Biochemistry2006,45, 5939-5948

Current Topics

5939

Participation of the tRNA A76 Hydroxyl Groups throughout Translation

Joshua S. Weinger and Scott A. Strobel*

Department of Molecular Biophysics and Biochemistry, Yalevthsity, 260 Whitney Zenue,
New Haen, Connecticut 06520-8114

Receied January 27, 2006; Réesed Manuscript Receéd March 15, 2006

ABSTRACT. The free 2—3' cis-diol at the 3terminus of tRNA provides a unique juxtaposition of functional
groups that play critical roles during protein synthesis. The translation process involves universally

conserved chemistry at almost every stage of this

multistep procedure, arld dmel 3-OHs are in the

immediate vicinity of chemistry at each step. The cis-diol contribution affects steps ranging from tRNA
aminoacylation to peptide bond formation. The contributions have been studied in assays related to

translation over a period that spans at least three
through the steps of translation and examine the

Translation, the assembly of polypeptides from amino
acids, is a fundamental metabolic process. The enzymes

decades. In this review, we followdhd 3-OHs
involvement of these critical functional groups.

of the pair of A76 hydroxyls as the tRNA progresses through
the protein synthesis machinery.

substrates, and chemical mechanisms are universally con-
served, suggesting that the basis for translation emerged veryHydroxyl Groups

early in the evolution of terrestrial life. A large portion of

cellular resources are committed to the rapid and accurate

production of proteinsl( 2).

Transfer RNAs (tRNAs) are key players in this process.
Often considered “adaptor molecule8),(they are respon-
sible for bridging the information contained in messenger
RNA (mRNA), which encodes a sequence of amino acids,
with the chemistry of peptidyl transfer, which covalently
links the chains of amino acids. tRNAs are initially recog-
nized by their cognate tRNA synthetases, which attach the
specific amino acid to the'&nd of the cognate tRNA
species. The aminoacyl-tRNA is then presented to the
ribosomal A site by EF-Tu, where it acts as a peptide
acceptor. The peptidyl-tRNA is translocated by EF-G to the
P site, where it serves as a peptide donor before finally
moving to the E site and being releasdjl. (

The A76 ribose sugar at thé-&rminus has two free
hydroxyls on adjacent carbons available for the formation
of an ester linkage to an amino acid, tHeGH and the 3
OH. The 3-terminal ribose of a RNA molecule is the only
place anywhere in RNA or proteins where two unmodified
vicinal hydroxyl groups exist, which may make thé& 3
terminus of the tRNA uniquely functional for many roles in
translation. This 2-3' cis-diol at the tRNA’s 3terminus
has important functions in every step of translation, providing
the attachment site for the amino acid or peptide, contributing
to substrate binding, and by direct involvement in the
chemical transformations. Here we discuss the participation
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Hydroxyl groups are common in biological molecules, and
their properties allow them to be employed for a variety of
roles. The large difference in electronegativity between
hydrogen and oxygen makes hydroxyl groups polar. They
can therefore act as both hydrogen bond donors and
acceptors, and a single hydroxyl can perform both roles
simultaneously. This makes hydroxyls well suited for
coordinating associations between molecules. Hydrogen
bonding patterns at the surface of molecules are commonly
used to drive molecular specificity, and hydroxyl groups
are often intimately involved5-7). Their hydrogen bond-
ing capacity also makes hydroxyl groups useful for inter-
actions between biomolecules and their solveBjs They
can help to increase the hydrophilic character of a molecule
and can participate in positioning specifically bound water
molecules or metal ion®(10). Hydroxyl groups also have
the potential to act as proton donors or acceptors in general
acid or general base catalytic mechanisms or other proton
transfer events1(l, 12). In most cases, it is the hydroxyl
groups of carboxylic acids that are involved in such roles.
The K,s of other hydroxyl groups, such as those of the
ribosyl cis-diol, tend to fall too far outside the physiologi-
cal pH range to make them good candidates for proton
transfer.

The context of the ribose ring significantly affects the
chemical properties of its two hydroxyl groups. The presence
of the ring oxygen, an electron-withdrawing group, and the
neighboring hydroxyl group increases the leaving group
potential of each. This, in combination with the potential
for intramolecular hydrogen bonds between the two hydroxyl
groups, reduces theips from~16 (the X, of ethanol) to
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tRNA tRNA The rate of spontaneous transacylation has been investi-
o o:’f gated in several contexts. An early NMR study on formy-
‘o—||>=0 _()_'I,=0 ladenosine, in which a formyl group acylated on the¢O8d
| | of adenosine was used to mimic an amino acid, reported a
0 A76 0 AT6

transacylation rate of 4 10° s7%, considerably faster than

the rate of amino acid incorporation during in vivo protein
synthesis £20 s%) (18). On the basis of this and similar
reports, the spontaneous rate of transacylation was believed
to be fast enough to occur at any point in the translation
pathway, allowing each step to have its own preferred

