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when the reversal potential for ions passing 
through GABA receptor channels is more pos- 
itive than resting potential. Therefore, we com- 
pared, in pacemaker and inhibited cells, resting 
potential and the reversal potential of synaptic 
events remaining in the presence of glutamate 
receptor blockers (Fig. 4, B and C). In pacemak- 
er cells that discharged synchronously with in- 
terictal bursts, synaptic events recorded in 
NBQX and APV reversed at -55 ? 12 mV 
(n = 9), more depolarized (P < 0.025; Stu- 
dent's t test) than their resting potential of 
-67 ? 10 mV (n = 9). Synaptic events in 
inhibited cells, reversed at -72 ? 7 mV (n = 

25), while the resting potential, -62 + 8 mV 
(n = 25), was less hyperpolarized (P < 0.001). 
These data show that IPSPs reverse at potentials 
positive to rest (24, 25) in a subset of subicular 
neurons. 

This in vitro activity corresponds in sev- 
eral respects to interictal activity in mesial 
temporal lobe epilepsy. Epileptiform bursts 
were generated in the subiculum but not in 
other regions, which suggests that they did 
not result from general defects in slice con- 
dition. Interictal activity seems to be gener- 
ated by a minority of subicular neurons 
including intemeurons and a subset of pyra- 
midal cells (Fig. 3, C and E). Both glutama- 
tergic and GABAergic signaling are involved 
(Fig. 3, A and B), in line with previous 
suggestions from work on epileptic human 
tissue (8). Reciprocal interactions between 
the three cell types may underlie the genera- 
tion of this activity. The difference between 
discharging and inhibited pyramidal cells ap- 
parently results from different reversal poten- 
tials for GABAergic events. GABA-mediated 
synaptic events may also depolarize intemeu- 
rons, although we did not test this explicitly. 

One feature of the sclerotic hippocampus is 
the formation of aberrant connections between 
dentate granule cells (26, 27). Our data suggest 
that plastic changes also occur in the subiculum. 
Thus, loss of both postsynaptic (dentate gyrus 
to CA3) and presynaptic (CA1 to subiculum) 
cells initiates an epileptogenic plasticity. In the 
subiculum, the reactive plasticity includes 
changes in GABAergic signaling. A hyperex- 
citability in the subiculum would, unlike in the 
dentate region, permit propagation to other cor- 
tical structures. Our observation of depolarizing 
synaptic GABA responses in some subicular 
pyramidal cells recalls the GABAergic excita- 
tion of early development, which results from 
delayed expression of the KCC2 transporter 
(23, 24). Deafferentation may initiate a regres- 
sive switch in GABAergic response polarity 
from hyperpolarizing to depolarizing (25), per- 
haps in the most severely denervated cells. Un- 
derstanding changes in the subiculum (4, 25) 
induced by the loss of excitatory inputs from 
CA1 cells may eventually provide therapeutic 
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Transition State Stabilization by 
a Catalytic RNA 

Peter B. Rupert,' Archna P. Massey,2 Snorri Th. Sigurdsson,2 
Adrian R. Ferre-D'Amarel* 

The hairpin ribozyme catalyzes sequence-specific cleavage of RNA through 
transesterification of the scissile phosphate. Vanadate has previously been used 
as a transition state mimic of protein enzymes that catalyze the same reaction. 

Comparison of the 2.2 angstrom resolution structure of a vanadate-hairpin 
ribozyme complex with structures of precursor and product complexes reveals 
a rigid active site that makes more hydrogen bonds to the transition state than 
to the precursor or product. Because of the paucity of RNA functional groups 
capable of general acid-base or electrostatic catalysis, transition state stabi- 
lization is likely to be an important catalytic strategy for ribozymes. 
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The hairpin ribozyme catalyzes reversible, 
site-specific cleavage of the phosphodiester 
backbone of RNA through transesterification 
(1) (Fig. 1A). The ribozyme is fully active in 
vitro when the physiologic counterion Mg2+ 
is replaced with cobalt (III) hexammine (2- 
4). This complex ion mimics hydrated Mg2+ 
but cannot directly coordinate or activate wa- 
ter or RNA ligands. Therefore, nucleic acid 
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moieties alone must be responsible for pro- 
moting cleavage 106 times faster than the 
background rate. 

A crystal structure of a hairpin ribozyme 
bound to an inhibitor RNA has been reported 
(5). The minor grooves of two irregular heli- 
ces, stems A and B, dock to form the active 
site. One of the strands of stem A contains the 
scissile phosphate (Fig. 1B). In the crystal 
structure, the nucleotides flanking this phos- 
phate are splayed apart (Fig. 1C), aligning the 
2'-OH nucleophile (blocked with a methyl 
group to prevent cleavage) with the reactive 
phosphorus and the 5'-oxo leaving group. 
The in-line conformation (required for the 
second-order nucleophilic substitution trans- 
esterification) and biochemical and biophys- 
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ical data suggested that the ribozyme-inhibi- 
tor cocrystal structure represents the ground 
state, or precursor, conformation (5). 

