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ABSTRACT: Ricin toxin A-chain (RTA) depurinates a single adenylate on a GAGA stem-loop region of
eukaryotic 28S RNA, making it a potent toxin. Steady state rate analysis is used to establish the kinetic
parameters for depurination of short RNA, DNA, and RNA-DNA hybrids of GAGA linear segments
and stem-loop regions as substrates for RTA. Both stem and tetraloop structures are essential for action
on RNA. For DNA stem-loop substrates, stem stability plays a small role in enhancing catalytic turnover
but can enhance binding by up to 3 orders of magnitude. DNA sequences of d[GAGA] without stem-
loop structures are found to be slow substrates for RTA. In contrast, equivalent RNA sequences exhibit
no activity with RTA. Introduction of a deoxyadenosine at the depurination site of short RNA
oligonucleotides restores catalytic function. NMR analysis indicates that the short, nonsubstrate GAGA
is converted to substrate in GdAGA by the presence of a more flexible ribosyl group at the deoxyadenosine
site. Conversion between C2′-endo and C2′-exo conformations at the deoxyadenosine site moves the 3′-
and 5′-phosphorus atoms by 1.1 Å, and the former is proposed to place them in a catalytically favorable
configuration. The ability to use short RNA-DNA hybrids as substrates for RTA permits exploration of
related structures to function as substrates and inhibitors.

Ricin is among the most potent toxins against mammalian
cells and has the highest toxicity by injection and inhalation
(1, 2). Ricin has been used as a biological weapon [most
famously, the “umbrella tip” assassination of the Bulgarian
defector Georgi Markov (3, 4)]. Its cytotoxicity has also been
harnessed as the toxic component of immunotoxins (5, 6).
Clinical trials of ricin toxin A-chain-coupled immunotoxins
have resulted in some remarkable remissions; however, the
dose-limiting toxicity is a vascular leak syndrome that results
in significant morbidity (7-10). Hence, the potential of RTA1

antitumor immunotoxin therapy has been considerably
constrained (8). It may be possible to develop RTA inhibitors
as antitoxin rescue agents against ricin toxicity following
RTA immunoconjugate therapy. Current attempts at inhibitor
design have yielded small molecule RTA inhibitors that bind
weakly (millimolar range) (3) and more powerful inhibitors
(nanomolar range) that are oligonucleotides with 10 or more
bases. The previously characterized oligonucleotide stem-
loop RNA inhibitors of RTA (11, 12) are unlikely to be orally
available and are labile to circulating nucleases (13). To
explore smaller inhibitor scaffolds, the substrate specificities
of small RNA, DNA, and mixed-species oligonucleotides
are explored at pH 4.0, the pH optimum for ricin on small
stem-loop regions. Other studies have characterized mixed-
species loop structures in the context of stem-loop RNA,

but at pH 7.5 where reaction rates are too slow to permit a
single enzymatic turnover, even at a RTA:RNA molar ratio
of 37 (14).

RTA inhibits protein translation by depurinating A4324
on a stem-tetraloop GAGA motif of the 28S rRNA, the EF-2
binding site (15, 16). Smaller stem-loop structures retaining
the GAGA loop sequence are also substrates (17). RTA
activity has been characterized on RNA stem-loop regions
as a function of stem length and pH (11, 18). These studies
showed that RTA experienced a 500-fold increase in its
catalytic turnover rate as the number of base pairs in the
stem increased from two to five. In addition, the turnover
rate of substrates that did not have stable stems could be
increased by cross-linking of the termini, indicating that stem
formation is important in achieving the RTA transition state
with RNA substrates (11, 18). RTA activity on RNA stem-
loop regions is also pH-dependent with a maximum at pH 4
and a 100-fold decrease in turnover with every unit change
in pH. The extent of productive binding also decreases with
increasing pH above pH 4. Short DNA stem-loop regions
are also substrates for RTA (11). The transition state
structures of RNA and DNA stem-loop regions have been
characterized, and the results show that RNA and DNA
substrates have different geometries at their transition states
(19, 20). Results from KIE experiments on A10 and dA10,
the RNA and DNA 10mers, respectively, show that the
reaction profile for A10 includes an isotope insensitive and
rate-limiting step while that for dA10 does not. On chemical
reactivity principles, one would expect the turnover rate for
dA10 to be higher than that for A10 because dA10 DNA
has a 400-fold increased chemical reactivity for depurination
relative to RNA. However, this is not the case since RTA
catalyzes depurination of dA10 and A10 with a combination
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of leaving group activation and ribooxacarbenium ion
generation (12). Earlier work using PCR transcription
products with radiolabeled adenines reported that RTA
slowly hydrolyzes adenine from “random” stretches of single-
stranded DNA (21, 22). However, the possibility that these
large substrates were capable of forming secondary structures
such as GAGA stem-loop regions could not be ruled out.
The study of RTA activity on DNA stem-loop structures is
necessary to understand this activity (Figure 1).

DNA hairpin structures are involved in recombination (23),
repair (24), transcriptional regulation, and drug interactions
(25). Studies based on homopolymeric DNA loops showed
that thymidine loops with four or five nucleotides are the
most stable and all-purine loops such as deoxyadenosine
loops are the least stable (26). However, certain families of
DNA and RNA stem-loop structures are up to 3 kcal/mol
more stable than predictions based on size and sequence
alone (27-29). One of these families contains the d[GNNA]
tetraloops, the DNA analogues of RNA GNRA loops, a
subset of which are substrates for RTA. d[GNNA] stem-
loop regions are even more stable than an all-pyrimidine loop
(27). Stable DNA loops are formed by an extensive hydrogen
bonding network (30). In addition, the coupling between the
loop and the stem is also important in stem-loop stability
(31). The impact of stem length on the stability of d[GNNA]
stem-loop regions has not been studied and would allow
comparative assessment of the ability of the d[GNNA] loop
to stabilize stem-loop formation.

