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ABSTRACT: The ester bond of peptidyl-tRNA undergoes nucleophilic attack in solution and when catalyzed by
the ribosome. To characterize the uncatalyzed hydrolysis reaction, a model of peptide release, the transition
state structure for hydrolysis of a peptidyl-tRNA mimic was determined. Kinetic isotope effects were
measured at several atoms that potentially undergo a change in bonding in the transition state. Large kinetic
isotope effects of carbonyl '*O and a-deuterium substitutions on uncatalyzed hydrolysis indicate the
transition state is nearly tetrahedral. Kinetic isotope effects were also measured for aminolysis by
hydroxylamine to study a reaction similar to the formation of a peptide bond. In contrast to hydrolysis,
the large leaving group '®0 isotope effect indicates the C—O3’ bond has undergone significant scission in the
transition state. The smaller carbonyl "0 and a-deuterium effects are consistent with a later transition state.
The assay developed here can also be used to measure isotope effects for the ribosome-catalyzed reactions.
These uncatalyzed reactions serve as a basis for determining what aspects of the transition states are stabilized

by the ribosome to achieve a rate enhancement.

The ribosome catalyzes two chemical reactions during protein
synthesis. During initiation and elongation, peptide bonds are
formed by the nucleophilic attack of an aminoacyl-tRNA in the
A-site on peptidyl-tRNA in the P-site. During termination, water
acts as the nucleophile, resulting in the release of the peptide
chain from tRNA. The ribosome must be capable of selectively
switching between these two catalytic activities, since hydrolysis
during elongation would produce truncated proteins, and peptide
bond formation in place of termination would result in read-
through of stop codons.

In the past decade, a wealth of structural information has been
obtained to complement the biochemical study of catalysis by the
ribosome. Structures of the 50S ribosome demonstrated that the
active site for peptide bond formation is composed entirely of
RNA (1, 2). Of the functional groups present in the active site,
two have been identified as being important for catalysis of
peptide bond formation: the 2'-hydroxyl of A2451 in 50S RNA
contributes ~10-fold (3), and the 2’-hydroxyl of the terminal
adenosine of peptidyl-tRNA, which is adjacent to the leaving
group, contributes at least 10°-fold (4). Bronsted (5) and kinetic
isotope effect studies (6) indicate that the nucleophilic nitrogen is
neutral in the transition state despite at least partial peptide bond
formation. More recently, structures of 70S ribosomes bound
to either release factor 1 (7) or release factor 2 (8, 9) have shown
the location of the conserved GGQ motif in the active site for
peptide release. Mutational studies showed that both glycines are
essential, while the side chain of glutamine is only moderately
important (/0—13).
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In both peptide bond formation and hydrolysis, the electro-
phile is a peptidyl-tRNA bound in the P-site of the ribosome. The
growing peptide chain is linked to tRNA as a carboxylic acid
ester through the 3'-hydroxyl of the terminal adenosine. The
reactivity of similar carboxylic acid derivatives has been studied
extensively. Isotope effects (/4) and pH dependence studies (15)
have been used to probe proton transfer. Structure—reactivity
and linear free energy relationships such as Bronsted studies have
also been performed (/6—18). Oxygen exchange experiments
using isotopic labels have been invaluable in establishing the
existence of a tetrahedral intermediate and identifying the rate-
limiting step (19).

Detailed knowledge of uncatalyzed reactions serves as a basis
for understanding enzymatic catalysis. The structure of the
transition state is particularly informative, since enzymes increase
the reaction rate by lowering the energy of this state. Because
transition states cannot be viewed directly, measuring kinetic
isotope effects is a valuable strategy for determining transition
state structures (20, 21). The rate of a chemical reaction may
change upon substitution of an atom at the reaction center with a
heavier isotope. This effect is dependent on the change in bonding
to that atom from the ground state to the transition state.
Therefore, given a ground state structure and kinetic isotope
effects for several substitutions, the structure of the transition
state can be determined.

We have previously reported the synthesis of a set of molecules
needed for kinetic isotope effect analysis of the reactions of a
ribosomal P-site substrate (22, 23). In this study, we have
determined the transition states for the uncatalyzed hydrolysis
and aminolysis of this substrate. These structures indicate
possible roles for the ribosome in catalyzing the two reactions
of protein synthesis.

©2010 American Chemical Society
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FiGURE 1: (A) Structure of the ribosomal P-site substrate CCApcb
with 5'-phosphate (either P or **P). Positions of the individual
isotopic substitutions are colored red. (B) Simplified model used for
calculating isotope effects.

EXPERIMENTAL PROCEDURES

Reactant Preparation. Reactants differing only by single
isotopic substitutions at the reaction center were prepared for
isotope effect studies (Figure 1). The P-site mimic cytidylyl-(3'5')-
cytidylyl-(3'5')-3'(2')-O-{ N-[6-D-(+)-biotinoylaminohexanoyl]-
L-phenylalanyl}adenosine (CCApcb)' was synthesized as des-
cribed previously (22, 23) and stored at —80 °C until it was used.
It was resuspended in 50 mM TEAA (pH 6.5) and purified from
hydrolyzed material (CCA) by HPLC on a C-18 column using a
gradient from 0 to 40% acetonitrile. The HPLC peak was
lyophilized, resuspended in 2 mM MES (pH 5.5), and -end
labeled with either [y-**P]- or [y-**P]JATP by polynucleotide
kinase. Labeling reactions were conducted for 5 min at room
temperature and pH 6.5 to reduce the level of hydrolysis. Labeled
CCApcb was purified on a pH 6.0 denaturing 15% polyacryl-
amide gel, and gel slices were eluted into 2 mM MES (pH 5.5).
[*’P]- and [**P]JCCApcb were mixed at an approximately 1:4 ratio
and purified on a pH 6.0 nondenaturing 12% polyacrylamide gel.
Gel slices were again cut out and eluted into 2 mM MES (pH 5.5).
Purified mixes were used as soon as possible to minimize
hydrolysis in the starting material.

