B U R R
SRmRRE ey

Catalytic Role of 2'-Hydroxyl Groups Within a
Group Il Intron Active Site

Dana L. Abramovitz, Richard A. Friedman,* Anna Marie Pylet

Domain 5 is an essential active-site component of group Il intron ribozymes. The role of
backbone substituents in D5 function was explored through synthesis of a series of
derivatives containing deoxynucleotides at each position along the D5 strand. Kinetic
screens revealed that eight 2'-hydroxyl groups were likely to be critical for activity of D5.
Through two separate methods, including competitive inhibition and direct kinetic anal-
ysis, effects on binding and chemistry were distinguished. Depending on their function,
important 2'-hydroxyl groups lie on opposite faces of the molecule, defining distinct loci
for molecular recognition and catalysis by D5.

The self-splicing of group Il introns is re-
quired for the expression of essential genes
in many organisms (I) and may provide a
simple model for catalysis by the eukaryotic
spliceosome (2). The secondary structure of
group Il introns is typically divided into six
domains, of which domain 1 (D1) and do-
main 5 (D5) are essential for catalysis (1).
D5 is a short hairpin region of 34 nucleo-
tides that contains most of the phylogeneti-
cally conserved nucleotides in the intron
and is regarded as a central component of
the group Il intron active site (3). Although
D5 has nanomolar binding affinity for other
intronic components (4), there are no phy-
logenetic covariations in Watson-Crick
base pairing between D5 and other regions
of the intron or surrounding exons. It is
therefore difficult to rationalize how D5
participates in the folding and active-site
structure of group II introns. We reasoned
that D5 might associate with other intronic
components through tertiary contacts with
its sugar-phosphate backbone, as observed
in other ribozymes (9, 6).

To quantitatively assess the role of D5
2'-OH groups on reaction mechanism, we
used a kinetically characterized system in
which D5 catalyzes 5’ splice site hydrolysis
of an RNA composed of a 5" exon and
domains 1 to 3 of the intron (4). This
reaction has mechanistic, kinetic (4), and
stereochemical (7) features similar to the
first step of group Il intron self-splicing. It is
a useful model because D5-catalyzed hydro-
lysis obeys Michaelis-Menten kinetics, in
which chemistry is rate-limiting and the
Michaelis-Menten constant (K ) reflects
the binding of D5 (4, 8). Given this frame-
work for D5 activity, it was possible to make
single-atom changes in D5 and kinetically
determine the magnitude of effects on ei-
ther binding or chemistry.
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For ease of synthesis and economy, D5
molecules were synthesized as two separate
strands of RNA, as if divided through the
middle of the GAAA tetraloop (9). After
annealing, but without covalent ligation,
these strands form a D5 molecule that re-
tains most of its original activity and binding
energy (10). This result has interesting im-
plications for the folding of the GAAA te-
traloop motif (11), and it also facilitated the
rapid probing of 2'-OH group requirements
at every backbone position. In order to
screen efficiently for D5 nucleotide positions
containing critical 2’-OH groups, we synthe-
sized chimeric D5 halves containing consec-
utive pairs of deoxynucleotides and exam-
ined the effects on k_, /K. The vast majority
of deoxynucleotide substitutions had no
more than a twofold effect on observed rates
(12). However, several chimeras showed
substantially reduced activity and, for six of
them, D5 activity was abolished.

In order to determine the precise loca-
tions of important 2'-OH groups, we re-
synthesized those doubly substituted chime-
ras with greatly reduced reactivity as singly

substituted D5 derivatives. Kinetic analysis
revealed six positions in which removal of a
2'-OH group eliminated D5 activity and
two positions in which activity was de-
creased by a factor of 10 at D5 concentra-
tions that would exceed saturation for the
all-ribose molecule [wild-type (WT) D5]
(4, 13). We first evaluated the basis for this
diminished activity by examining the inhi-
bition of reaction between WT D5 and its
exD123 substrate. Three of the inactive
chimeras, containing deoxynucleotides at
positions d26, d27, and d33, competitively
inhibited reaction of WT D5 (14), suggest-
ing that they were competent for exD123
binding but unable to stimulate catalysis.
The three other inactive D5 derivatives,
containing deoxynucleotides at positions
d8, d20, and d21, did not readily compete
with WT D5, suggesting defects in binding
(Table 1).