¢
32

(i/ OH‘E T (’HO\‘O

0 OH HO o

NH; NH2 isoform, independent of the previous or subsequent steps.
For the next two decades, this conclusion affected discussion
of the regioisomeric state of tRNAs throughout translation.
3' isomer 2' isomer However, further investigation showed that the behavior of

Ficure 1: Base-catalyzed isomerization of aminoacyl-tRNAs. a formyl group may not accurately represent that of an amino
When the vicinal hydroxy! of an aminoacyI-tRNA nucleophilically  acid. A series of NMR studies on aminoacyl-adenosine and
attacks the neighboring ester linkage, the amino acid can be peptidyl-adenosine demonstrated that the actual transacyla-
transferred to the attacking hydroxyl tion rate under physiological conditions was on the order of
~5 s, slower than the rate of protein synthesiko)(
Therefore, if regioisomerization of the aminoacyl or peptidyl
tRNAs is required, the reaction would need to be catalyzed
to keep up with protein synthesis.

~12.5 and increases their chemical reactivit, (14). The
hydrolysis rate of an ester with a neighboring hydroxyl is
40-fold faster than one without a hydroxyl5). Simply
having another reactive group in a constrained position
proximal to each hydroxyl can have a strong impact on

reactions of those hydroxyls. For example, nucleophilic  gefore the ribosome or any other translational machinery
attack by the vicinal hydroxyl accounts for the greater base ¢4 incorporate amino acids into proteins, the amino acids
lability of RNA relative to DNA (16). must first be linked to tRNAs by aminoacyl-tRNA syn-
The juxtaposition of hydroxyl groups also affects the sugar thetases. This step in the translation pathway accounts for
pucker of the ribose ring. Deoxyribose sugars of DNA much of the energy consumption as well as the fidelity of
generally assume a GEndo sugar pucker, while in RNA,  protein synthesis. ATP is hydrolyzed during formation of
the ribose assumes a @hdo sugar pucker. These differ-  an aminoacyl-adenylate intermediate, which is then the target
ences could have important implications for the placement of nucleophilic attack by the'2or 3-OH of A76, resulting
of functional groups within the active sites of the translational in transfer of the amino acid to the tRNA. This ATP
enzymes. hydrolysis is the only essential energy input for peptide bond
formation, and once the aminoacyl-tRNA is formed, all of
the energy required for peptide bond formation is contained

An amino acid is activated for translation by ester linkage N the ester linkage between the amino acid and ther
to the 2- or 3-OH of the 3-terminal adenosine. These two 3 -OH-
possible regioisomeric forms are chemically similar, and Half of the amino acids are initially acylated on one
there is no chemical reason for one to be a better substratdydroxyl and half on the other. Aminoacyl-tRNA synthe-
than the other. However, enzymes are highly specific, so it tases are distributed into two evolutionarily unrelated
is reasonable to expect that the ribosome, tRNA synthetasesglasses, each containing 10 synthetases, based on sequence
and other translational enzymes interact exclusively with a homology and three-dimensional structural similarig,(
particular isoform. Experimentation has confirmed this 21). The two classes catalyze essentially the same reac-
expectation and has demonstrated that not all translationaltions but are significantly different in terms of sequence
enzymes are specific for the same regioisomer. Since motifs and active site topology. Class | synthetases acylate
sequential enzymes have different isomeric preferences,tRNAs exclusively at the '30H, while class Il synthe-
conversion between the two isoforms is required during tases, with the exception of PheRS, acylate exclusively at
translation. the 2-OH. Prior to designation of each synthetase as either

Each isoform is readily converted to the other via'/8'2 class | or class Il on the basis of sequence and structure,
transacylation in aqueous solution (see Figure 1). This is aindividual preferences for the'-2or 3-OHs were deter-
base-catalyzed process, and the energy difference betweeflined experimentally by testing their ability to aminoacylate
the two is very small. At equilibrium, an aminoacyl-tRNA tRNAs where A76 was substituted with-@eoxyadenosine
exists as a mixture of the’ &nd 2 isoforms at a ratio of  (2-dA) or 3-deoxyadenosine (JIA) (22—24). The discov-
~2:1 (17) If transacy'ation of the amino acid or nascent E€ry that half of the amino acids were |n|t|a”y attached at
peptide between the’-2and 3-OHs is necessary during One site and half at the other clearly meant that if subsequent
translation, the rate must be faster than the overall rate ofSteps required one isoform or the other, then transacylation
protein synthesis, or else it would be the rate-limiting step. Would be absolutely required, whether it was a catalyzed
Either the spontaneous rate of isomerization must be fastévent.
enough, or one or more of the enzymes involved must The nonconnective hydroxyl group has been present at
actively catalyze the isomerization. the site of tRNA aminoacylation throughout the evolution