The isotopic enrichment of each sample was determined by
high-resolution Fourier transform ion cyclotron resonance
mass spectrometry. The molecule was resuspended in a 1:1
water/acetonitrile mixture and analyzed in negative ion mode.
The average value of peaks corresponding to both the —1 and
—2 charge states was used. Each molecule was >95% iso-
topically pure except for the carbonyl '*0 substitution, which
was 74% enriched.

'Abbreviations: CCApcb, cytidylyl-(3'5)-cytidylyl-(3'5")-3'(2)-
O-{N-[6-D-(+)-biotinoylaminohexanoyl]-L-phenylalanyl}adenosine;
KIE, kinetic isotope effect; EIE, equilibrium isotope effect; FLB,
formamide loading buffer.
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The equilibrium ratio of 2'- to 3'-linked ester was determined
by '"H NMR. CCApcb was suspended in 5 mM Tris (pH 8.5),
lyophilized, and resuspended in 99.990% D,O at approximately
500 mM. A one-dimensional spectrum was collected immedi-
ately. The sample was then allowed to hydrolyze over several
days, and another spectrum was collected to assist in peak
identification. Two peaks in the adenosine H1' region were
present in the unhydrolyzed but not the hydrolyzed sample. On
the basis of previous studies and the chemical shift rule, the
downfield peak was assigned to the 2'-linked isomer (24—26) and
the ratio of the two peaks was used to determine the isomeric
ratio.

Identity of the Nucleophile in the Hydroxylamine Reac-
tion. The reaction of CCApcb with hydroxylamine was observed
by *C NMR. CCApcb labeled at the carbonyl carbon was
suspended in 10% D,O to a concentration of approximately
2 mM. Hydroxylamine was diluted to a 5 M stock solution and
brought to pH 8.5 with HCL. Hydroxylamine was added to a
final concentration of 250 mM, and the reaction was quenched
with 5% formic acid after approximately 1 min. Alternatively,
500 mM hydroxylamine or 50 mM HEPES (pH 8.5) was added,
and these reactions were quenched with 5% formic acid after
| day. The "*C spectrum of each sample as well as starting
material (again with 5% formic acid) was collected for 12 h.

Samples of CCApcb before and after reaction with hydroxy-
lamine were subjected to a ferric chloride test for hydroxamic
acid. To approximately 2 mM CCApcb was added 1/10 volume
of either 5 M hydroxylamine (pH 8.5) or water. HCI and FeCls
were added to each sample to final concentrations of 100 mM and
0.05%, respectively, and the absorbance spectra were recorded
with a NanoDrop 2000¢ spectrophotometer.

Hydrolysis Isotope Effect Reactions. Reactions were started
via addition of '/ volume of 10x ribosome reaction buffer [final
concentrations of 25 mM HEPES, 10 mM MES, 10 mM MOPS,
200 mM NH,4CI, and 7mM MgCl, (pH 8.5)] at 25 °C. Most of the
reaction was quenched at approximately 20% reacted (approxi-
mately 2 h) via addition of 3 volumes of low-pH formamide
loading buffer (FLB) and freezing at —20 °C. The remainder was
allowed to react for at least 36 h to reach completion. Both time
points were run on a pH 6.0 denaturing 15% polyacrylamide gel
to separate substrate from product.

Substrate and product bands were visualized using a Storm
840 Phosphorlmager with a two-ply sheet of duck tape bet-
ween the gel and screen to block **P emission. The fraction of
32P_labeled substrate reacted could then be determined. The ratio
of ¥P to ¥P was determined by scintillation counting. Each
product band was excised from the gel and eluted into 1 mL of
water overnight. This water was then added to 13 mL of Optima
Gold scintillation fluid and counted for 30 min along with **P
and *°P standards.

Aminolysis Isotope Effect Reactions. Reactions with hy-
droxylamine were conducted as described for the hydrolysis
reaction with the following exceptions. Reactions were initiated
via addition of '/, volume of 5 M hydroxylamine (pH 8.5). Time
points were quenched after approximately 5 min via addition of
2.5 volumes of FLB and immediately loaded onto a prerunning
gel. The remainder of the reaction was allowed to proceed for
1-2h.

Data Analysis. Counts per minute were divided into two
channels, 0—400 and 400—2000 keV. Approximately 70% of the
32p standard was detected in the high-energy channel, and more
than 99% of the **P sample was detected in the low-energy
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channel. The ratio of **P to **P in each sample could be
determined using eq 1:

BP A-Br 1)
2p  B(1+7)

where A is the number of counts per minute in the low-energy
channel, B is the number of counts per minute in the high-energy
channel, and r is the fraction of total emission of a *’P standard
detected in the low-energy channel. The observed isotope effect
was then determined from the ratio in the midpoint and end point
samples and the fraction reacted using eq 2:

log(1—/)
— (2)
log (1 - f_]fp)

0

KIE =

where f'is the fraction reacted, R, is the isotope ratio in the
product at that fraction reacted, and R is the isotope ratio in the
product at the reaction end point. For high-fraction reacted
samples (>50%), the isotope effect was also determined from
substrate and end point samples using eq 3:

log(1—f)
(1 _f)Rs:|

KIE =
log{ R

(3)

where Ry is the isotope ratio in the remaining substrate at
[ fraction reacted and Ry is the same as described above. This
value was corrected for incomplete isotopic incorporation as
determined by mass spectrometry with eq 4:

KI Eobserved -1

KIE =1
corrected + 1 = KIEobserved (1 — €)

(4)

where e is the isotopic enrichment of the heavy sample. This
equation assumes a negligible amount of heavy isotope in the
light sample (27).