Direct measurement of kinetic behavior
would provide a second means for differen-
tiating ground- and transition-state effects
of deoxynucleotide substitutions in D5.
However, six of the defective chimeras had
no apparent activity. To better detect any
inherent reactivity in these D5 variants, we
covalently joined their two halves with T4
DNA ligase (I5). Ligation results in an
approximate recovery of 10-fold in the k_, ./
K, of WT D5 molecules (with contribu-
tions from both k_, and K effects) (10),
thus widening the experimental window for
examining deoxynucleotide effects. Single-
deoxynucleotide chimeras that were inac-
tive during the two-piece D5 analysis
showed measurable levels of activity after
ligation.

Three D5 molecules, containing de-
oxynucleotides at positions d26, d27, and
d33, showed linear pseudo—first order kinet-
ic behavior that readily saturated at high

Table 1. Effects of deoxynucleotide substitution on kinetic parameters. The kinetic parameters in
columns 3 to 5 (measured as described in Fig. 1) are for ligated, one-piece D5 derivatives. Variances are
standard errors obtained and validated as described previously (4). Competitive inhibition data (column 2)

were obtained with two-piece D5 derivatives (74).

Deoxy- Percent k. ./K Kk K Primary
nucleotide iniition®  (10°M ' min=Y) (1073 min~) (uM) effect

position
All-ribose - 81 =*16 75 *£4.0 0.930 = 0.13

WT D5
ds 13 7.0x 05 T 114 Binding
d20 6 36+ 06 T 21% Binding
d21 0 55* 05 T 14% Binding
d7 § 11 = 56 52 *+06 0.49 =*=0.21 Chemistry
d26 58 60+ 28 57 0.7 094 =*=0.32 Chemistry
d27 52 97+ 54 96+ 14 099 =+ 042 Chemistry
d29 § 83+ 24 6.3*+05 0.75 *0.16 Chemistry
d33 40 37+ 14 70=x09 12 *050 Chemistry

*The percent inhibition of WT D5 activity under conditions where WT D5 was under k
chimeric D5 was in excess, slightly greater than the WT K, (3 uM) (74).

experimental limitations (see text).

tIndicated K ., values were estimated by measuring k

cat’ Ky cONditions (50 nM) and the
+Could not be determined because of

wat’ Kim from the slope of the

rate data (Fig. 1B) and assuming that &, is unlikely to be substantially larger than that of WT D5 such that K, (dN) =

Keal WT D5) + k

C@l( cat m \> L
mined because of intrinsic activity (see text).
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/K., (dN), where dN represents a binding-defective chimeric D5 molecule.

§Values not deter-
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concentrations of D5 (Fig. 1A and Table 1)
(16). The resultant K_ values for these
molecules were indistinguishable from that
of WT D5, indicating that the binding
strength of these chimeras was unaffected,
and there was unlikely to be a change in
rate-limiting step or the introduction of
conformational perturbations (17). Howev-
er, k_, values (rates at total saturation) were
reduced by a factor of at least 10. Therefore,
consistent with the competitive inhibition
data, these chimeras are competent for
binding the other reaction components,
and their primary defect is likely to occur
during the chemical step. This result im-
plies that 2'-OH groups at positions d26,
d27, and d33 have a function in the tran-
sition state but not the ground state. Al-
though direct effects on catalysis represent
the simplest interpretation of the data, it is
possible that the chemical effects result
from subtle structural changes that perturb
only the transition state. This interpreta-
tion is particularly reasonable for ribose

0.1

0.01

0.001

1 1 | 1
0 1000 2000 3000 4000 5000

Kops (min™1)

0.07FB
0.06 F
0.05F
0.04F
0.03F
0.02F
0.01

0
0 1000 2000 3000 4000 5000
[D5] (nM)

Fig. 1. Kinetic behavior of deoxynucleotide-sub-
stituted D5 derivatives. Rate versus D5 concen-
tration plots (Michaelis-Menten binding curves)
are shown. Rates (k) were determined under
single-tumover conditions from pseudo—first or-
der plots and quantitated as described for WT D5
(4). Error bars describe the variance in pseudo—
first order rate data. (A) Comparison of WT D5 (@)
to chemically defective d26 (A). For these D5 de-
rivatives and the chemically defective chimeras
d7, d27, d29, and d33, plots of k. versus [D5
derivative] fit a standard binding equation (4). Val-
ues for K and k_,, were derived from fits of the
data to this equation and are provided in Table 1.
The logarithm of k¢ is plotted here so that both
sets of data fit on the same scale. (B) Comparison
of WT D5 (@) to the binding-defective d21 (l). In
this instance, all values for k_ . are plotted on a
standard linear scale, and the raw data for WT D5
are the same as in (A). For the binding-defective
derivatives d8 and d20, plots of k¢ versus [D5]
were linear as shown in this example for d21.

d33, which is diagonally adjacent to a
nucleobase essential for chemistry.