MATERIALS AND METHODS

General Experimental.RTA was purchased from Sigma.
Calf intestinal alkaline phosphatase was purchased from
Promega (Madison, WI), and phosphodiesterase I was from
Sigma Chemical Co. (St. Louis, MO). DNA oligonucleotides
were either synthesized or purchased from Dharmacon
Research Inc. All oligonucleotides were HPLC purified using
an Xterra C18 reverse phase column using 50 mM am-
monium acetate and a linear gradient of methanol. Kinetic
results were identical using synthesized or Dharmacon
oligonucleotides. Nucleoside phosphoramidites and other
reagents for oligoribonucleotide synthesis were purchased
from Glen Research (Sterling, VA). Phosphoramidites on
CPG solid supports were obtained from ChemGene Corp.
(Ashland, MA).

Oligonucleotide Purification and Characterization.Stem-
loop DNA oligonucleotides were synthesized on an Expedite
8900 Nucleic Acid Synthesis System from PerSeptive
Biosytems, in the trityl-off mode at a 1µmol scale. Cleavage

and deprotection were carried out by incubation in a 3:1 (v/
v) NH4OH/EtOH solution at 55°C for 3 h. Oligonucleotides
were purchased (2′-ACE-protected) from Dharmacon Re-
search. RNA-DNA hybrid oligonucleotides were depro-
tected essentially as described (Dharmacon manual) except
that a 30 min heating protocol was used instead of the
recommended 60 min protocol. The oligonucleotides were
purified using an Xterra C18 reverse phase column using
50 mM triethylammonium carbonate (pH 6.4) and a linear
gradient of 3 to 50% methanol. The integrity of the resulting
oligonucleotide was determined using MALDI-TOF mass
spectroscopy and by enzymatic digestion followed by HPLC
quantitation (11). Digests were analyzed on a reversed phase
C18 analytical column (WAT011802) eluted using isocratic
conditions in 50 mM ammonium acetate (pH 5.0) and 5%
MeOH. Nucleoside and deoxynucleoside standards were used
to determine the relative amounts of each component in the
oligonucleotide digest.

NMR. Oligonucleotides used for NMR studies were at a
concentration of 1-2 mM in 50 mM potassium acetate (pH
4) in D2O at 300 K. The buffer stocks were prepared in D2O,
vacuum-dried, and resuspended in D2O. The process was
repeated twice for each sample. All two-dimensional (2D)
experiments were performed on a Bruker DRX 300 spec-
trometer in D2O samples at 26°C. 2D1H-1H TOCSY,1H-
1H DQF COSY, and1H-1H NOESY experiments were
performed. Presaturation of the residual HOD signal was used
for water suppression. TOCSY spectra were collected using
a 100 ms MLEV-17 spin lock (32), and ROESY and NOESY
spectra were collected using a mixing time of 300 ms.
Typical spectra were collected with 2K and 512 points in
theF2 andF1 dimensions, respectively, with 32 scans pert1
point, a recycle delay of 1.3 s, and a proton sweep width of
14 ppm (D2O samples) or 30 ppm (H2O samples) with the
carrier set to 4.7 ppm. Spectra were processed with a cosine
bell window function and zero-filled to yield data sets with
2K and 512K points inF2 and F1, respectively. Proton
chemical shifts were referenced to 3-(trimethylsilyl)propi-
onate. Pulsed field gradient NMR (PFG-NMR) was used to
determine changes in molecular size. The data obtained from
a PFG-NMR study are the decays of the signal with gradient
strength. Interpretation of the data to yield structurally
significant results requires assumptions which are most
applicable to molecules>5 kDa in size that can be
represented as spheres or ellipsoids (33). However, its
applicability can be extended to nonideal systems by the use
of model compounds under identical test conditions. dA6
structure at low temperatures was studied using PFG-NMR
and a model 6mer dA6_C differing only by a change in the
terminal residue from a guanosine to a cytosine. Pulsed field
gradient experiments were carried out using the pulse
sequence (34). Sixteen points were collected from 10 to 90%
with a maximal field gradient strength of 60 G/cm.

In 1H-1H DQF-COSY NMR, each pair of directly bonded
protons gives a quartet of peaks. The strength of coupling
between these protons is a result of the equilibrium position
of the protons and is field-independent. The coupling constant
can be obtained by measuring the coupling (in hertz) between
cross-peak pairs in each quartet. Residues in the N-confor-
mation (3′-endo) haveJ(H1H2) constants of<1 Hz, and
residues in the S-conformation (2′-endo) haveJ(H1H2)
constants in the 8-10 Hz range (35).

FIGURE 1: Sequences of the deoxyoligonucleotides characterized
in this paper.
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Estimation of Errors and Significance of Data.RNA,
DNA, and RNA-DNA hybrid oligonucleotides characterized
in this study were incubated at 37°C for more than 10 min
before the addition of RTA. The relative kinetic constants
in experiments that were carried out simultaneously had
typical variations of(20%. The kinetic parameters reported
here are results from individual substrate saturation experi-
ments. The results shown in the tables are the best experi-
ments for representing the trends seen in multiple experi-
ments. The errors shown are the errors of the best fit of the
data from the representative experiments. Earlier character-
ization of RTA showed that RTA has<5% forward
commitment for both RNA and DNA stem-loop regions
with catalytic turnover numbers encompassing all rates
reported here (19, 20). Catalysis is slow relative to substrate
equilibration; therefore, the Michaelis constant is known to
approximate the dissociation constant for substrates.