Since kinetic isotope effects are ratios of rates, the geometric
mean and standard deviation are the correct statistics for
describing the data. However, the arithmetic and geometric
means and standard errors were equivalent for these sets of data,
and for the sake of clarity, the arithmetic versions are presented.
The means and standard errors were similar whether each
measurement was treated as independent or whether multiple
trials with the same reactant mix at the same time were averaged
and treated as a single measurement. The total number of trials is
listed with each value.

Hydrolysis Kinetics. The rate effect of the 2'-deoxyadeno-
sine substitution in CCApcb was determined in side-by-side
reactions. Reactions were started via addition of '/, volume of
10x ribosome reaction buffer. The reaction was quenched via
addition of 4 volumes of FLB.

The overall solvent isotope effect was determined via replace-
ment of H,O in the reaction mixture with D,O. Since the
radiolabeled CCApcb and 10x reaction buffer were kept in
H,0, the reaction mixture contained 85% D,O.

In all cases, plots of fraction reacted versus time fit to a single
exponential (eq 5):

[ =(fa=fo)d=e75 ) 11 (5)

where fis the fraction reacted at time ¢, f.. is the fraction reacted
extrapolated to infinite time, f; is the fraction reacted at time zero,
and kg, is the observed rate of hydrolysis. For the 2'-deoxy
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reactant, less than 20% reacted within approximately 3 days.
Therefore, the fraction reacted at infinite time was fixed to the
same value as for the ribose reactant.

Computation of Transition States. Transition state struc-
tures for the hydrolysis and aminolysis reactions that reproduced
the experimental KIEs were determined in vacuo using hybrid
density functional methods implemented in Gaussian03 (28)
using the model tetrahydro-4,5-dihydroxy-2-(methoxymethyl)-
furan-3-yl 2-acetamidopropanoate. Structures of the transition
states were optimized and the frequencies computed on the
optimized structures using the three-parameter Becke (B3)
exchange functional, the LYP correlation functional, and the
standard 6-31G(d,p) basis set. The 5'-methoxy group and the
reaction center were constrained during the optimization, and
many of these constraints were modified to match the experi-
mental KIEs.

Kinetic and equilibrium isotope effects (KIEs and EIEs,
respectively) were calculated from the computed frequencies
using ISOEFF 98 (29). KIEs and EIEs were calculated at
298 K, and the frequencies were scaled using a factor of
0.964, corresponding to the B3LYP/6-31G(d,p) basis set. All
vibrational modes were used to calculate isotope effects. We
generated geometric and electrostatic models by iteratively
optimizing the transition states by modifying the applied con-
straints until the computed isotope effects closely match the
experimental KIEs. Isoeff98 uses an imaginary frequency of
50i cm™" as a cutoff for calculating KIEs versus EIEs. KIEs
were calculated when the magnitude of the imaginary frequency
which contained some contribution from the reaction coordinate
was greater than 50i cm ™', indicating partial bond orders.
Conversely, when significant or full bond orders were observed
at the transition state, either a small (imaginary frequency
of <50i cm™") or no imaginary frequency was observed corres-
ponding to the reaction coordinate. In this case, the transition
state was treated as an intermediate and equilibrium isotope
effects were calculated. Experimental KIEs predicted full bond
orders for the hydrolysis reaction with the transition state
resembling the tetrahedral intermediate. The hydrolysis reaction
was therefore modeled as an intermediate, and EIEs were
matched to the experimental KIEs. The aminolysis reaction
had experimental KIEs that suggested partial bond orders;
therefore, it was modeled as a transition state, and KIEs were
calculated. The final model that is consistent with the experi-
mental KIEs had multiple imaginary frequencies. All frequencies
were used for calculating KIEs.

The natural bond orbital (NBO) calculations were performed
on optimized structures by including the pop = nbo keyword in
the route section of input files. The molecular electrostatic
potential (MEP) surfaces were calculated by the CUBE sub-
program of Gaussian03. The formatted checkpoint files used in
the CUBE subprogram were generated by constrained geometry
optimization at the B3LYP level of theory with the 6-31G** basis
set. MEP surfaces of the substrate and the transition states were
visualized using Molekel4.0 at a density of 0.008 electron/ay’.

RESULTS

Measurement of Isotope Effects by the Remote Label
Method. Kinetic isotope effects can be used to determine the
structure of the transition state of a chemical reaction (reviewed
in refs 20 and 21). To conduct these studies, reactants must be
prepared that differ only in the isotope at a particular position of
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interest. The rate effect for a single isotopic substitution is related
to the change in bond order of that atom between the ground
state and the transition state. If several substitutions are made
individually, the change in bond order of each atom can be
determined and a complete map of the transition state can be
constructed. A synthetic strategy amenable to isotopic substitu-
tion was developed for a compound that mimics the peptidyl-
tRNA that is bound to the ribosome during protein synthesis
(22, 23). To improve our understanding of its reactivity to
nucleophilic attack, kinetic isotope effects were determined for
the uncatalyzed hydrolysis and hydroxylaminolysis of this sub-
strate. These reactions mimic peptide release and peptide elonga-
tion reactions catalyzed by the ribosome, respectively.