Conversely, D5 derivatives containing
deoxynucleotides at positions d8, d20, and
d21 showed strong ground-state binding de-
fects. Unlike the WT D5 (4), reactivity of
these chimeras did not plateau or show
saturation behavior (Fig. 1B and Table 1).
Instead, there was a linear increase in rate
with increasing D5 concentration, typical
of the early region in a binding curve below
K, That the chemical reactivity of these
chimeras remained largely intact is suggest-
ed by the fact that their maximum rates are
actually rather fast, being comparable to
those of WT D5 at concentrations just be-
low its K, (Fig. 1B). The apparent binding
defects in these chimeras are consistent
with their failure to competitively inhibit
WT D5 (Table 1). Although they contrib-
ute a large amount of binding energy (—5.2
kcal/mol), 2’-OH groups at d8, d20, and
d21 cannot account for all of the D5 bind-
ing affinity (—8.7 kcal/mol), which is likely
to include additional contributions from
nucleobase and phosphate contacts (17).

Two of the chimeric species, containing
deoxynucleotides at positions d7 and d29,
had effects on both binding and chemistry
(Table 1). The largest effects were on k_,,,
but effects on K, were also evident. In this
instance, it is difficult to confidently ascribe
the k_,, effects solely to chemistry because
the decrease in K may be indicative of
alternative conformations or nonproductive
binding (18). In addition, there are no com-
petitive inhibition data for comparison be-
cause these two chimeras, in their unligated
form, had low levels of reactivity that in-
herently complicated indirect competitive
analysis. Whereas binding of these species
may simply be tighter, data for these D5
derivatives may reflect additional kinetic
events.

The same major effects on function were
observed with two different experimental
methods: competitive inhibition and single-
turnover kinetic analysis (Table 1). In ad-
dition, chimeric oligonucleotides contain-
ing a particular deoxynucleotide substitu-
tion were synthesized at least twice. All of
these experiments were done within a ki-
netic framework that itself was validated
through numerous procedures (8). There-
fore, we propose that at least three 2’-OH
groups, at positions d26, d27, and d33, are
involved in the chemical step of reaction
and that three 2'-OH groups are involved
in binding between D5 and intronic com-
ponents such as D1. With this result estab-
lished, it is informative to examine the
spatial relations among these 2'-OH groups
on a two-dimensional representation of D5
(Fig. 2). There are three regions in which
the critical 2’-OH groups cluster: adjacent
to the invariant AGC catalytic triad in
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helix 1; flanking the two-nucleotide bulge
between the helices; and in the GAAA
tetraloop.

Of these clustered regions, the least sur-
prising effects are those at d20 and d21, in
the tetraloop. Crystallographic analysis of
packing interactions by the hammerhead
ribozyme showed that GAAA loop nucleo-
tides 3 and 4 dock into the minor groove of
two tandem G-C pairs on an adjacent RNA
helix (17). The 2’-OH groups on loop nu-
cleotides 3 and 4 are involved in hydrogen
bonds that appear to stabilize this tertiary
interaction. Evidence that these groups
contribute energetic stabilization to such an
interaction is actually provided by the data
herein. The docked-tetraloop motif is im-
portant in the folding of group I introns
(19), and in group II introns the GAAA
tetraloop of D5 was recently proposed to
interact with a particular region of domain
1 (20). Whereas our data support an inter-
action of this type, the exact location of
docking is complicated by the fact that
several sets of tandem G-C pairs in ai5g D1
can potentially contact the tetraloop. For
the WT ai5g intron sequence, such as that
studied here, the putative docking site con-
tains inverted G-C pairs (a G-C followed by
a C-G), rather than the tandem purine-
pyrimidine pairs observed to form charac-
teristic hydrogen bonding arrays with
GNRA tetraloops (17, 19).

Invariant bases G6 and C7 have been
shown to be directly involved in the chem-
ical step of reaction (21). Therefore, it is
reasonable that one or more 2’-OH groups
in this region will also participate in chem-
istry. Chimeras containing 2'-OH groups at
positions d7, d8, and d33 are adjacent or
attached to the phylogenetically invariant
AGC residues at positions 5, 6, and 7 (Fig.
2). In addition, several important 2'-OH

Helix 2

® Binding
Chemistry

Fig. 2. Positions of critical 2’-OH groups on D5.
Nucleotide positions where deoxyribose substitu-
tion results in a greater than 10-fold effect on
binding (yellow, K,) or chemistry (red, k_,,) are
indicated. The large balls indicate positions where
kinetic effects can be clearly ascribed to a partic-
ular type of defect (binding or chemistry). Smaller
balls represent ribose positions with kinetic effects
that are more complex and less easily assigned
strictly to binding or chemistry.
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groups in this region are immediately adja-
cent to the G-U wobble pair involving G6
and U35. G-U wobble pairs often occur
next to clusters of critical 2'-OH groups, as
seen in tRNA?? and the Tetrahymena ri-
bozyme (22).