Kinetic Analysis for RTA.Assays were carried out es-
sentially as described previously (11) except that the reactions
were quenched by addition of potassium phosphate (pH 8.0)
to give a final concentration of 100 mM. The protein is
inactive under these salt and pH conditions. Oligonucleotide
concentrations ranged from 10 nM to 0.5 mM, and the
amount of RTA used was<15% of the smallest amount of
substrate. The maximal amount of conversion to product was
<10% of the total initial substrate concentration. RTA was
shown to catalyze multiple turnovers on all the substrates
characterized in this study. Under these conditions, initial
reaction rates were observed when using multiple-time point
analysis. The enthalpic and entropic components of the
reaction were derived from the slopes of-ln kcat or -ln Km

versus 1/T. The slope of this graph isEa/R, whereEa is the
activation energy andR is the gas constant.Ea is related to
H by the equationEa ) ∆Hq + RT, and enthalpy and entropy
are related by the equation∆Gq ) ∆Hq - T∆Sq.

Oligonucleotide Thermal Denaturation.Solutions contain-
ing each oligonucleotide at 1-30 µM in 10 mM potassium
citrate (pH 4.0) and 1 mM EDTA were heated while
recording UV spectra. The samples were heated at a rate of
0.5 °C/min and held at each temperature for 2 min before
the absorbance was recorded from 3 to 90°C. Plots of
absorbance versus temperature were generated, and the
melting temperature was obtained by taking the derivative
of the curve and assuming a two-state model. For dA8, dA6,
and d(GAGA), the curves were also obtained in a reverse
direction, starting at 90°C and cooling at a rate of 0.5°C/
min with a 30 s incubation at each temperature before the
absorbance was recorded. Changes in the absorbance of
d(GAGA) as a function of temperature were studied as a
control for a completely unstructured oligonucleotide.

RESULTS

Oligonucleotide Thermal Denaturation.All stem-loop
oligonucleotides characterized in this study except dA6_C
(Table 1) exhibited two-state behavior in their melting
transitions, and theirTm’s did not vary with concentration
in the range of 1-30 µM. This is consistent with their
existence primarily as unimolecular hairpins in solution. The
Tm’s of these stem-loop structures were allg15 °C higher
than would be predicted using algorithms without consid-
eration of the extrastable nature of these tetraloops. However,

theTm’s obtained for these oligonucleotides were similar to
those obtained from other stem-loop structures in their
(GNRA) class (27). TheTm was independent of oligonucle-
otide concentration, ruling out the possibility of a multimeric
species being responsible for the melting phenomena. The
Tm’s increased with increasing stem length with a plateau at
68 ( 2 °C atg4 bp in the stem. The 18mer is an exception
to this trend, and the reasons for its lowered relativeTm are
not known. One important result was that the 8mer, dA8
with the potential to form only two base pairs in its stem,
forms a stable hairpin in solution. The DNA 7mer d[GCG-
CACGC], a member of another stable class of loops, is
known to form a unimolecular hairpin with a triloop and
has aTm of 76 °C (36), providing a precedent for the
observation that a hairpin stabilized by just two base pairs
can exist as a stable species at elevated temperatures.

dA6 did not provide a well-defined melting curve.
However, it gave a plateau at temperatures above 50°C.
This pattern was obtained by heating or cooling and is
consistent with dA6 existing as a mixture of structured and
unstructured populations at temperatures below 50°C.

Kinetic Characterization of DNA Stem-Loop Regions.
DNA stem-loop regions of varying stem lengths were
studied as substrates for RTA (Table 1).kcat did not change
significantly as a function of stem length or stability (Tm).
All the kcat values were in the range of 0.35( 0.15 min-1,
and theKm values, except those of dA16 and dA6, were
approximately 10µM. The Km for dA16 was 2.3µM,
significantly lower than theKm for the other stem-loop
structures. Formation of the dA16-RTA ES complex is
approximately 1 kcal/mol more favorable than formation of
other DNA stem-loop complexes. The structural correlates
for this observation are unknown. TheKm for dA6 was 94
µM, significantly greater than theKm for the other stem-
loop structures, indicating that formation of a catalytically
competent RTA-dA6 complex is 1.3 kcal/mol less favorable.
The melting data showed that dA6 exists as two forms under
our reaction conditions (37°C). Sincekcat did not change,
RTA favors a stem-loop structure for binding but stem
stability plays no role in enhancing catalysis on DNA
substrates. Conservation ofKm values for DNA stem-loop
substrates indicates that although a stem-loop region is
required for efficient RTA binding, increasing stem length
does not confer additional stability on the RTA-DNA
complex. This does not rule out the possibility of a non-
stem-loop RTA catalytic route.