To further our understanding of this ri- 
bozyme's catalytic mechanism, we have now 
determined its structure in complex with a tran- 
sition state mimic at 2.2 A resolution (Table 1). 
We crystallized a hairpin ribozyme construct 
missing the scissile phosphate (Fig. 1B) in the 
presence ofvanadate (6) (fig. Si). The electron 
density feature present in the active site can be 
assigned to vanadate based on its size, shape, 
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and anomalous scattering (Fig. 1, C and D). 
Vanadate has previously been used in crystal- 
lographic studies of ribonuclease A, a protein 
enzyme that catalyzes the same reaction as the 
hairpin ribozyme (7, 8). The transesterification 
reaction proceeds through a trigonal bipyrami- 
dal, pentacoordinate phosphorus transition 
state. Although the vanadate geometry is that of 
a distorted trigonal bipyramid (6), it is penta- 
coordinate and an approximate mimic of the 
transition state that is otherwise impossible to 
visualize experimentally. How accurately van- 

adate mimics the transition state ofribonuclease 
A remains a topic of active research (9-14). 

In order to mimic the transition state of the 
hairpin ribozyme, vanadate must directly coor- 
dinate three RNA ligands: the 2'- and 3'-oxy- 
gens of nucleotide -1 and the 5'-oxygen of 
nucleotide +1 (Fig. 1B). Three lines of evi- 
dence suggest that the vanadate present in the 
active site is indeed a transition state mimic. 
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Fig. 1. Characterization of the vanadate-hairpin ribozyme complex. (A) Schematic of the 
reversible transesterification reaction catalyzed by the hairpin ribozyme. The concerted 
reaction (36) proceeds through a pentacoordinate trigonal bipyramidal phosphorus transition 
state (t). (B) Sequence of the crystallization construct, numbered following convention. The 
ribozyme strand consists of 92 nucleotides (nt). The substrate strand (light blue, in stem A) is 
split (big arrow) into oligonucleotides of 12 and 9 nt, and the scissile phosphate deleted. The 
5' function of the 9 nt RNA (5'X) is either hydroxyl or chlorine. Thick lines with arrows denote 
chain direction; thin lines, Watson-Crick pairs; and dots, noncanonical pairs. The ribozyme 
contains an U1A protein binding site used for crystallization (6). (C) Schematic of the active 
site of the vanadate complex with anomalous difference map features (purple mesh). The 
nucleotides flanking the active site (yellow) are splayed apart. The map was calculated with 
CuK. x-ray data (6) and contoured at 3.5 standard deviations above mean peak height (SD). 
The strongest features correspond to the active site vanadate (black arrow, at 6 SD the highest 
peak in the map) and two Ca2+ ions (purple arrows, 4.5 and 4.0 SD). White arrows denote 5' 
to 3' RNA chain direction. (D) Omit IFl - IF I map (6) (where Fo and Fc are the observed and 
calculated structure factors, respectively) of the active site of the vanadate complex contoured 
at 3 SD (blue mesh) superimposed on the refined crystallographic model. The anomalous 
difference feature (purple mesh, 2.5 SD, from 1.0 A wavelength x-ray data) is coincident with 
the vanadium atom. Selected hydrogen bonds are shown (black double-headed arrows). (E) 
Omit IFoI - IFcI map (3 SD) of the active site of the ribozyme with the 5'-chloro substrate 
crystallized in the presence of vanadate. Note the absence of vanadate electron density. 

Fig. 2. Comparison of the active sites of precur- 
sor, transition state mimic, and product struc- 
tures. (A) Omit IFI - IF I map (3 SD) of the 
precursor, trapped by replacing the 2'-OH nu- 
cleophile with a methoxy group (5). Arrows and 
mesh are as in Fig. 1. (B) Omit IFoI - IFCI map (3 
SD) of the ribozyme-product complex. (C) Super- 
position of the precursor (black) and vanadate 
models. (D) Superposition of product (black) and 
vanadate models. Within experimental error (Ta- 
ble 1), the active site is rigid (16). 
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First, the space available in the active site of the 
ribozyme precludes the simultaneous presence 
of the three RNA oxygen ligands and a fully 
hydrated vanadate ion with five oxygens. Sec- 
ond, whereas vanadate electron density is 
present in the active site, it is absent near the 
terminal 2',3'-diols of the RNA (Fig. 1C and 
fig. S2). This implies that coordination by two 
RNA oxygens is not enough to bind the vana- 
date anion to the anionic nucleic acid. In con- 
trast, the three RNA oxygens in the active site 
bind vanadate. Third, to test definitively the 
importance of the third active site oxygen li- 
gand for vanadate binding, we synthesized a 