Aminoacylation of tRNAs

Aminoacyl Linkage
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10*-fold reduction in the catalytic efficiency of the tRNA-
dependent adenylation of glutamine, implicating this func-
tional group for an important role in adenylate formation
(31). Structural studies of the GINRSRNA—ATP complex
demonstrate that the-®H interacts with thex-phosphate

of ATP but that removal of this functional group does not
result in significant conformational changes in the active site.
Together, these data suggest that th©B promotes the
glutamine adenylation reaction through positioning, and
possibly activating, ther-phosphate of the ATP for attack
by the incoming amino acid3(—33).

Proofreading

. tRNA synthetases are responsible for efficient and accurate
FiGure 2: X-ray crystal structure of. coli tRNA”SP and aspartyl

adenylate bound in the active site of aspartyl-tRNA synthetase [PDB attachment of the Corr?Ct amino acid to.lts Canate.tRNA‘
entry 1COA @6)]. The A76 3-OH is positioned for attack on the  SYNthetases employ different proofreading mechanisms to

aspartyl adenylate carboxyl carbon. The® hydrogen bonds with ~ achieve a high level of fidelity. Noncognate aminoacyl
serine 193, which is invariant in all AspRSs, and the aspartyl adenylates can be specifically hydrolyzed by synthetases, or
adenylatea-amino group. These interactions contribute to the these enzymes can use a kinetic proofreading mechanism
organization of the active site prior to aminoacylation. wherein dissociation of a noncognate aminoacyl adenylate
occurs more rapidly than transfer to the tRNA. Some
of modern synthetase enzymes. It would be surprising if this synthetases also specifically hydrolyze misacylated aminoa-
potentially useful functional group had no role in the cyl-tRNAs. Different synthetases (even the same synthetases
aminoacylation reaction. Although regioisomerization occurs from different species) utilize different discrimination strate-
readily, the synthetases’ preferences for aminoacylation sitesgies to varying degrees, but all synthetases achieve a high
have been mostly maintained throughout evoluti@s). level of accuracy 34—36). Because modifications such as
Perhaps this reflects the conserved use of the other hydroxyl2'-dA and 3-dA and 2- or 3-aminoadenosine can render a
group during the aminoacylation process. Although aminoa- tRNA nonfunctional for aminoacylation or particular proof-
cylation of deoxyadenosine substrates indicates that in eachreading steps, these substrate analogues have allowed
case the nontargeted hydroxyl group is not required for individual steps to be isolated and studied in detail.
activity, the other hydroxyl group is not irrelevant. Within Post-transfer editing, in which mischarged tRNAs are
the two classes of synthetases, a great deal of mechanistispecifically hydrolyzed, can require the vicinal hydroxyl for
diversity has evolved for recognition of cognate tRNAs and efficient reaction. Early studies indicated that the nonac-
accurate aminoacylation, and each synthetase uses the vicinatepting hydroxyl group of A76 is essential for the enzymatic
hydroxyl to a different extent. For example, structural studies hydrolysis of amino acids from the tRNA by several
of AspRS showed that the nonacylatéddH group forms synthetases, a reaction assumed to be related to proofreading
hydrogen bonds with a conserved active site serine and the(37—40). Some synthetases that utilize a post-transfer editing
a-amino group of the adenylated aspartate (Figure 2). Thesestrategy require acylation at a specific hydroxyl, and these
interactions facilitate transfer of the amino acid to the 3 requirements differ between synthetases. This is clearly
OH and position the nucleophile hydroxyl for attacé). demonstrated by the three closely related class | synthetases
Replacing the 20H with a proton results in a 25-fold LeuRS, lleRS, and ValRS, all of which specifically acylate
reduction of catalytic efficiency2(7); mutation of hydrogen  the 2-OH (41) and have a separate active site for editing,
bonding partners results in a 2800 fold reduction of distinct from the synthetic site4®, 43). On the basis of
efficiency, with a minimal effect on tRNA binding28). activity assays of modified tRNAs as well as binding of small
Kinetic studies on charging of other dA76-substituted tRNAs analogue inhibitors, lleRS deacylates only from theD81
show the range of the vicinal hydroxyls’ importance for and therefore requires transacylation of the amino acid from
different synthetases. Phenylalanyl-tRNA synthetase chargeghe 2- to the 3-position prior to hydrolysis 35, 44). In
3'dA76 tRNAPhe only 2-fold less efficiently than the wild- contrast, LeuRS and ValRS hydrolyze mischarged tRNAs
type substrate2d), but a 2dA76 substitution in tRNAR specifically from the 20H, which is the original site of
results in a greater than 100-fold reduction in efficiency acylation @4, 45). Alanine scanning mutagenesis of the
relative to that of the wild type20). LeuRS editing site has failed to identify catalytic residues
The A76 hydroxyls can also participate in the formation for hydrolysis within the active site4d). Structural studies
of the aminoacyl adenylate, the amino acid activation step also do not provide any obvious candidates for direct
that precedes tRNA charging. In three aminoacyl-tRNA involvement in catalysis but rather suggest that the editing
synthetases, GInRS, GIURS, and ArgRS, this reaction requiressite acts by rigidly positioning substrates for nucleophilic
the presence of the cognate tRNA. The tRNAs are predictedattack by water. On the basis of an X-ray crystal structure
to be critical components of the enzymes’ active sites. of LeuRS bound to an analogue of a mischarged tRNA, the
Subsequent studies of GInRS have demonstrated that this i8'-OH hydrogen bonds with two conserved threonines as well
at least partially due to the involvement of tHeCH. GInRS, as a specific water molecule that sits close to thester
a class | synthetase, aminoacylates at th@12; a 2-deoxy bond and may be directly involved in hydrolys#5] (Figure
modification at A76 completely abolishes aminoacylation 3). The importance of these interactions was further dem-
(30). However, the 2deoxy substitution also results in a onstrated by studies of a mutant LeuRS that is compromised