Kinetic Characterization of Short DNA Oligonucleotides.
The DNA 6mer dA6 has all the functional groups found in
the loops of RTA’s stem-loop substrates. It explores the

Table 1: Kinetic Characterization of DNA Oligonucleotides as
Substrates for RTAa

substrate Tm (°C) kcat (min-1) Km (µM) kcat/Km (M-1 s-1)

dA-18 61 0.38( 0.03 8.8( 2 7.2× 102

dA-16 69 0.26( 0.01 2.3( 0.6 1.9× 102

dA-14 67 0.26( 0.01 12.4( 1.1 6.8× 102

dA-12 70 0.5( 0.04 8.4( 1.2 9.9× 102

dA-10 62 0.25( 0.01 12( 1.3 3.5× 102

dA-8 48 0.31( 0.03 12.5( 4.9 4.1× 102

dA-6 - 0.32( 0.08 94( 30 0.56× 102

a Under our experimental conditions, the lower limit for detection
of adenine corresponded to a rate of 5× 10-5 min-1.
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effect of having a structured stem-loop region as opposed
to other unstructured conformations for DNA substrates. It
has akcat of 0.32 min-1 and aKm of 94 µM to give akcat/Km

of 0.56 × 102 M-1 s-1. Comparison of this result to that
obtained for dA8 or dA18 shows an increase inKm but not
in kcat (Table 1).

TheKm for dA6 is approximately 7 times higher than the
Km for other stem-loop substrates (Table 1). If RTA only
accepts stem-loop oligonucleotides as substrates, the relative
Km for dA6 would reflect the fraction of dA6 in the stem-
loop conformation. However, theKm for dA6 could also
represent an alternative “non-stem-loop” catalytic route for
RTA activity of DNA substrates. These possibilities can be
resolved by changes in theKm for dA6 as a function of
temperature. The fraction of dA6 that exists as stem-loop
structures in solution would be higher at lower temperatures,
and its relativeKm might approach those of stable stem-
loop structures (represented by dA8) with decreasing tem-
perature. TheKm for dA6 is approximately 9 times that of
dA8 at 37°C, but with decreasing temperature, theKm values
for dA8 and dA6 approach a similar value at 4°C (Figure
2a). The Km for dA8 is independent of temperature as
predicted for the more stable stem-loop structure.

The enthalpic components of thekcat of dA6 and dA8 were
identical at all temperatures (Figure 2b and Table 3), but
the enthalpic components of theirKm’s (Figure 2c and Table
3) were different, indicating that thekcat steps are thermo-
dynamically identical but that thermodynamics of binding
are dependent on the structure (stem-loop or unstructured)
of the oligonucleotides. The enthalpic components of ca-
talysis for dA6 and dA8 are 25 and 23 kcal/mol, respectively,
similar to those obtained for the solution depurination of
adenosine at pH 1, where diprotonated adenine is the leaving
group (37). This result is consistent with earlier work
indicating that RTA catalysis of stem-loop oligonucleotide
depurination proceeds via a similar mechanism to acid
solvolysis, i.e., an SN1 mechanism with formation of an
oxacarbenium ion transition state followed by addition of
water in a separate step (19, 20). The enthalpy for RTA
catalysis on the ribosome is estimated to be 10 kcal/mol (16).
On the basis of these figures, the ribosomal binding proteins
contribute 13-15 kcal/mol to catalytic enhancement. How-
ever, differences in reaction rates between DNA stem-loop
and ribosomal depurination account for approximately 5 kcal/
mol. The plots of-ln Km versus 1/T have two slopes with
an inflection point around 10°C (Figure 2c and Table 4),
suggesting a change in the conformation of RTA at low
temperatures. This break is also seen with dA6 and dA8,
indicating that it resides in RTA dynamics and is not the
result of RNA hairpin formation.

These energetics should not be confused with the catalytic
efficiency (kcat/kchem) of RTA, which has achieved rates of
approximately 1700 min-1 on both ribosomes at pH 7.5 and
on small stem-loop RNA molecules at pH 4.0 (17, 38).

Diffusion Measurements.Diffusion properties of dA6 and
dA6_C were studied at 9°C using pulsed field gradient NMR
(Figure 3). Changes in the signal strength of peaks in the
base region (7.4-8.6 ppm) were monitored as a function of
field gradient strength. The results were fit to the equation
A2τ/Ao ) exp(k), whereAo andA2τ are the original and echo
signal amplitudes, respectively, andk is the exponential decay
constant. The exponential decay constant for each curve is

inversely proportional to the diffusion coefficient. When
molecular size and solution viscosity are identical, the
diffusion coefficient is a direct correlate of the molecular
volume. Diffusion plots for dA6 and dA6_C yield a decay
constant (k) for dA6 that is 35% less than that for dA6_C.
For a hard sphere, a 29% change in the diffusion coefficient
corresponds to a 50% reduction in the molecular size (34).
As the shape of dA6_C is not known, exact changes in
molecular volume cannot be established. However, dA6 is
significantly more compact under the conditions (pH 4 and
9 °C) than dA6_C, a behavior consistent with G-C base pair

FIGURE 2: kcat andKm vs temperature, van’t Hoff, and Arrhenius
plots for RTA activity of dA6 (d[CGAGAG]) and dA8 (d[CG-
GAGACG]). (a) Kinetic constants for depurination as a function
of temperature. Thekcat andKm values were determined by direct
fits of the data to Michealis parameters. (b) van’t Hoff plots for
dA6 and dA8. Fits were derived by least-squares regression analysis
of the data. (c) Arrhenius plots for dA6 and dA8. Fits were derived
by least-squares regression analysis of the data. The linear portions
were drawn by eye to provide the constants in Table 3.
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and formation of a stem-loop region. For dA6, two of the
nine peaks studied in the diffusion study have decay
characteristics similar to those of dA6_C, while the other
peaks have decay characteristics that are the result of a more
compact species. Thus, dA6 exists as a mixture of stem-
loop and unstructured DNA even at low temperatures. The
dA6 peaks used for the diffusion study have not been
assigned due to crowding and line broadening at low
temperatures.