A 
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hairpin ribozyme construct in which the active 
site 5'-OH was replaced with a chlorine (Fig. 
1B and fig. S3) (15), and we crystallized it in 
the presence of vanadate. Replacement of a 
single active site RNA hydroxyl group with 
chlorine abolishes the active site electron den- 
sity feature (Fig. 1E) and eliminates the vana- 
date anomalous difference peak (not shown). 
This demonstrates that even in the active site, 
the 2',3'-diol is not sufficient for vanadate bind- 
ing. Therefore, the vanadate bound in the active 
site (Fig. 1D) must coordinate all three RNA 
oxygen ligands. 

In addition to the precursor structure 
(Fig. 2A), we have determined the structure 
of a hairpin ribozyme bound to an all-RNA 
substrate (Table 1). Because the ribozyme 
catalyzes both the cleavage reaction and the 
reverse ligation, the electron density con- 
sists of a mixture of the cleaved and ligated 
substrate (Fig. 2B). The cleaved form, with 
a 2',3'-cyclic phosphate, predominates 
over the precursor in these crystals (6). 
Superposition of the precursor, transition 
state mimic, and product structures (Fig. 2, 
C and D) demonstrates that the active site 
of the ribozyme is essentially rigid (16), 
with motion confined to the scissile phos- 
phate and the ribose of nucleotide -1. This 
ribose undergoes a change in puckering as 
its 2'-oxygen attacks the phosphate and the 
five-membered ring of the 2',3'-cyclic 
phosphate is formed. 

Comparison of the number of hydrogen 
bonds (6) in the hairpin ribozyme active 
site between the substrate analog, transition 
state mimic, and product complexes (Fig. 3 

and table S1) suggests that this catalytic 
RNA binds most tightly to the transition 
state (17). In the precursor, the ribozyme 
uses the nucleobase of G8 to make two 
hydrogen bonds: one to the 2'-OH nucleo- 
phile and one to a phosphate oxygen (Figs. 
2A and 3A). In the transition state mimic, 
five hydrogen bonds are formed between 
the nucleobases of G8, A9, and A38 in the 
active site and vanadate oxygens (Figs. 1D 
and 3B). In the product, the nucleobases of 
G8 and A38 make two hydrogen bonds to 
the cyclic phosphate and one bond to the 
5'-OH leaving group (Figs. 2B and 3C). 

Previous biochemical experiments have 
implicated A9, A10, A38, and G8 in cataly- 
sis. Free nucleotides do not have functional 
groups that ionize near neutral pH (18), al- 
though they can have perturbed acidities as 
part of intricately folded ribozymes (19, 20). 
Because of the principle of microscopic re- 
versibility, if an RNA functional group is to 
act as a general acid catalyst in the concerted 
cleavage reaction, then it must also function 
as a general base in ligation. Thus, unless 
their pKa (where Ka is the acid constant) are 
shifted to near-neutrality, hairpin ribozyme 
nucleotides will not be effective general acid- 
base catalysts. 

Analysis of the catalytic role of G8 with 
the use of purine analogs demonstrated that 
the rate of the cleavage reaction is greatest 
when the N1 imino nitrogen of the purine at 
position 8 is protonated (21). Our structures 
show that this functional group is a hydro- 
gen bond donor to the 2'-oxygen of nucle- 
otide -1 in the precursor, transition state, 

Fig. 3. Summary of active site hydrogen 
bonds (6). (A) Precursor complex stabilized 
by two hydrogen bonds (dashed lines) from 
G8. (B) Transition state mimic complex sta- 
bilized by five hydrogen bonds. (The green 
triangle connects the equatorial oxygens of 
the vanadate.) Although modification inter- 
ference studies found no evidence that N1 of 
A38 is protonated (25), full time courses 
were not examined by those authors. Proto- 
nation is inferred from the distance between 
N1 of A38 and the 5'-oxygen (6). (C) Product 
complex stabilized by three hydrogen bonds. 
The hydrogen bond between N1 of A38 and 
the 5'-OH of G+ 1 would orient the latter for 
the ligation reaction. 