5942 Biochemistry, Vol. 45, No. 19, 2006

Ficure 3: X-ray crystal structure of the post-transfer editing
substrate analogué-g@ -norvalyl)amino-2-deoxyadenosine bound
to the editing site o hermus thermophilugucyl-tRNA synthetase
[PDB entry 10BC 45)]. The A76 3-OH is positioned to hydrogen
bond with they-OHs of threonines 247 and 248 and the backbone
amide of threonine 248. The-®H also coordinates a specifically
bound water molecule that may be directly involved in hydrolysis
of the editing substrate.
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solution suggested that EF-Tu stabilizes an ortho ester
intermediate between the two normally stable forraS).(
X-ray crystal structures of EF-Tu bound to aminoacyl-tRNAs
showed binding in the'Sonfiguration 64—56). The struc-
tures showed numerous interactions stabilizing thesger,
including tetrahedral coordination of the-amino group,
hydrogen bonding between an EF-Tu arginine and the
carbonyl group of the ester, and acceptance of a hydrogen
bond from the 20H by an EF-Tu glutamate. This hydrogen
bond would be interrupted by a'-8ster and therefore
energetically favors the'dsomer. The structural data seem
to indicate that EF-Tu is designed to force aa-tRNAs into
the 3-configuration in preparation for delivery to the A site,
where the 3ester is required (see below). These data also
discount the stabilization of an ortho ester and imply that
while both isomeric forms may bind to EF-Tu, theester

is the lowest-energy form. A recent revisitation of the binding
experiments attempted a more quantitative analysis of the
relative binding of 2A and 3dA substrates. This study
found that neither modification has a substantial effect on
the overall binding of the aa-tRNA to EF-Tu but postulates
that the hydrogen bonding interaction between th©H

and EF-Tu stimulates the GTPase activity that is necessary
for delivery of the aa-tRNA to the ribosom&7).

Acceptor Actiity in the A Site

Soon after the discovery in 195B8 59) of tRNA as
Francis Crick’'s postulated adaptor molecu8, (the field

for discrimination against the cognate amino acid but retained became focused on how tRNAs functioned as “adaptors” in
wild-type editing kinetics. In the context of this mutant active protein synthesis. Much early biochemical work used ribo-
site, further mutagenesis of one of the conserved threoninessomal assays to examine tRNAs and tRNA fragments with

eliminates editing activity46).
EF-Tu and Accommodation

Following aminoacylation, aminoacyl-tRNAs bind to
elongation factor Tu (EF-Tu), which catalyzes the delivery
of tRNAs to the ribosomal A site. In this process, the tRNAs

ribose modifications of A76. A consensus emerged from
these studies that the A-site substrate must havdiakage

to the amino acid. The initial evidence was the observation
that puromycin, in which a methyltyrosine is stably linked
to the 3-carbon of dimethyladenosine via an amide bond,
functions as an A-site substrate, while thdiked version
does not §0). A number of other biochemical studies

are matched with codons on the mRNA and positioned for gemonstrated that for a variety of ester-linked substrates, both
acceptance of a growing peptide. EF-Tu must specifically 2 and 3-linkages allow A-site binding but only dinkages

bind aminoacyl-tRNAs, independent of the amino acid, and
discriminate against uncharged tRNAs. Th&?2ester link-
age to the amino acid differentiates aa-tRNAs from un-
charged tRNAs and is likely to be instrumental in recognition
of aa-tRNAs by EF-Tu.