Kinetic Characterization of RTA ActiVity on Unstructured
Oligonucleotides.At higher temperatures, dA6 is unstruc-
tured; however, it was not clear if the elevatedKm at higher
temperatures represented the fraction of dA6 in a stem-
loop conformation or if it reflected theKm of an alternative
non-stem-loop RTA catalytic route. To distinguish between
these possibilities, d[GAGA] was synthesized and tested as
a substrate for RTA. The 4mer d[GAGA] is a substrate for
RTA with a kcat of 0.27 min-1, a Km of 112 µM, and akcat/
Km of 40 M-1 s-1 (Table 2). Although thekcat/Km for RTA
is 15 500 times better on its most efficient substrate, A12
(11), the turnover rate for d[GAGA] at pH 4 is 105 times
faster than the intrinsic rate of acid-catalyzed depurination
of deoxyadenosine at pH 1 (37).

Kinetic constants for RTA action on d[GAGA] are similar
to that of dA6 withkcat/Km ratios of 62 and 56 M-1 s-1,
respectively. The RNA GAGA 4mer is not a substrate for
RTA within the limits of detection of our system (5× 10-6

min-1). The ratio of the turnover rate of d[GAGA] to that
of GAGA is >5400 [kcat(d[GAGA])/kcat(GAGA)] and rep-
resents a difference of>5.3 kcal/mol in the additional
energetic barrier for GAGA catalysis. GAGA was used as a
competitive inhibitor of both dA8 (d[CGGAGACG]) and
d[GAGA] to determine if it binds RTA. There was no
inhibition of either substrate at GAGA concentrations of up
to 3 mM. Hence, at least 2 kcal/mol{RT ln[Km(d[GAGA])/
Ki(GAGA)]} of the reduced GAGA catalysis relates to
inefficiency in forming the Michaelis complex. The substrate
groups responsible for the difference in catalytic activity
between GAGA and d[GAGA] were explored with GdAGA.
Deletion of this hydroxyl alone conferred a>3600-fold (5
kcal/mol) increase in substrate activity, to give a substrate
with kcat, Km, andkcat/Km values of 0.18 min-1, 65 µM, and
62 M-1 s-1 (Table 2). These kinetic characteristics are similar
to those of d[GAGA]. Similar binding and transition state
energetics in short tetrameric RNA-DNA sequences require
a deoxynucleoside only at the depurination site.

The kcat for d[GAGA] is similar to that of larger DNA
stem-loop substrates. The minimal DNA substrate for RTA
activity was explored with d[GAG], d[AGA], and d[GA].
The 3mer d[GAG] is a substrate for RTA and gave a linear
increase in the turnover rate with increasing substrate
concentration up to 300µM. The kcat/Km value was deter-
mined from the initial slope to be 1.8 M-1 s-1. Lower limits
for kcat andKm of d[GAG] were 0.016 min-1 and 150µM,
respectively. The catalytic efficiency of d[GAG] is 5% of
that of d[GAGA] as indicated by their relativekcat/Km values.
Binding affinity contributes to this reduction in catalytic
productivity, makingKm a significant contributor to the
reducedkcat/Km. Its lower limit is greater than twice theKm

value for d[GAGA]. The increasedKm may be due to the
loss of specific group interactions that are important in
binding or could be due to an unfavorable substrate
conformation since significant base stacking can occur even
in dinucleosides (39).

The slow turnover rate for d[GAG] required controls to
show that RTA was causing adenine depurination. RTA
catalyzed multiple catalytic turnovers on d[GAG] and
retained full activity when incubated with stem-loop RNA
substrates at the end of the incubation. The reaction products
were analyzed by digestion and reverse phase HPLC and
exhibited the expected profiles. The slow turnover rate and

Table 2: Kinetic Parameters for Single-Stranded (non-stem-loop)
DNA Oligonucleotides as Substrates for RTAa

substrate kcat (min-1) Km (µM) kcat/Km (M-1 s-1)

d[GAGA]b 0.27( 0.04 112( 36 40
GAGAb <5 × 10-5 >12000b <7 × 10-3

GdAGA 0.18( 0.03 65( 31 62
d[GAG]b >0.02 >300 1.3
d[GA]b <5 × 10-5 - -
a Under our experimental conditions, the lower limit for detection

of adenine corresponded to a rate of 5× 10-5 min-1. b These names
represent the full sequences of these oligonucleotides.

Table 3: van’t Hoff Analysis of RTA Reaction on dA6 and dA8

temp (°C) ∆GES ∆HES

T∆SES

(kcal/mol) ∆G ∆H
T∆S

(kcal/mol)

dA6 4 -6.28 0.08a 6.36b 0.7 25.5 24.8
17 -7.18 0.08a 7.26b 1.6 25.4 23.8
27 -5.7 -6.53 -0.8 2.24 25.3 23.1
37 -5.8 -6.53 -0.72 3.96 25 21

dA8 4 -7.04 -2.83a 4.2b 0.65 25.5 25
17 -7.37 -2.83a 4.5b 1.6 25.4 24
27 -6.8 -17.2 -10.4 2.4 25.3 23
37 -6.8 -17.2 -10.4 3.6 25 21.4

a Upper limits of these values.b Lower limits of these values.