Because heavy atom kinetic isotope effects are generally very
small (usually a few percent or less), it was impractical to
determine them by independently measuring the reaction rates
of the substituted and unsubstituted compounds. Instead, a
competitive reaction was employed, in which the two compounds
were mixed and the isotope effect was determined by the relative
enrichment of one compound in either the substrate or product.
The compound with the faster-reacting isotope was enriched in
the product and depleted in the substrate, and the opposite was
true for the slower-reacting isotope.
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FIGURE 2: Histogram of "*C kinetic isotope effects on aminolysis. The
data set fits to either a log-normal (shown) or normal distribution.
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Since the two compounds were present in the same reaction
mixture, a remote radiolabel was used to differentiate them.
The substituted and unsubstituted molecules were labeled at
the 5'-end with a phosphate containing either **P or **P. Since
the emission energies of the two radiolabels differ by approxi-
mately 7-fold, they can be distinguished by scintillation
counting. An added benefit of this strategy was the flexibility
of labeling either compound with either radioisotope. There-
fore, the isotope effect was measured by pairing the light
isotope with *?P and the heavy isotope with **P, and again by
pairing the heavy isotope with *°P and the light isotope with
3P. This radiolabel pair was previously used to determine a
kinetic isotope effect on a 4-thiouridine synthase ribo-
zyme (30). The ease of labeling with polynucleotide kinase
and the availability of two radioisomers of phosphorus make
this radiolabel pair particularly useful for the determination
of kinetic isotope effects for enzymes with oligonucleotide
substrates.

To evaluate the precision and reproducibility of the assay,
we determined the primary isotope effect (**C substitution at
the carbonyl carbon) 33 times for the aminolysis reaction. A
histogram of the data is consistent with a log-normal distribu-
tion as expected for repeated measurements of ratios
(Figure 2). Furthermore, repeated trials on different days gave
the same effect within error. Measurements at different frac-
tions reacted, as well as using either substrate or product to
determine the isotope effect, all gave the same effect. Finally,
the isotope effects due to the purification and counting
procedure or for the remote label were also within the error
of the experiment.

Reaction Pathway of Hydrolysis of CCApcb. A simple
mechanism for hydrolysis involving only the formation and
breakdown of a tetrahedral intermediate was used as a frame-
work for interpreting isotope effects (Figure 3). The observed
isotope effect is dependent on the individual effects on &y, k_q,
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FIGURE 3: Possible reaction mechanisms of CCApcb. (A) Hydrolysis. Attack by hydroxide ion or base-catalyzed attack of water results in the
formation of a tetrahedral intermediate. Breaking the ester C—O bond resolves the intermediate into products. In some cases, the intermediate
resolves back into reactants. (B) Aminolysis. Amines can attack as neutral species, and the zwitterionic state may be a stable intermediate as
shown. Alternatively, one or more steps may be concerted. Because NRHj is generally a better leaving group than RO™, the intermediates will

often partition back to substrates.
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FIGURE 4: Measured isotope effects. Shown are the means and standard deviations, with the number of trials in parentheses, for (A) hydrolysis by

water and (B) aminolysis by hydroxylamine.

and k,, as well as the partitioning of the intermediate (k»/k_1)
(eq 6) (31):

KiE,, - KIEL KIE: + (ko/k-))(KIE- )

KIE_, 1 +hy k-

(6)

where KIE, is the isotope effect on step n. If the intermediate
partitions exclusively forward, then the observed isotope effect is
equal to the isotope effect on k. If the intermediate usually
partitions back to reactants, the observed effect is equal to the
equilibrium effect (KIE;/KIE_;) multiplied by the kinetic effect
on breakdown (KIE,). While it is possible that the reaction
mechanism is more complicated [especially for aminolysis (see
below)], kinetic isotope effects report on only the highest-energy
transition states. Therefore, information about multiple steps can
be obtained only if they are at least partially rate-limiting (32).
Kinetic Isotope Effects on Hydrolysis of CCApcb. Kinetic
isotope effects on hydrolysis were determined at pH 8.5 for
substitution at the carbonyl carbon and oxygen, the 2'- and
3'-oxygens, and the hydrogen of the amino acid a-carbon
(Figure 4A). The measured kinetic isotope effect for the carbonyl
180 substitution is 4.0%. This effect reports on the tetrahedral
character of the transition state; the carbonyl bond changes from
near double-bond order to near single-bond order in a tetrahedral
intermediate. To the best of our knowledge, this is the largest
carbonyl "0 effect reported for a reaction of a carboxylic acid
ester. For the hydrolysis of methyl formate, methyl benzoate, and
p-nitrophenyl acetate, carbonyl '*0 isotope effects near zero have
been observed (31—33). However, effects of 1.8 and 2.4% have been
reported for the hydrazinolysis of methyl benzoate (3/) and
methanolysis of phenyl benzoate (34), respectively. Isotope effects
at other positions indicated those transition states were relatively
late. Therefore, the isotope effects would be expected to be larger for
a nearly tetrahedral transition state. Calculations for a model sub-
strate indicate the isotope effect reaches a maximum of approxi-
mately 5% for the tetrahedral intermediate. This strongly suggests
that the transition state for CCApcb hydrolysis is highly tetrahedral.
The observed effect for deuterium substitution at the amino
acid a-carbon is 4.1% inverse (the heavy isotope reacts faster).
This effect is also largely dependent on the tetrahedral character
of the transition state. The effect is derived from the loss of
hyperconjugation between the 7 electrons of the carbonyl double
bond and the o* antibonding orbital of the C—H bond. Loss of
the 7 electrons in a tetrahedral-like transition state increases the
strength of the C—H bond and leads to an inverse isotope effect.
Previous calculations for addition to an aldehyde estimated the
most inverse isotope effect is approximately 4% for an extremely
tetrahedral transition state (corrected to one deuterium sub-
stitution) (35). The calculations performed here yield a similar
result, with a most inverse value of 4.9%. The comparatively

large inverse isotope effect measured here indicates a significant
tetrahedral character to the transition state in agreement with the
carbonyl *0 effect.