Binding of EF-Tu to aminoacyl-tRNAs stabilizes thé 3
ester prior to its arrival in the ribosomal A site. Several early

allow acceptor activity §1, 61—-63). The crystal structure

of the Haloarcula marismortui50S ribosomal subunit in
complex with the “Yarus inhibitor”, an analogue of the
peptidyl transfer reaction’s tetrahedral intermediate with
CCdA in the P site and puromycin in the A site, suggests a
hydrogen bond between the A-site@QH and a conserved
active site uracil §4). This interaction is maintained in the

studies examined binding to EF-Tu and the associated GTPmore recent structure of individual substrates bound simul-

hydrolysis by short oligonucleotide analogues of therdd
of aa-tRNAs as well as full aa-tRNAs. Results from these

studies indicated that both isomers of aa-tRNAs bind to EF-

Tu, but the 2isomer binds more efficiently and is better
able to promote the hydrolysis of GTP than tHeisdmer
(47-51). These inferences, coupled with the fact that only
the 3-isomer is active as a peptide acceptor in the A site

taneously §5) and probably contributes to substrate binding
and positioning, and perhaps assists in keeping the ester at
the 3-position.

The absolute requirement for &&ster linkage between
the tRNA and the amino acid for acceptor activity has
implications about the function of EF-Tu and the transition
from EF-Tu-bound tRNA to the active form in the A site. If

(see below), lead to the hypothesis of a transacylation eventthe transition from the synthetases to the A site (via EF-Tu)

in the A site following EF-Tu binding and delivery of the
2'-isomer. However, when wild-type Phe-tRRBwas bound

to EF-Tu and frozen in its isomeric state by treatment with
phenol and acetic anhydride, th&iSomer was predomi-
nantly seen, in contradiction with the earlier conclusi&.(

A NMR study on*3C-labeled tRNAs bound to EF-Tu in

is more rapid than the rate of transacylation in solution, then
enzymatic transacylase activity would be required for the
half of the tRNAs that are acylated at thegdsition. If aa-
tRNAs exist in equilibrium prior to A-site binding, then the
fraction that is in the 2configuration would need to assume
the 3-configuration to act as acceptors. In either case, some
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tRNAs will be in the incorrect configuration prior to EF-Tu  Lys-tRNAYS, which has no freex-amino group for A-site
binding. On the basis of NMR and EF-Tu structural data, activity, can act as the initial P-site substrate for multiple-
the aa-tRNAs are forced into thé-8onfiguration when turnover polymerization but N-acetylated Lysi&76 tR-
bound. The active site of the ribosome lacks space for extraNAYs is inactive in this assay. These data, in combination
waters. It is conceivable that once the end of an aa-tRNA with their previous observation that &@A tRNA is active
enters the active site, the ribosome does not provide anin the P site, led them to the conclusion that tHed®
environment conducive to transacylation. If so, to achieve substitution prevents proper translocation from the A site to
the protein synthesis rates seen in vivo, it would be the P site following acceptor activity, as well as tRNA release
imperative that the incoming tRNAs be properly configured from the P site following donor activity. These studies
for activity prior to entering, and thus, transacylation by EF- utilized poorly defined minimal assays, and the conclusions
Tu is critical, regardless of transacylation rates in solution. were mainly based on reaction endpoints rather than kinetics.
Two other studies, one 25 years ago and one more recently,
Translocation and Donor Actity in the P Site examined small tRNA fragments with modified A76 ribose
_ _ ) moieties as P-site substrates. In each of these studies, neither
The most fundamental question regarding peptidyl trans- 4 ghstrate acted as a donor, suggesting that both hydroxyl

ferase is how the ribosome catalyzes the reaction. This y.q,h5 \ere essential for the activity of a single residue P-site
question illuminates the central purpose of the ribosome andgpsirate 13 74).