Table 4: Coupling Constants (Hz) between the H1′ and H2′ Protons
in d[GAGA], GdAGA, and GAGAa

d[GAGA] GdAGA GAGA

spin system 1 8.7 8.3 4.5
spin system 2 9.0 4.1 4.5
spin system 3 9.4 5.6 4.5
spin system 4 8.7 6.4 4.5
a The values in the table were obtained from 1D1H spectra recorded

at 300 MHz and from the H1′-H2′ cross-peaks in 2D DQF-COSY
spectra. The data were compared with known nucleoside NMR
conformational analysis data (35). The base in spin systems 1 and 3 is
adenine and in spins systems 2 and 4 guanine.

FIGURE 3: Comparison of NMR “intensity decay” curves for dA6
(d[CGAGAG]) and dA6_C (d[CGAGAC]) in 50 mM potassium
acetate (pH 4) in D2O at 9°C.
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high Km for d[GAG] did not allow full conversion of the
substrate to the product. The DNA 3mer d[AGA] was not a
substrate for RTA within the limits of detection (5× 10-6

min-1) at 500µM.
RTA Specificity on Unstructured Oligonucleotides.RTA

has been reported to cleave the first adenine site of the
tetraloop of dA-10 100 times more efficiently than the second
site, as measured by their relativekcat/Km ratios (19). The
specificity for RNA stem-loop structures (A10) is absolute
for the first adenine of the tetraloop. To determine if RTA
retained its specificity with d[GAGA], the depurination
reaction was followed by NMR analysis (Figure 4). Spectra
a and b are control samples of d[GAGA] at 30 min and 139
days in the absence of RTA. The nonenzymatic depurination
rate is negligible. Spectra c-f demonstrate release of adenine
specifically from the first adenine of d[GAGA] as indicated
by decreases in both the dA2 H2 and dA2 H8 peak intensities
and new peaks corresponding to H2 and H8 of free adenine.
The slow rates (at 29 days) resulted from conditions (8-fold
higher salt concentration and reaction at 4°C) that facilitated
RTA stability. These turnover rates still represent a 10000-
fold rate enhancement over the uncatalyzed rate of deoxy-
adenosine depurination at pH 1. The NMR experiment
demonstrates that RTA retains its specificity with d[GAGA].

Structural Differences between GAGA and GdAGA.The
DQF-COSY spectrum of GdAGA gives a quartet of cross-
peaks for protons on adjacent carbons (Figure 5). Coupling
between peaks is the result of the equilibrium positions of
the respective protons. The two most diagnostic torsion
angles for determining furanose ring conformations in
nucleosides are the H1′-C-C-H2′ and H3′-C-C-H4′
angles. 3′-Endo and 2′-endo conformations in nucleosides
are known to result in H1′-H2′ coupling constants of<1
and 8-10 Hz, respectively (35). One-dimensional (1D) and

2D DQF-COSY spectra were collected for GAGA, GdAGA,
and d[GAGA] to establish ribosyl conformations. All the
nucleoside ribosyl groups in GAGA and the three RNA
ribosyl groups of GdAGA had3JH1′-H2′ coupling constant
values that ranged between 4.5 and 5.5 Hz (Table 4). These
values suggest that the ribose rings are in dynamic equilib-
rium between the 2′- and 3′-endo forms. However, the 2′-
deoxyadenosine in GdAGA had a H1′-H2′ coupling con-
stant of 8.7 Hz which clearly establishes a preference for
the 2′-endo conformation. This is the adenosine hydrolyzed
in the RTA-catalyzed reaction and suggests a preference of
RTA for the reactive residue to be in a 2′-endo conformation.
However, differences in flexibility between GAGA and
GdAGA and a role for flexibility in catalysis cannot be ruled
out.

Effect of pH on RTA ActiVity with DNA Oligonucleotides.
RTA activity on dA14 and d[GAGA] was characterized as
a function of pH. Both binding and catalysis of DNA
oligonucleotides are affected by pH (Figure 6). TheKm

decreases with a lower pH to a plateau of 77 nM below pH
3.0. TheKm value is dependent on the protonation of one
group with a pK of 5.0 ( 0.1, and thekcat is dependent on
the protonation of one group with a pK of 3.2 ( 0.5. The
identity of the groups through which these effects (kcat and
Km) are mediated is not known and could be enzyme or
substrate groups. The slope of the line defining the relation-
ship betweenkcat andKm is 1, indicating that the effect we
observe is due to protonation of a single group.

DISCUSSION

RTA Does Not Require Stem-Loop Structure for Catalytic
ActiVity on DNA. RTA acts on both stem-loop and non-
stem-loop DNA substrates to give similarkcat but dissimilar
Km values. Stem-loop structures bind up to 3 orders of
magnitude more tightly. d[GAGA] has akcat similar to that
of DNA stem-loop substrates. For RTA activity on DNA
substrates, functional groups outside the tetraloop, including

FIGURE 4: NMR spectral signature of d[GAGA] and substrate
activity with RTA. Samples were analyzed at room temperature
with a Bruker 600 NMR spectrometer. Traces a and b are spectra
of 1 mM d[GAGA] alone in 50 mM potassium acetate (pH 4).
Traces c-f are spectra of 0.8 mM d[GAGA] with 24µM RTA in
50 mM potassium acetate (pH 4) and 35 mM potassium chloride,
incubated for the times shown.