While the biochemical work was in
progress, we independently developed a
three-dimensional model of D5, using the
RNA modeling program MC-SYM (23) to-
gether with coordinates from the crystallo-
graphically determined GAAA tetraloop
structure (17). Construction of the model
was followed by minimization with Discov-
er (Fig. 3). The accessibilities and base pair-
ing patterns for nucleotides 3 to 38 of the
model are consistent with results from
chemical modification studies on D5 (24,
25). Important 2’'-OH groups were superim-
posed onto this model along with nucleo-
bases (21) and phosphate oxygen residues
(25) implicated in D5 reactivity (Fig. 3, A
and B). Despite the fact that these different
residues were identified independently in
three separate laboratories by different
methods, the correlation between function
and spatial position on the molecule is in
remarkable agreement.

There appear to be two distinct faces of
D5—a binding face (Fig. 3A) and a chemical
face (Fig. 3B)—such that D5 is sandwiched
directly between intronic components in-
volved in ground-state docking and chemical
reactivity. The positions of 2'-OH groups in-

Fig. 3. Three-dimensional
organization of important
D5 functional groups. Im-
portant ribose, phosphate,
and nucleobase function-
alities are placed upon a
hypothetical model for the
structure of unbound D5.
The binding face (A) and
the chemical face of D5
(B) are two different views
of the same structure. 2’-
Hydroxyl groups impor-
tant for binding (yellow)
cluster on the binding
face (A), whereas 2’-OH
groups and other func-
tionalities important for
chemistry (red) cluster on
the chemical face (B).
Nucleobases G6 and C7
have been shown to affect
chemistry (27) and are

volved in binding span a full turn of the helix
(Fig. 3A, yellow). Thus, the tetraloop and
lower portions of D5 are each important for
ground-state association with a spatially con-
tiguous recognition surface. By positioning
the ground-state interactions along one side of
D5, the other side of the helix is made avail-
able for participation in the transition state
through a set of distinct chemical functional-
ities (Fig. 3B, red and pink). The backbone
functionalities important for chemistry sur-
round both sides of the major groove, in spa-
tial proximity to the catalytically essential G6
and C7 nucleobases. This localization of D5
chemical functionalities suggests a possible
alignment with the 5’ splice site, which can
be visualized as a continuous duplex contain-
ing a two-nucleotide gap between the intron
binding site 1-exon binding site 1 (IBSI-
EBS1) and e-¢’ helices (1). The single-strand-
ed gap containing the cleavage site may align
over the catalytic region of D5, and the adja-
cent helices provide a context for marking the
scissile phosphate for specific cleavage by
functionalities on D5 and elsewhere in the
intron. This concept is more credible if one
assumes that, in the bound form, the major
groove at the chemical active site is wider
than predicted by our ground-state model,
thus rendering the G6 and C7 nucleobases
more accessible.

One can envision a number of chemical
roles for 2'-OH groups in the transition state.
In a recent hypothetical model, it was pro-

therefore shown in red. Shown in pink are the two Rp phosphate oxygens that, when substituted with
sulfur atoms, result in a complete block of splicing at high salt concentrations (25). Orange balls indicate
important 2'-OH groups that have a mixture of effects, potentially due to flexibility in positioning (in the
case of d29, left) or direct attachment to a chemically important nucleobase (in the case of d7, right). The
model was generated as described in the text (Discover, version 2.9; Biosym Technologies, San Diego,
California, 1992). It was minimized with Amber potential parameters and a constant dielectric of 120 (28).
The model is a typical A-form RNA helix with proper sugar puckering and base pairing. The cytidine of the
interal loop is stacked into the helix, whereas the sterically larger G is out of the helix, consistent with
chemical modification pattemns of unbound D5 (25). The nucleotides shown in this three-dimensional
model begin at residues U3 and end at U38, according to the numbering scheme shown in Fig. 2.
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posed that D5 is a two-metal binding plat-
form in the group II intron active site (26).
Our model places the two essential phos-
phates [neither of which has been implicated
in metal binding (25)], along with 2’-OH
groups and other potential metal ligands, in
a spatial arrangement that could accommo-
date a two-metal mechanism. However,
there is insufficient information to assign a
role in metal binding to any of these groups.
Although 2’-OH oxygens are not generally
described as strong metal ligands, they are
reasonable outer sphere ligands for metal-
aquo species, and their affinity for direct
metal binding may actually increase within
the altered chemical environment of the
ribozyme core. The core medium may have
other effects on reactivity, including changes
in pK, that help 2'-OH groups stabilize the
nucleophile or the leaving group in the tran-
sition state. Alternatively, the cluster of