has implications for the architecture and complexity of the |, 5 recent report from our group!-8A-substituted and
full, modern translational machinery, as well as the ancient 2 -deoxy-2-fluoroadenosine (ZFA)-sub’stituted {RNAS were
roots and evolutionary development of this critical reaction. tested using a translation system, which proceeds at a
POSSIb|y.the best.opportunlty _for the V|C|nal_hydrOXy| to physiologically relevant rate with rate-limiting chemistry.
become 'EVOIV?d IS f'n th? P ‘;'_tl‘,a' The I((aster_ Ilnkfage to the gty 7. modified tRNAS were active as A-site substrates but
tRNA Is the ObJ.ECt of nucleophilic attac during formation  ere completely inactive as P-site substrates, resulting in
of the new peptide bond. During this step, the nonacetylated, 4t |east 1%fold rate reduction. A toe-printing assay
hydroxyl is directly adjacent to the center of chemistry and yomgngirated that both substrates were translocated from the
is ideally situated to promote the reaction. Forty years ago, a gjte to the P site in an EF-G-dependent mani&).(On
participation by this h){droxyl group in _pept|d'yl transfer WaSs  the basis of this report and the collective evidence from the
proposed on the basis of mode] amlnqu5|s reactions and e rejated studies, it is now clear that neither A76 hydroxyl
theoretical groundssg). Recent biochemical and structural 445 js dispensable for donor activity. The question of the
results strongly support this conclusion. role of the vicinal hydroxyl group in the peptidyl transfer

The X-ray crystal structure of thel. marsimortui50S  reaction remains. How does the ribosome catalyze peptide
ribosomal subunit afforded the first opportunity to develop pond formation?

mechanistic models for ribosome function based on the |t has long been assumed that thdiBked regioisomer is
relative locations of functional groups within the active site the active peptidyl-tRNA form in the P site. This assumption
(64, 67). This initially led to a model in which A2451 of the  followed from the deduction that the-8A substrate was
ribosomal RNA catalyzes the peptide bond formation by active in the P site and the fact that the A-site substrate must
acting as a general base to extract a proton from the attackinghe 3-acylated. Since neither deoxy substrate is active, the
amino group and then stabilizing the oxyanion of the piochemical data cannot rule out a transacylation event during
tetrahedral intermediate. However, studies of mutant ribo- the reaction. However, the Crysta| structure of the ribosome

somes purified from mixed populations have demonstrated hound to CCA-pcb, a P-site substrate in which the peptidyl
that none of the rRNA residues in the active site, even thosemojety should be free to isomerize between thead 3-

that are universally conserved, including A2451, eliminates positions, shows the'dsomer bound in the P site7).
ribosome activity when mutate@®§-71). This leaves few  Furthermore, a tetrahedral intermediate analogue in which
functional groups proximal to the reaction center that remain the phosphate is connected to the&rbon binds in the active
candidates for essential Catalytic roles. The A7€H is site, while the 2linked version does not?(]). These data
one such group. support the assumption that the P-site substrate is acylated
Two early studies regarding the role of the A76 ribose at the 3-position and argue that the peptide is not transa-
hydroxyls resulted in conflicting conclusions regarding the cylated to the 2position in the course of the reaction. Thus,
requirement for these groups in the P-site tRNA. The first once the 3aminoacylated tRNA is presented to the A site,
study tested tRNA®with a 2-dA or 3-dA substitution at it is not required to undergo isomerization at any subsequent
A76. While the 2-dA-substituted tRNA was active as an step of translation.
A-site substrate (as mentioned above), neither modified If the 2-OH does not participate in a direct linkage to the
tRNA was active as a donor, suggesting that both hydroxyls nascent peptide, why does substitution of this functional
are required in the P site. The second study found that dA76-group eliminate peptidyl transferase activity? In our report
substituted tRNAYS cannot support multiple-turnover poly-  demonstrating the importance of the@H, we suggested
(A)-mRNA-dependent synthesis of poly(Lys) but is active that the 10 rate effect of removing the’2OH implies a
as a donor when nonenzymatically loaded directly into the substrate-assisted catalytic rolb), but the exact nature of

P site and puromycin is used as the A-site subst&ite (n this contribution has not yet been defined. One possibility
a subsequent report, the same research group found thais that the 20H does not play an active role in the reaction
during translation of a poly(A) mRNA, '8A76 tRNAYs but is essential for the active site to assume an active

cannot act as a P-site substrate following acceptance of aconformation or for proper positioning of the substrates for
peptide in the A siteq2). They also found that N-acetylated the reaction because of important hydrogen bonding and
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the required negatively charged state. In the intermediate
analogue structures, a solvent molecule sitting adjacent to
the A76 ribose coordinates both O&nd O3 as well as
several ribosomal functional groups. Attempts to associate
this electron density with a metal ion were unsuccessful, so
it is most likely a specifically bound water moleculég].
Coordination by a water molecule is unlikely to provide
- enough stabilization for the-DH to assume a full negative
Phe charge at physiological pH, so the structural data argue
..... against a role as a traditional general acid or general base.
4 However, kinetic isotope effect and Bronsted coefficient
measurements on other model reactions occurring in organic
solvent suggest that in the absence of an aqueous environ-
ment the 20H behaves as a general bagé)(