Interpretation of the 2/~ and 3'-'%0 effects is complicated by
isomerization of the ester between 2'- and 3'-linkages. By NMR,
the ratio of 2'- to 3'-linked ester was determined to be approxi-
mately 3:7, in agreement with previous measurements for similar
compounds (26, 36). Therefore, the 3'-'%0 effect is primarily
derived from being the leaving group, while the 2'-'30 effect is
primarily from being vicinal to the leaving group. If the hydro-
lysis rate of the 2'- and 3'-linked isomers is the same, then the
3'-180 isotope effect is a weighted average of the leaving group
and neighboring group effects. The leaving and neighboring
group effects can then be deconvoluted from the 2'- and 3'-effects
and the equilibrium ratio determined by NMR.

The 3'-"%0 effect on hydrolysis is 0.6%; this corresponds to a
0.8% leaving group effect. This effect is near the maximum
isotope effect expected for the leaving group if formation of the
tetrahedral intermediate is rate-limiting (3/). There is some
double-bond character in the ester bond due to resonance with
the carbonyl oxygen; the loss of that resonance in a tetrahedral
transition state leads to an isotope effect of as much as 1%. Effects
ranging from 0.1 to 0.9% have been observed in systems where
formation of the tetrahedral intermediate is the dominant rate-
limiting step (31, 37). The comparatively large value observed
indicates the transition state is largely tetrahedral, in agreement
with the other KIEs measured. The maximum isotope effect from
breakdown of the tetrahedral intermediate has been estimated to be
6—8% (31, 33). Therefore this step must not contribute substantially
to the observed isotope effect, or the transition state for this step is
early in breakdown, close to the tetrahedral intermediate.

The 2-"*0 effect is primarily derived from its role as the
neighboring hydroxyl group. This hydroxyl group increases the
rate of hydrolysis of CCApcb by approximately 30-fold (data not
shown), similar to the rate enhancement in similar molecules
(15, 38). This effect was not observed for lysine-tRNA, possibly
because of the different aminoacyl group (39). The contribution
of the 2'-hydroxyl could be due to orientation effects, proton
transfer, or stabilization of the transition state through hydrogen
bonds (38, 40). The 2'-"*0 effect is 0.4%, which corresponds to a
0.3% neighboring group effect.

The primary carbonyl "*C isotope effect is 4.5%. This effect is
derived from a number of factors: a decrease in ester C—O bond
order, a decrease in carbonyl C=0 bond order, and the forma-
tion of the C—O bond to water. Even the formation of the C—0O
bond to water can lead to a normal effect due to reaction
coordinate motion. The large normal effect is inconsistent with
an early transition state, before there is significant bond order to
the nucleophile.
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FIGURE 5: Transition state structures. Electrostatic and geometric models of each state are shown side by side in the same orientation. A single
transition state is shown for the sake of clarity; the actual reaction pathway is likely to be more complicated. (A) Hydrolysis of CCApcb proceeds
through a transition state strongly resembling the tetrahedral intermediate, with an increase in negative charge on the carbonyl oxygen. (B) The
aminolysis transition state exists during breakdown of the tetrahedral intermediate, with partial C—O bond breakage and an increase in negative

charge at the carbonyl and 3’-oxygens.

To assess the movement of protons at the transition state, the effect
of substituting HyO with a high concentration of D,O was deter-
mined. The measured solvent isotope effect (ky,o/kp,o) at 85% D,O
was 1.6 + 0.5. Transition state hydrogen bonds in the reactions of
serine proteases, amidohydrolases, and papain range from approxi-
mately 1.7 to 4.0 (41). Therefore, the effect observed here, while small,
could be derived from a hydrogen bond that is stronger in the
transition state than the ground state. The overall effect was too small
to determine the solvent isotope effect as a function of D,O to the
accuracy required to determine the number of protons involved.

As a complementary approach, isotope effects were also
correlated to the structure of the transition state by starting with
a hypothetical structure and predicting isotope effects computa-
tionally. The structure was then varied until the calculated
isotope effects match the measured ones. The transition state
of the hydrolysis reaction was determined using the model shown
in Figure 1B. The small 3'-'*0 experimental KIE of 0.6% for the
hydrolysis reaction suggests that the O3'—C bond is fully intact at
the transition state, and the near-maximal '®0 experimental KIE
0f4.0% for the carbonyl oxygen indicates substantial bond order
to the nucleophile. This suggests that transition state of the
hydrolysis reaction is close to the tetrahedral intermediate. To
create a model that matched the measured isotope effects,
the transition state was constrained such that there is full bond
order between the primary carbon and nucleophile. Therefore,

the models of the transition state for the hydrolysis reaction
were generated by optimization of structures as intermediates.
The transition state models corresponding to tetrahedral or
near-tetrahedral transition states gave no imaginary frequencies
corresponding to the reaction coordinate. The single imaginary
frequency that was observed corresponded to movement of
atoms at the 5-end of ribose, well removed from the reaction
center. In subsequent optimizations, the transition state was
modeled as an intermediate and EIEs were calculated. The
applied constraints were modified further to produce EIEs that
closely matched the experimental KIEs. The transition state
structure obtained for the hydrolysis reaction by this method
closely resembled the tetrahedral intermediate with full bond
order to the nucleophile and no cleavage of the 3'-O—C
bond (Figure 5A). The transition state structure has a C—OH
bond length of 1.61 A (Table 1). The primary carbon is sp*®!
hybridized, and the carbonyl bond mimics a single bond with a
length of 1.39 A. Concomitant delocalization of the carbonyl &
electrons results in a significant increase in negative charge at the
carbonyl oxygen. The bond between the primary carbon and 3'-O
is slightly elongated; the 3'-O—C bond length is 1.43 A at the TS
compared with 1.35 A in the ground state.

The validity of this computational approach has been quanti-
tatively examined for the epoxidation of alkenes (42). While
calculations of nonstationary states produce errors in frequency



3874  Biochemistry, Vol. 49, No. 18, 2010

Hiller et al.