Table 1. Crystallographic statistics. Details of the crystallization conditions and structure determi- 
nations are provided in the supporting online material (6). The headings Methoxy, Vanadate, and 
All-RNA refer to the substrate mimic, transition state mimic, and product complexes, respectively; 
5'-Chloro refers to the ribozyme with the 5'-chloro 9 nt substrate crystallized in the presence of 
vanadate (Fig. 1E). Precursor complex statistics (Methoxy) reflect further refinement of the reported 
(5) structure. Reflections/redundancy: reflections are the number of unique reflections; redundancy 
is the total number of observations divided by the number of unique reflections. Rsym is defined as 

II/ - (I)1/l1, where / is the observed intensity and (/) is the statistically weighted absolute intensity 
of multiple measurements of symmetry related reflections. In this row and the two that follow, 
values in parentheses correspond to the highest resolution shells. Rwork is defined as 100 x ;IFo - 
FCI/IFcI. Rfree is the same as Rwork, but calculated with a random 10% of the data excluded from 
refinement. Rmsd, root mean square differences of model bond lengths and angles from ideal 
geometry. (B) active site, mean B factors for all atoms in the active site core [defined in (6)]. 
Coordinate error, cross-validated oeA mean coordinate error (37). 

Methoxy Vanadate All-RNA 5'-Chloro 

Diffraction data 
Resolution (A) 100-2.4 20-2.2 30-2.4 30-2.6 
Reflections/redundancy 41290/3.6 57275/3.6 43840/3.6 34446/3.3 
Rsm (%) 6.7 (26.1) 6.4 (48.9) 6.6 (26.5) 6.6 (60.8) 
(I)/((r(I)) 22.8 (2.1) 22.9 (1.9) 24.7 (3.1) 22.0 (1.7) 
Completeness (%) 95.6 (73.9) 99.6 (99.0) 97.7 (81.7) 98.8 (96.4) 

Refinement 
Atoms total/water/ion 6478/103/35 6572/198/37 6634/237/34 6383/45/26 
Rwork/Rfree 22.9/28.5 23.0/26.5 22.1/26.5 22.3/28.0 
Rmsd lengths (A)/angles (0) 0.006/1.20 0.006/1.18 0.005/1.12 0.006/1.22 
(B) active site (A2) 81.7 77.3 74.1 89.3 
Coordinate error (A) 0.44 0.47 0.32 0.57 
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and product (Fig. 3). Protonation would be 
consistent with a structural role as an obli- 
gate hydrogen bond donor, rather than an 
acid-base catalyst (22). Presumably, proton 
transfer to and from the 2'-oxygen of nu- 
cleotide -1 is carried out by water. Inves- 
tigation of the importance of the nucleo- 
bases of G8, A9, and A10 using abasic 
ribozyme constructs showed that individu- 
ally, these purines contribute surprisingly 
little to catalytic rate enhancement (23), 
consistent with a role in binding or ri- 
bozyme architecture rather than general ac- 
id-base catalysis. Examination of the effect 
of adenosine base ionization on hairpin ri- 
bozyme activity with the use of nucleotide 
analog interference mapping (24) demon- 
strated that all pH-dependent interferences 
are due to structural destabilization of the 
RNA (25, 26). Our transition state mimic 
and product structures (Fig. 3, B and C) 
suggest that N1 of A38 could have a per- 
turbed pKa, and this functional group could 
also play a role in protonating the leaving 
group during the cleavage reaction. 

Pauling proposed in 1946 that enzymes 
could function by binding more tightly to the 
transition state than to the ground states, thus 
lowering the activation energy (27). The struc- 
tural analysis presented here shows that the 
hairpin ribozyme has evolved to maximize its 
hydrogen bonding interactions with the trigonal 
bipyramidal transition state (Fig. 3) (28). For 
some protein enzymes, catalysis is known to 
result exclusively from binding energy (29). 
Like other RNA catalysts (30, 31), the hairpin 
ribozyme also uses the binding energy of 
groups distant to the active site to accelerate its 
reaction: docking of stems A and B leads to a 
folding transition (5, 32, 33) that aligns the 
substrate within a rigid (16) active site. Precise 
positioning of substrate can effect large rate 
enhancements (34). Recent work on other cat- 
alytic RNAs, such as the ribosome (35), sug- 
gests that the combination of transition state 
stabilization and precise substrate positioning 
used by the hairpin ribozyme may be a catalytic 
strategy frequently used by RNA enzymes. 
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Activation-induced cytidine deaminase (AID) plays an essential role in class 
switch recombination (CSR) and somatic hypermutation (SHM) of immuno- 
globulin genes. We report here that deficiency in AID results in the development 
of hyperplasia of isolated lymphoid follicles (ILFs) associated with a 100-fold 
expansion of anaerobic flora in the small intestine. Reduction of bacterial flora 
by antibiotic treatment of AID-/- mice abolished ILF hyperplasia as well as the 
germinal center enlargement seen in secondary lymphoid tissues. Because an 
inability to switch to immunoglobulin A on its own does not lead to a similar 
phenotype, these results suggest that SHM of ILF B cells plays a critical role in 
regulating intestinal microflora. 
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