Comparison of the temperature dependence of the ribo-
somal reaction and uncatalyzed model reactions indicated
that the ribosome drives peptide bond formation solely by
increasing the change in entrop¥$) of activation 80). This

- Sw 2 a led to the conclusion that ribosomal catalysis is based only
FIGURE4: X-ray crystal structure dbaccharomyces cefisiae Phe- on the juxtaposition of substrates and exclusion of water from
tRNAP"e bound toThermus aquaticu&F-Tu [PDB entry 1TTT  the active site, rather than any direct chemical mechanism.
(59)]. Numerous hydrogen bonds between EF-Tu and the aminoa- \olecular dynamic and free energy perturbation simulations
cyl-tRNA stabilize the 3configuration. of the ribosomal and aqueous reactions similarly suggest that
an increase im\Sis the primary thermodynamic motivation

steric interactions. The'3DH might be involved in proton for catalysis 81). This computational study attributes the
transfer, acting either as a general base to extract a proton

from the amine or as a aeneral acid to provide a proton to entropy change mainly to ordered water molecules surround-
the 3-OH leaving arou 9 Additionall ?he 'OH c%uld ing the transition state in solution that are eliminated in the

. . g group. . any. . . pre-ordered active site of the ribosome, rather than position-
participate in a critical interaction with a catalytic metal ion.

It is likely that it is not any one of these possibilities but a ing of the substrates. i
combination of several that gives theQH its importance. In the crystal structures of the pre-reaction complex and

X-ray crystal structures of the ribosome in complex with the intermediate, the-amino group is completely solvent

different substrates and intermediate mimics have providedmaccess'ble-'(g)’ YEt It must release a proton for_ the reaction
. . to proceed. The'20H is the only nearby functional group
clues about the peptidyl transferase mechanism and the

involvement of the P-site vicinal hydroxyl. A recent study capable of accepting a proton. Similarly, except for the bound

presented crystal structures of A-site and P-site substratesWater molecule, the Odeaving group is only minimally

bound simultaneously (Figure 4A), as well as an analogue Eé&osligt?ourfarln:Sntjrec(;els\;zll?) prg)t?‘?cdrue”r;grt;hﬁgfha?:\'\?gk;—ge
of the tetrahedral intermediate that includes the A7®8 P Y grap P

(Figure 4C), providing the most complete picture of the “?Ode' in which the 20H acts as a "proton shuttl_e by_
active site to date6b, 78). According to these structures, simultaneously accepting a proton from the nucleophile while

the 2-OH hydrogen bonds with the-amino group of the donar:tmg a pfrfotonf to the llfaawlng .grouﬁS( Sl)l' Th!s h
A-site substrate and is furthermore the only atom within mechanism di ers rom,tradmona acid/base catays_|§ In that
hydrogen bonding distance of theamino group in the it does not require the'2OH to assume a net positive or

substrate structure. Thé-@H is most certainly involved negative charge, aIIewapng the need for a 5|gn|f|ca_ntly
oo . : o .. shifted K, Furthermore, since these proton transfer functions
in aligning the nucleophile prior to reaction; however, it is

also noted that the DH is the only functional group can be assumed by readily available water molecules in the

posioned 1o act as a general b in the memedateSO1T [SSON e DT St oy oL e &
structure. These results agree closely with models of the 9 9 P 9

active site containing both substrates or the tetrahedralé?ﬁ'r_g E:Cr:gt'f\éﬁﬁg rsgg\t/i?)\;erihzrgﬁ Llecsnrqoégne;;aennsgzlrs
intermediate that were developed earlier by in silico com- . q . ’ . .

bination of ribosome structures with A-site and P-site " the context of the_nbosomal active site, and the absence
substrates bound separately6), The structural studies of the 2-OH results in a large\AH penalty.

support a model of the intermediate/transition state that has
Schirality and a 20H situated immediately between the

Translocation

a-amino nucleophile and the Okeaving group, poised to Following the peptidyl transfer reaction, the deacylated
interact with both. P-site tRNA must exit the ribosome in preparation for the
Crystal structures of the active site show that th©P next round of peptide bond formation. Theehd of the

is positioned for a role in proton transfer but cannot determine deacylated tRNA spontaneously translocates to the E site
if it actually participates in such a mechanism. They can, following peptide bond formation. This is required for EF-
however, indicate whether the hydroxyl's local environment G-catalyzed translocation of the full tRNA8Z 83). To