FIGURE 5: 2D 1H-1H DQF COSY spectrum of GdAGA in 50 mM
potassium acetate (pH 4) on a Bruker 300 MHz spectrometer at 26
°C in D2O. H1′-H2′ cross-peaks are centered at 6.09, 5.98, 5.56,
and 5.48 ppm for spin systems 1-4, respectively. The base in spin
systems 1 and 3 is adenine, and that in systems 2 and 4 is guanine.
The larger H1′-H2′ coupling constant for 2′-deoxyadenosine is
clearly distinguishable from that of the ribose residues in this
sequence.
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the flanking phosphates, do not play a role in transition state
stabilization but only in optimizing binding. The catalytic
model is that the stem provides a scaffold for folding of the
tetraloop which then can bind efficiently.

This is not the case for RNA stem-loop substrates. Kinetic
constants comparing RNA and DNA stem-loop substrates
demonstrate the following. (1) For RNA substrates, there is
a 500-fold increase in the turnover rate as the number of
base pairs in the stem goes from two to five (11, 18) (Figure
7). (2) For DNA substrates in the 2-5 bp range, thekcat and
Km values are similar. Thekcat for DNA substrates drops
significantly when the oligonucleotide substrates lose the
tetraloop. TheKm for stem-loop DNA substrates is constant
until the oligonucleotide loses the ability to form a stem-
loop structure at 37°C. RTA is most active on RNA
substrates withg3 bp in the stem (Figure 7). Below this
range, it is more catalytically active on DNA substrates. In
a comparison ofkcat values for RNA and DNA substrates,
RTA shows a preference for RNA for stem-loop nucle-
otides. In contrast,kcat is greater for DNA than RNA for the

GAGA sequence without the stabilizing stem-loop structure.
The mechanism of this preference awaits additional structural
studies. However, the TS-stabilizing ability of the stem is
mediated through some RNA-specific quality. It is also not
known if this property resides in a single residue or if it
depends on the entire stem and loop being ribosugars.
Additional studies of the activity of RNA-DNA hybrid
stem-loop structures as a function of stem length will be
needed to resolve this issue.

The relationship between pH and activity is also different
for DNA and RNA stem-loop structures (A10 and A14).
For RNA stem-loop structures; the relationships between
pH and the log of bothkcat andKm have slopes of 2. Thus,
bothkcat andKm are affected by the protonation of two groups
which each accept a proton. This is not the case for dA14
and d[GAGA]. Bothkcat and Km for dA14 and d[GAGA]
involve protonation of a single group. This suggests that the
second group is a protein group specific for RNA catalysis.
The pK values for all group(s) that affect RTA activity on
DNA and RNA stem-loop structures converge near pH 4.
The structure of RTA bound to adenine and mono- and
dinucleosides, sequence alignment, and mutational studies
have implicated two acidic residues, Glu177 and Asp96, in
RTA’s catalytic mechanism. Both have solution pKa values
near 4. In addition, the pKa’s of N1 and N3 of adenine are
around pH 4. However, the pKa values of these groups can
be significantly altered by the catalytic site environment, and
group assignments have not yet been made.

Role of the Stem in RTA Catalysis.For RNA stem-loop
structures, the stability of the stem enhances both binding
and catalysis, while for DNA stem-loop structures, stem
stability plays no role in enhancing binding or catalysis.
Comparison of A12 and A12_6dA as RTA substrates showed
that deoxyadenosine at the depurination site resulted in a
1.6 kcal/mol less favorable binding (Km) and 1.83 kcal/mol
greaterkcat. In the case of GAGA and GdAGA, deoxyad-
enosine increased the extent of binding (Km) andkcat by >2.3
and>2.7 kcal/mol, respectively. Since GAGA does not bind
RTA, GdAGA must have structural properties more suited
to binding. NMR analysis indicates that GAGA and GdAGA
differ with respect to the ribose ring conformation at the
reactive residue. The 3′-phosphorus-5′-phosphorus distances
differ considerably at residues with 3′-endo or 2′-endo
nucleosides. This difference of 1.1 Å (7.0 Å vs 5.9 Å) is
sufficient to disrupt the H-bond interactions with RTA
(Figure 8) (38). Crystal structures of small RNA stem-loop
structures from the ricin depurination sites of rat 28s rRNA
(40) and Escherichia coli 23s rRNA (41) sarcin loops
demonstrate a>1 Å increase in inter-phosphate distance for
the phosphates flanking the two middle residues as compared
to those flanking the first and last residues of both tetraloops.
NMR structures of GAGA stem-loop regions do not
demonstrate this phenomenon (43) because NMR data do
not adequately define the position of the backbone phos-
phates. This helps to explain the different roles of the stem
in RTA catalysis of RNA versus DNA stem-loop structures.
For RNA stem-loop regions, the stability of the stem
enhances both binding and catalysis, while for DNA stem-
loop regions, stem stability does not play a significant role
in enhancing binding or catalysis. These results suggest that
RNA stems stabilize the inter-phosphate distances that RTA
requires for tetraloop binding. This requirement does not exist

FIGURE 6: Effect of pH onkcat andKm for RTA activity on dA14
and d[GAGA]. The lines represent the best fits of the data to the
equationskcat

app) kcat(1 + [H+]/Ka) andKm
app) Km(1 + Ka/[H+]),

respectively.