Table I: Comparison of Experimental and Theoretical Isotope Effects and Geometric and Electronic Changes in Representative Models of the Reactant and
the Transition State for the Hydrolysis Reaction Calculated Using the B3LYP/6-31G** Basis Set

bond properties

isotope effects

bond length

bond order RS carbon carbon

position experimental  calculated  bond type RS TS  change’ A(o—0*) hybrid® content (%) TS hybrid” content (%)
carbonyl carbon  1.045+0.003 1.045 C—OH - 1.61 - - - sp*¥! 29.5
carbonyl oxygen  1.040 40.005 1.040 Cc-0 121 1.39 —0.896 sp'?? 33.9 sp> ¥ 36.8
3-oxygen 1.006 4 0.003 1.006 Cc-03 135 143 —0.036 sp>° 30.5 sp>® 29.0
a-deuterium 0.959 +0.002 0.959 C-H 1.10 1.10 0.075 sp>10 64.3 sp>%® 60.1

“Calculated by subtracting the number of electrons occupying the o* orbital from the number occupying the o orbital and listed as the change between the
reactant state (RS) and the transition state (TS). For the carbonyl bond in the RS, electrons in both ¢ and 7 bonds were added. “Hybridization of the carbon

atom. ‘Contribution of the carbon atom to the bond in percent.

determinations, the average deviation between experimental and
calculated bond distances was 0.05 A. It was proposed that the
low-frequency modes were most likely to be in error, and these
modes do not contribute significantly to the isotope effect. In the
case of the hydrolysis reaction here, a single imaginary frequency
of 74i cm™' was observed corresponding to the movement of
the 5'-methoxy functional group of ribose. This frequency most
likely arises from the constraint of this part of the molecule and
does not contribute significantly to the calculated isotope effects
(Supporting Information). The lack of an imaginary frequency
corresponding to the reaction coordinate will introduce some
error into primary isotope effects (for instance, the carbonyl
carbon effect determined here). However, the structure determined
by calculation fits the qualitative aspects identified by comparison
with previously studied reactions. Therefore, the true transition
state is likely to be similar to the structure calculated here.

Kinetic Isotope Effects on Hydroxylaminolysis of
CCApcb. The full set of kinetic isotope effects was also
determined for the nucleophilic attack of hydroxylamine on
CCApcb at pH 8.5 (Figure 4B). The amino group of hydroxy-
lamine is a much better nucleophile than water, and a signi-
ficant increase in the rate of CCApcb decomposition is indeed
observed. It has been reported that the hydroxyl group of
hydroxylamine can also act as a nucleophile (43, 44). To assess
this possibility, '?°C NMR spectra under several reaction condi-
tions were recorded (Figure 6A). At long time scales, virtually
all CCApcb is converted to a product at 170 ppm, with the
remainder being hydrolyzed by water. Even if the hydrolysis
product were initially formed, we expected that over this time scale
it would all convert to the aminolysis product, which is thermo-
dynamically preferred. A ferric chloride test was used to confirm that
this is the case (Figure 6B). The aminolysis product is a hydroxamate,
which forms a complex with iron upon addition of ferric chloride
(45, 46). The characteristic absorbance of this complex in the 450—
500 nm range is indeed observed. The same *C NMR peak is also
observed at a short time point, indicating that both the initial (kinetic)
product and the final (thermodynamic) products are from amino-
lysis. A small amount of product resulting from hydrolysis by water is
also observed, but there is no evidence of attack by the oxygen of
hydroxylamine. This is consistent with a previous report of a single
product observed by thin layer electrophoresis whose mobility was
consistent with the aminolysis product (/3). At the concentrations
of hydroxylamine used in this study, aminolysis occurs more than
35-fold more rapidly than hydrolysis by water (J. Shaw and R. Green,
personal communication). Therefore, the isotope effects were derived
overwhelmingly from the aminolysis reaction.

(A) Hydrolysis
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FIGURE 6: (A) >C NMR of the hydroxylamine reaction. (1) Starting
material (CCApcb)in 5% formicacid. A doublet is expected from the
2’- and 3'-isomers. The two smaller peaks appear at low pH. (2)
CCApcb allowed to hydrolyze at pH 8.5 for 1 day before the addition
of 5% formic acid. (3) CCApcb reacted with 500 mM hydroxylamine
for 1 day before the addition of 5% formic acid. (4) CCApcb reacted
with 250 mM hydroxylamine for approximately 1 min before the
reaction is quenched with 5% formic acid. All peaks in spectrum 4 are
identified as the reactant, the water hydrolysis product, or the
hydroxylamine aminolysis product. (B) Identification of the 170 ppm
peak as the aminolysis product by a ferric chloride test. Spectra of
unreacted CCApcb (green) and the product of CCApcb and hydro-
xylamine (blue) after addition of ferric chloride. The peak for ferric
chloride alone (red) is at ~350 nm. The aminolysis product of
CCApcb is a hydroxamate, which forms an iron complex with
characteristic absorbance around 450 nm.

