at the Active Site of the Leadzyme.Analysis base pairs at the termini of helidésvhich are subject to fraying.
of the line width for the C2 resonance of A25 demonstrates From this analysis, the fraction in the open state for the proposed
that this base is undergoing exchange between its protonatedA25H"—C6 base pair in the leadzyme is larger than the fraction
and unprotonated forms with a lifetime 6f30 us. To help in the open state for standard Watsa®rick base pairs and is
understand this exchange process we considered the reactiomore comparable to a terminal base pair in a double helix.
scheme used in imino proton exchange studiés describe Cai and Tinoco have recently determined the structure of the
hydrogen exchange of the imino proton of A25 assuming that |oop A domain of the hairpin ribozyme and found that the
A25 is base-paired with C6: internal loop in this molecule contains a AKC wobble base
N . pair with this adenine having &g of 6.214 Although the!3C
+ _op + rl + chemical shift differences for the adenine C2 in this loop A are
A5 (H)-Cherosen, A5 (H)openT 5 A250pen T l(_|2) very similar to those previously observed in the leadzyrte
dynamics manifested by the adenine in the leadzyme and in
the loop A of the hairpin ribozyme are very different. In the
hairpin loop domain théC and'H resonances are both in slow
exchange on the NMR timescale, and separate cross peaks are
observed at intermediate pH for the protonated and unprotonated
tates of the adenine involved in the AHC base pait* This
llowed Cai and Tinoco to determine that the rate of exchange
etween the protonated and unprotonated forms of this adenine
was<15s1. Inthe leadzyme the protonated and unprotonated
forms of A25 are in intermediate to fast exchange on'He
and 13C NMR timescale and the exchange rate is .20
s™1. Thus the exchange process for the protonated adenine in
)t}"le leadzyme has a rate at least 2000 faster times than that
observed in the loop A of the hairpin ribozyme. In both the
leadzyme and the loop A, the AH-C base pairs stack on one

whereko, and kg are the base pair opening and closing rate
constants respectively, akgh andky—1 represent the forward
and reverse rates of proton transfer for the open state of the
base pair. In this scheme it is assumed that no hydrogen
exchange takes place from the base-paired (closed) state. Therd
are several pieces of evidence that support the hypothesis tha
kop is the rate limiting step in eq 2, under our conditions. The
most likely mechanism for protonation and deprotonation of
A25 would be acid or base catalyzed exchange and the rate
(ki1 Or ky—1) would be proportional to the concentration of the
catalyst** Under these conditions the imino proton exchange
rates would be pH dependent because the concentrations of an
potential exchange catalyst (proton, hydroxide or phosphate
buffer) would change as a function of pH. However as seen in : . X
Table 3 the lifetime for the exchange process of A25 is not pH side with a C_(.; base pair. However in the loop A the AHC
dependent. In addition the measured exchange broadening oialso stacks W'th_ a sheared-@ base palr,_whereas no O.ther
the C2 resonance of A25 is the same in 10 mM sodium stable base pairs are formed for the internal loop in the

phosphate buffer, pH 5.5, as it is in 25 mM succindg@uffer, leadzyme?? If AHT—C base pairs are undergoing the same
pH 5.5 (data not shown). Thus the lack of buffer and pH exchange process in these two systems, then the dynamics is
dependence of the observed exchange rate for A25 is consstenWUCh more rapid in the leadzyme than in the loop A.

with kop being the rate limiting step in the exchange.

If opening of the proposed A25H-C6 base pair is the rate
limiting step for the hydrogen exchange process in eq 2 then  The13C NMR methods presented here provide an important
kop = ke # 3 x 10* sL. This rate is faster than rates of probe of shifted K4's in nucleic acids as demonstrated for the
individual nonterminal WatsonCrick G—C or A—U base-pair  A25 at the active site of the leadzyme. Thé;js of adenines
opening in DNA duplexes which are on the order of $0" at A4 and A12 which form stable WatsetCrick A—U base pairs
25°C54 The imino proton resonance for a AHC base would were found to be lower (botk 3.1) than the K, of 5 AMP
be expected to have a chemical shift o1 ppms3® and no (pKa = 4.0). The stable helical structure hindered the proto-
nation of these adenines at lower pH, thereby affecting the

Conclusion

(51) Jencks, W. RCatalysis in Chemistry and Enzymolo@over: New

York, 1987; pp 163-239. apparent protonation equilibrium. A similar situation is pro-
(52) Teitelbaum, H.; Englander, S. W. Mol. Biol. 1975 92, 55-78.
(53) McConnell, B.Biochemistryl974 13, 4516-4523. (55) Wijmenga, S. S.; Mooren, M. M.; Hilbers, C. W. INMR of
(54) Gueon, M.; Kochoyan, M.; Leroy, J.-LNature 1987, 328 89— Macromolecules. A Practical ApproactRoberts, G. C. K., Ed.; IRL

92. Press: New York, 1993; pp 2+288.
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posed here for A25 where the elevatd(, pf 6.5 is caused by  evolved to catalyze RNA degradation via a general -abase
the stabilization of the protonated form of the adenine within a reaction mechanism. THEC NMR probes described here make
AH*—C wobble base pair. Thus th&pof the adenine base it possible to search for bases witiK4s near physiological
is loweredwhen the protonation disrupts formation of the base pH which could be good candidates to function as a general
pair, and the K, of the adenine isaisedwhen the protonation  acid or base in ribozyme catalysis.
is required for formation of the base pair. In addition to the
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