has other features that promote activity as a general base oallow movement from one site to the next, the free energy
general acid, by shifting itsy, downward and stabilizing  of binding must be progressively lower for each binding site
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(A, P, and E), and each site must have a specific affinity for
the substrates that bind there. Therefore, the ribosomal tRNA
binding sites must necessarily recognize ther&s of the
tRNAs, the site at which they diffe8@). Studies of E-site
binding and translocation kinetics have shown that removal
of either ribose hydroxyl group from A76 results in-10
40-fold reductions in both E-site binding and translocation
rates 84—86). The magnitudes of these effects are consistent
with a direct interaction, such as hydrogen bonds, between
the E site and the A76 ribose hydroxyls. However, the 2
OH is not absolutely essential for translocation and tRNA
release, as was concluded earlié?)( Lill et al. also found
that aminoacylation of the tRNA or inclusion of any other
additional bulk at the'3end reduces the affinity of the tRNA
for the E site by at least 100-fold. The-2and 3-OHs
themselves apparently play only a minor role in promoting
translocation but must be deacylated to allow E-site binding.
A structural study of tRNA mimics bound to the E site
supports these conclusions. TheCH of A76 hydrogen

AT6 bonds with the 20H of C75, stabilizing the unusual
extended conformation of A76, C75, and C74 that allows
A-Site significant stacking interactions between these bases and
ribosomal bases of the E site. The@QH of A76 hydrogen
OH bonds to N3 of universally conserved ribosomal base C2394

in the E site, a biochemically predicted interacti®)( Any
additional atoms on the-®H would interrupt this hydrogen
bond and result in steric clash with C2394. Acylation of the
3'-OH would interrupt this interaction and inhibit the E site-
bound conformation.

Conclusions

The 3-ends of tRNAs are the sites of chemistry at every
step of translation, and no part of the tRNA is more closely
associated with the reaction centers than thée@ninal
ribose. In addition to being the site of covalent attachment
of the amino acids and peptides, the A76 cis-diol plays
numerous roles, including an essential catalytic function in
the ribosomal P site.

For the most part, tRNAs are considered to be simply the
substrates for the translational reactions, carrier molecules
that are subjected to the catalytic activity of the real
translational machinery: tRNA synthetases, initiation and
elongation factors, and, of course, the ribosome. Less thought
has been put into considering the tRNAs themselves as active
parts of the mechanism, essential components of which
involvement goes back to the most ancient peptide-producing
assemblies. In a provocative essay, Woese condening nai
acceptance of tRNAs as passive adaptors and calls for a
reassessment of their roles, both in the modern mechanism

FiIGURe 5: P-Site A76 20H positioned for a critical role in proton and in the evolution of translatiod®). Such a reevaluation

transfer. (A) X-ray crystal structure of ribosomal substrates bound S€€Ms to be underway, and important, proactive roles for
in the active site [PDB entry 1VQN7@)]. The a-NH; group of tRNAs have been suggested in decoding, storage of me-
the A-site substrate has been replaced with a hydroxyl group to chanical energy, and movement through the ribosonge (
inhibit the reaction. The A76'20H hydrogen bonds with the-NHs 89, 90). The cis-diol of the 3terminal ribose is important,
group, and the '2 and 3-OHs coordinate a solvent molecule on even essential, at a number of steps in the translation
their far side. (B) Schematic of the peptidyl transfer intermediate o .
and the proposed mechanism for resolution into products. The 2 Pathway. This direct involvement should shape the way we
OH acts as a proton shuttle by simultaneously donating a proton fit tRNAs into our view of translation.

lo the 3-:0H and accepting a proton from theNH: (0) X1a) . Another important consideration is the development of the
pUrOMyCireneCC [PDB entry 1VQP 78)]. The nonbridging phos- rlposomal actlvg site. RNA, while capablg pf catalyz[ng
pha’[e oxygens mimic the pepude and the Oxyanion. The proposedb|0|0g|ca| I’eaCtlonS, haS a mUCh more I|m|ted Chem|CaI
proton transfers are indicated with arrows. repertoire than proteins, which in many cases can achieve
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more robust catalysis than their RNA counterparts. For this
reason, most modern biological catalysis is done in protein
active sites. The ribosome, with its all-RNA active site, is a
notable exception. Why? The peptidyl transferase center is
constrained to the available RNA repertoire, which includes
phosphates, functional groups on the base8H2s, and the
rare 3-terminal cis-diol. The A76'20H is near the reaction
center and has a specific geometrical orientation relative to
the labile ester. This configuration has likely been consistent
since the early days of peptidyl transfer evolution. If a RNA-
based peptidyl transfer center was not capable of providing
adequately efficient catalysis, then evolution would have
replaced the ribosome with a protein-based enzyme that
could. This has not yet occurred, and the active site remains
exclusively RNA, including the necessar{-QH.
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