A plausible mechanism for aminolysis is shown in Figure 3. An
extra step is depicted since amines can attack as a neutral species,
forming a stable zwitterionic intermediate. Because hydroxyl-
amine is a better leaving group than the 3'-oxygen, the tetra-
hedral intermediate could resolve back into reactants instead of
products (32). If the partitioning ratio strongly favors breakdown



Article

Biochemistry, Vol. 49, No. 18, 2010 3875

Table 2: Comparison of Experimental and Theoretical Isotope Effects and Geometric and Electronic Changes in Representative Models of the Reactant and
the Transition State for the Hydroxylaminolysis Reaction Calculated using the B3LYP/6-31G** Basis Set

bond properties

isotope effects

bond length

bond order RS carbon TS carbon
position experimental  calculated  bond type RS TS change” A(o—0*)  hybrid”  content (%)  hybrid”  content (%)
carbonyl carbon  1.027 £0.005 1.030 C-N - 1.330 - - - sp>47 37.3
carbonyl oxygen  1.037 +0.007 1.037 Cc-0 121 1370 —0.898 sp'? 33.8 sp>7° 37.5
3-oxygen 1.029 4 0.006 1.029 Cc-03 136 1.643 —0.217 sp>>? 30.3 sp>¢7 26.5
a-deuterium 0.962 40.008 0.964 C-H 1.10  1.10 0.008 sp 4 63.2 sp>3? 62.4

“Calculated by subtracting the number of electrons occupying the o* orbital from the number occupying the o orbital and listed as the change between the
reactant state (RS) and transition state (TS). For the carbonyl bond in the RS, electrons in both ¢ and 7 bonds were added. “Hybridization of the carbon

atom. ‘Contribution of the carbon atom to the bond in percent.

into reactants, the observed isotope effect is equal to the product
of the equilibrium effect on formation of the tetrahedral inter-
mediate and the kinetic isotope effect on its breakdown. This
behavior has been observed for other aminolysis reactions with
good nucleophiles (37, 37).

The 3'-"%0 effect was determined to be 2.9% (Figure 4B). Since
the 3'-oxygen is the leaving group for only one of the two isomers
of CCApcb, this number represents a lower bound for the leaving
group '*0 effect. Regardless, this effect is significantly larger than
that for hydrolysis and is too large to be due to the decrease in
bond order in a tetrahedral transition state. Instead, this effect
must be derived from the breaking of the ester C—O bond.
Leaving group isotope effects of 4.1 and 6.2% have been
measured for hydrazinolysis of methyl benzoate and methyl
formate, respectively (37, 37). In both cases, breakdown of the
intermediate was rate-limiting. The large normal effect indicates
that either C—O bond breakage is concerted with C—N bond
formation (unlike the mechanism shown in Figure 3) or break-
down of a tetrahedral intermediate is rate-limiting.

A small normal effect of 0.7% was observed for the 2/-'30
substitution. Since this includes a large normal factor from the
case in which the 2'-oxygen is the leaving group, it is likely that
the neighboring group is inverse. The vicinal hydroxyl effect
determined from deconvolution is inverse 0.9%. This is a small
effect relative to the error in the measurement (0.4%), and the
rates of aminolysis of the two isomers may not be equal.
However, this result may indicate a prominent role for the
2'-hydroxyl in the aminolysis reaction.

The carbonyl '*O and o-deuterium isotope effects are 3.7%
and inverse 3.8%, respectively. While somewhat lower than the
maximum expected for a tetrahedral transition state, these effects
demonstrate there is substantial sp® character to the aminolysis
transition state. This is inconsistent with a concerted reaction.
The combination of the leaving group '®0, carbonyl '*0, and
a-deuterium isotope effects indicates that significant but not
complete breakdown of the tetrahedral intermediate has occurred
at the transition state for aminolysis.

The carbonyl carbon isotope effect of 2.7% is consistent with
the other isotope effects measured. The large normal effect for
bond breaking outweighs the small inverse equilibrium effect on
the formation of the tetrahedral intermediate.

As with the hydrolysis reaction, a transition state model was
varied until the calculated isotope effect matched the experimen-
tally determined ones. In contrast to hydrolysis, the aminolysis
reaction has a large 3'-'%0 KIE of 2.9%, suggesting that there is
significant cleavage to the 3-O—C bond at the transition state.

Matching calculated KIEs to the experimental values gave a
transition state model for the aminolysis reaction that occurs late
along the reaction coordinate (Figure 5B). There is full bond
formation between the primary carbon and the attacking nucleo-
phile with a bond length of 1.33 A (Table 2). The rate-limiting
step is cleavage of the 3'-O—C bond, which has a Pauling bond
order of (.73 at the transition state.

Several imaginary frequencies were observed for this model
which did not correspond to reaction coordinate motion. As
discussed above, these frequencies are likely due to the use of
external constraints. Most of these modes do not contribute
significantly to the observed isotope effect; however, the largest
imaginary frequency has a significant effect on the predicted
carbonyl *C KIE and was included in the KIE calculations
(Supporting Information) (42).

DISCUSSION

Transition States for Hydrolysis and Aminolysis of
CCApch. To construct a map of the transition state of the
uncatalyzed hydrolysis reaction, kinetic isotope effects were
determined at several positions at the reaction center. Two
different methods were used to correlate observed kinetic isotope
effects with transition state structure. First, the observed effects
were compared with previously studied reactions. Second, the
observed effects were matched to calculated effects for a given
transition state structural model. On the basis of these methods,
the transition state for hydrolysis of the ribosomal substrate
CCApcb very closely resembles the tetrahedral intermediate.

Formation of the tetrahedral intermediate is generally rate-
limiting for ester hydrolysis, as observed by isotope exchange,
structure—reactivity studies, and kinetic isotope effects (16, 47). If
formation of the intermediate is rate-limiting in CCApcb hydro-
lysis as expected, the transition state determined here is extremely
late in that step. This is consistent with the Hammond—Leffler
postulate, since the tetrahedral intermediate is higher in energy
than the reactants. However, this behavior was not observed for
the alkaline hydrolysis of either methyl benzoate or methyl for-
mate. Both transition states were early, based on small deuterium
and carbonyl "0 isotope effects (37, 48). This may be due to
other structural differences compared with the previously studied
esters, for instance, the presence of a 2/-hydroxyl.