" chemically essential backbone atoms may

play a role in water or hydroxide organiza-
tion, contributing a network of bonds that
lower the activation barrier for reaction.

Previous work indicates that 2'-OH
functionalities readily participate in impor-
tant ground-state interactions, stabilizing
the binding or folding of RNA structures
(5, 6). Chemical roles have been primarily
ascribed to the 2’-OH at scissile phosphodi-
ester linkages (27). As a consequence, we
expected to find that the 2'-OH groups of
D5 would function as ground-state recogni-
tion elements, rather than chemically sig-
nificant components of an enzyme-active
site. We show that 2'-OH groups on a
ribozyme may coalesce into catalytically re-
active sites, lowering the transition state
stabilization energy for oligonucleotide
cleavage. The behavior of D5 shows that
there may be a division of labor among
2’-OH groups and that, on the same mole-
cule, some of them will mediate binding,
whereas others affect chemical reactivity.
Thus, the multifunctional nature of this
group imparts a versatility that extends
from binding to catalysis.
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Uncoupling of GTP Binding from Target
Stimulation by a Single Mutation in the
Transducin o Subunit

Ronhit Mittal, Jon W. Erickson, Richard A. Cerione*

Glutamic acid-203 of the alpha subunit of transducin («,) resides within a domain that
undergoes a guanosine triphosphate (GTP)-induced conformational change that is es-
sential for effector recognition. Changing the glutamic acid to an alanine in bovine o
yielded an alpha subunit («;E203A) that was fully dependent on rhodopsin for GTP-
guanosine diphosphate (GDP) exchange and showed GTP hydrolytic activity similar to
that measured for wild-type a;. However, unlike the wild-type protein, the GDP-bound
form of aE203A was constitutively active toward the effector of transducin, the cyclic
guanosine monophosphate phosphodiesterase. Thus, the aE203A mutant represents a
short-circuited protein switch that no longer requires GTP for the activation of the effector

target phosphodiesterase.

Heterotrimeric GTP-binding proteins (G
proteins) serve as molecular switches in var-
ious receptor-coupled signal transduction
pathways including those responsible for
hormone-regulated adenylyl cyclase activi-
ty, receptor-stimulated phosphoinositide
lipid turnover, ion channel regulation, ol-
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faction, taste, and vertebrate vision (I, 2).
The phototransduction cascade in which
rhodopsin activates the G protein transdu-
cin has frequently been used as a paradigm
for receptor signaling mediated by G pro-
teins. The three-dimensional structures of
ar bound to GDP and a bound to
guanosine 5'-O-(3-thiotriphosphate) (GTP-
v-S), as well as the aluminum fluoride
(AIF, ™ )-activated o subunit, have been
solved (3-5). This structural information
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provides a foundation for understanding the
molecular basis by which rhodopsin-stimu-
lated GTP binding to transducin converts
this molecule into an activated transducer
that directs the regulation of a specific ef-
fector protein.

Direct comparisons of the tertiary struc-
tures of the GDP-bound and GTP-y-S—
bound o subunits indicate that there are
three regions that undergo changes in ter-
tiary conformation as an outcome of GTP-
GDP exchange (4). Two of these regions,
designated as switch I (Ser!”® to Thr'®* in
a1) and switch Il (Phe!”® to Thr?!"® in o),
are analogous to conformationally sensitive
regions found in the Ras and EF-Tu pro-
teins, whereas a third region, designated
switch III (Asp??” to Arg”® in a), may
undergo structural changes that are specific
to heterotrimeric G proteins (4). The
switch II region is especially important be-
cause it serves as a critical interface, medi-
ating the changes induced within the
switch [ region by GTP binding into effec-
tor recognition. Thus, individual residues
within the switch Il domain have served as
indicators for G protein activation; two ex-
amples being Arg?®* of the a; subunit,
which is no longer sensitive to trypsin when
o is in the GTP-bound (or AlF,™-bound)
state, and Trp?®” of ap, which shows an
enhanced fluorescence when activating li-
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