FIGURE 7: Kinetic parameters for RTA acting on DNA and RNA
oligonucleotides of different lengths. No significant activity was
seen for the values enclosed in circles, and the values represent
the limit of detection of the assay. For the DNA 3mer d[GAG]
(enclosed in a rectangle), the values represent the lower and upper
limit, respectively, forkcat and Km of d[GAG]. An RNA oligo-
nucleotide of 10 bases has the sequence 5′-GCGGAGACGC-3′ with
the central GAGA portion forming the tetraloop.
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for DNA because it can achieve the optimal inter-phosphate
distance without assistance from a stem. This may explain
why RTA prefers RNA over DNA stems independent of the
loop constituents. RNA stems are wider and less flexible
than DNA stems, two characteristics that would be advanta-
geous in loop “stretching”. This requirement for an optimal
inter-phosphate distance is a well-known feature of other
enzymes that interact with diphosphorylated ribosyl groups
(43), including adenine phosphoribosyltransferase (44).

Inhibitor Design. dA14 is shown to bind most tightly at
pH <4, where N1 or N3 of the A-depurination site might
be protonated. Incorporation of a purine analogue with an
elevated pKa at these positions might be anticipated to
increase binding affinity. The goal of inhibitor and substrate
design for RTA is ultimately for use in a biological context
at neutral pH. Hence, effective inhibitors will need to retain
binding activity at neutral pH. DNA stem-loop substrates
exhibit a dependence of a single group (pKa ) 4.0), while
RNA substrates depend on two groups and therefore suffer
loss of binding 10-fold more rapidly as the pH is increased.
It is advantageous to use inhibitors in a DNA context because
of this property.

DNA substrates for RTA do not require a stem or other
functional groups outside the tetraloop. This holds promise
for the use of small DNA oligonucleotides as scaffolds for
the design of transition state analogue inhibitors of RTA.
Catalysis by RTA with A12_6dA is 3600-fold more efficient
than dA12, but both 4mer analogues GdAGA and d[GAGA]
have similar binding and turnover kinetic profiles. Since
transition state analogue binding affinity is limited by the
kcat/kchem ratio, mimics of slow substrates, like unstructured
DNAs, have less potential for tight binding. However, it
should be remembered that thekcat/kchem for ricin is ap-
proximately 1012 on either ribosomes or stem-loop RNA

under conditions of optimal pH and RNA sequence, provid-
ing a large energetic potential for binding of transition state
analogues. The use of cross-linking agents to mimic the width
and stiffness of an RNA stem may permit the re-acquisition
of catalytic potential of the GdAGA loop configuration. The
finding that d[GAG] is a minimal substrate for RTA provides
additional flexibility for analogue design. Finally, the altered
pH optimum for stem-loop structures (pH 4) relative to
ribosomes (pH 7.5) suggests that the enzyme alters the pKa

of an RTA catalytic site residue or the substrate, parameters
which need additional definition as part of understanding
catalytic site binding interactions.

DNA GNRA Loops.Both RNA GNRA and DNA GNNA
tetraloops are stable, with melting temperatures 15-25 °C
higher than those of similar stem-loop structures with
different loop sequences. d[GNNA] tetraloops have been
shown to be expanded d[cGNAg] loops (28, 31). Comparison
of dA8 and d[ggGCAcc] withTm’s of 48 and 50°C,
respectively, indicates that there is little energetic cost for
insertion of a residue between the second and third positions
of a d[gGCAc] triloop (31).

A d[GNRA] loop can stabilize stem-loop structures by
up to 3 kcal/mol. However, the ability to stabilize stem-
loop structures as a function of stem length has not been
reported. This loop sequence stabilizes formation of stem-
loop regions independent of stem length. The lower size limit
for hairpin formation is a 5mer for a single-base loop hairpin
and a 6mer for a four-base loop. The smallest single-base
loop stem-loop structure identified to date is a 7mer with a
melting temperature of 76°C, a transcriptional regulatory
element (45, 46). However, there has been no prior evidence
of hairpin formation in a 6mer oligonucleotide. The diffu-
sional NMR study of dA6 versus dA6_C demonstrates that
at 9 °C dA6 is significantly more compact than dA6_C, a
6mer analogue that is incapable of forming a hairpin
structure. In addition, the lowKm of dA6 at 4 °C in
comparison to theKm values obtained using more stable
hairpin substrates suggests that dA6 exists primarily as a
hairpin at this temperature.

CONCLUSIONS

(1) GNNA stem-loop structures in a DNA context are
highly stable with the ability to form stable hairpin structures
even in oligonucleotides at the theoretical minimal size limit
for formation of stem-loop structures. (2) Both thekcat and
Km for RTA with DNA substrates, irrespective of the
presence of a stem, are dependent on the protonation of single
groups. In contrast, RTA acting on RNA shows that both
kcat andKm are dependent on two ionizable groups. (3) RTA
catalyzes adenine depurination on unstructured (non-stem-
loop) DNA oligonucleotides with akcat similar to that on
stem-loop oligonucleotides and with retention of the GAGA
specificity. (4) The smallest RTA substrate is the 3mer
d[GAG]. (5) The stem in RNA stem-loop structures
stabilizes the two middle loop residues into an optimal inter-
phosphate distance for RTA binding. DNA substrates can
adopt this conformation without stabilization from the stem;
hence, RNA substrates for RTA require stable stems, and
DNA substrates with and without stems are accepted as
substrates. The action of RTA on DNA substrates may
facilitate the design of novel RTA inhibitors and substrate
molecules.

FIGURE 8: Comparison of 2′-endo (trans phosphate) and 3′-endo
(gauche phosphates) 2′-deoxyribonucleosides, showing differences
in inter-phosphate distances. The distances were obtained from
crystal structures of the relevant nucleosides (38).
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