In contrast to hydrolysis, the transition state for hydroxyl-
aminolysis of CCApcb occurs during the breakdown of the
tetrahedral intermediate. This behavior has often been observed
for the reaction of esters with good nucleophiles (37, 32, 37).
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The carbonyl '®0, carbonyl 1*C, and o-deuterium effects indicate
the reaction is stepwise, with full formation of the bond to the
nucleophile preceding scission of the bond to the leaving group.
This is likely due to the leaving group; stepwise reactions have
also been observed for methyl formate and methyl benzoate, even
with hydrazine as a nucleophile (37, 37), while p-nitrophenyl
acetate reactions are often concerted (32). The pK, of p-nitro-
phenol (approximately 7) is much lower than those of phenol
(10), ribose (12), and methanol (15). The improved leaving group
character of p-nitrophenol destabilizes the tetrahedral structure
such that it is no longer a stable intermediate. This is not the case
for CCApcb, which conforms to an at least two-step process even
with a good nucleophile.

Implications for Release Factor-Catalyzed Hydrolysis.
The hydrolysis of CCApcb is chemically identical to peptide
release, the final step of protein synthesis catalyzed by the
ribosome. This analysis of a model hydrolysis reaction could
provide insight into how this reaction is promoted on the
ribosome. Recent structures of 70S ribosomes bound to release
factors have shown the three-dimensional arrangement of func-
tional groups in the product state (7—9). However, the mechan-
ism of catalysis is still not clear. The main chain amide of
glutamine in the release factor GGQ motif is within hydrogen
bonding distance of the 3'-oxygen and therefore has been
hypothesized to stabilize the leaving group (7). A similar mecha-
nism has been proposed for the Ras protein, which hydrolyzes
GTP (49). Because uncatalyzed phosphodiester bond cleavage
is believed to pass through a dissociative transition state (50),
stabilizing the leaving group oxygen (which carries a significant
negative charge in the transition state) is a potent catalytic
strategy. However, the transition state for hydrolysis deter-
mined here is associative, with little charge on the leaving
group and instead a buildup of negative charge on the carbonyl
oxygen (Figure 5). On the basis of models of the 70S ribo-
some with a transition state inhibitor built into the active site, it
was also proposed that the glutamine main chain amide group
could stabilize the carbonyl oxygen (7). Since this is the location
of the buildup of negative charge in the transition state, this
mechanism is more likely to be important for catalysis. This
is analogous to serine proteases, for which the enzyme stabi-
lizes the transition state carbonyl oxyanion with hydrogen
bonds (51—54).

Implications for Ribosomal Peptide Bond Formation.
Peptide bonds are formed by the nucleophilic attack of the
a-amino group of aminoacyl-tRNA on the carbonyl carbon
of peptidyl-tRNA. The ribosome increases the rate of this
reaction by approximately 10’-fold versus the rates of similar
uncatalyzed reactions (55). Several mechanisms for this rate
enhancement have been suggested, including substrate posi-
tioning, electrostatic stabilization, and a role in coordinating
proton transfer (55—60). Measurement of the Bronsted coeffi-
cient and kinetic isotope effect of the nucleophile indicated the
transition state for ribosomal peptide bond formation differs
from that for uncatalyzed aminolysis reactions (J, 6). A com-
parison of the transition states for ribosomal peptide bond
formation and uncatalyzed reactions will be necessary to
determine the extent to which chemical catalysis by the
ribosome supplements substrate positioning to increase the
reaction rate. If the ribosome is responsible for improved
proton transfer or for stabilizing particular aspects of the
transition state, we expect that the structure of the transition
state will be significantly altered.

Hiller et al.

The transition states for aminolysis of several esters have been
determined previously (3/—33, 37, 48). However, none of the
esters studied contain a vicinal hydroxyl, which is crucial for
ribosomal peptide bond formation. Because inclusion of this
functional group increases the rate of hydrolysis, it is difficult to
measure kinetic isotope effects for aminolysis by a molecule similar
to the A-site tRNA. Instead, a better nucleophile, hydroxylamine,
was used to ensure the transition state being determined was for
aminolysis and not hydrolysis. This results in a later transition
state, since nucleophilic attack is not rate-limiting (as it may be for
the uncatalyzed attack of A-site tRNA). While this is clearly a
weakness of this model system, the measurement of a transition
state for aminolysis of a true ribosomal substrate containing a
vicinal hydroxyl is an important addition to the previous measure-
ments of similar aminolysis reactions.

For uncatalyzed reactions, it is not believed that the 2'-hydroxyl
participates directly in catalysis through donation or abstraction
of protons. However, it is possible that in the context of the
ribosome, the 2-hydroxyl plays a more significant role that could
be observed through kinetic isotope effects. In fact, the 2'-hydroxyl
contributes at least 10°fold to peptide bond formation and as
much as 1000-fold to peptide release in the context of the ribo-
some (4, 39), while uncatalyzed reaction rates are generally
increased only 30-fold (15, 40).

It has been hypothesized that the ribosome promotes the use of
the P-site tRNA 2'-hydroxyl as a proton shuttle (4, 56, 57). In this
mechanism, the 2'-hydroxyl removes a proton from the nucleo-
philic nitrogen while simultaneously donating its proton to
another site. If, as in hydroxylaminolysis, breakdown of the
tetrahedral intermediate is rate-limiting, then the proton could be
directly transferred to the leaving group. Alternatively, in an
earlier transition state such as that observed for hydrolysis, the
proton may be transferred to the carbonyl oxygen. In either case,
the atom being protonated should have a less normal isotope
effect than would otherwise be expected.

In the future, kinetic isotope effects of the ribosome-catalyzed
reactions can be compared with those of the previously studied
aminolysis reactions lacking the vicinal hydroxyl and with those of
the reaction studied here including the vicinal hydroxyl but with a
better nucleophile. Differences in the transition states of these
reactions will illuminate the role of the ribosome in catalysis.
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