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Peptide bond formation by alkyl ester aminolysis is a very slow Chart 1

reaction and requires a proton transfer catalyst in order to proceed OH

at a measurable rateAs a three-molecular reaction, it involves a /_/

large entropy loss which accounts for the extremely slow rates. o o H‘\Q

During protein biosynthesithis entropy problem is solved by 0...~/H o i

binding of the two substrates and the catalyst in a proper H™..NH, H \-NI{IZ

configuration, which transforms the slow three-molecular reaction

into a very fast intracomplex one. This could mean that the ribosome 1a 1b

provides favorable configurational entropy for efficient catalysis

by the proton transfer catalysthe 3-terminal adenosine’2DH Table 1. Calculated Reduction of AG*, AH*, and TAS* of the

; PP ; ; ; Reference Aminolysis Reaction 1a by an Intramolecular Pro-S
of the peptidyl tRNA. The verification of this hypothesis requires Attack of syn-d-NF, (2a), an Intramolecular Participation of

studies of both the ribosome and model systems. The currentsyn-2-0H (1b), and Their Combined Effect (2b), Associated with
mechanistic proposals are dominated by the idea of the ribosomethe First, Second, and Rate-Determining Transition States TS1,
being a template for entropic activation only without providing TS2. and RDTS

acid—base catalytic groupstere, we report on computational and TS1 TS2 RDTS
experimental studies of intramolecular aminolysis reactions, cata- AAG* AAH TAAS AAG* AAH TAAS AAG* AAH TAAS
lyzed by a vicinal OH group. They were designed as model a0 0 0 0 o 0 o 0 o
reactions (Chart 1) of the ribosome intracomplex aminolysis in order 55 g5 —-10 -75 110 33 -7.7 65 —10 -75
to find support for the crucial role of the'-8rminal adenosine b 225 263 38 81 102 21 159 175 16
2'-OH of the peptidyl tRNA as acidbase catalyst in the ribosome ~ 2b 328 292 -3.6 169 118 -51 247 191 -56
peptidyl transfer.

Quite recently we reported a computational study of the . ) . N .
mechanism and energetics of the simplest model of the reaction Charagterlsncally, in the first transfltlon staf&1, the reductl_on
naturally catalyzed by the ribosomthe ammonolysis of - of AAG* induced pysynOH catalysis (22.5 kcgl/mol fotb) is
formyl 1,2-ethanediol (Chart 1). The favored pathway predicted MOre than thr_ee times larger than the reduction caused by the
by calculations is a stepwise addition/elimination in which addition Intramolecularity of thed-NH, attack (6.5 kcal/mol foRa). The
and elimination are coupled wiyn2-OH-assisted proton shutting ~ combined proximity effect of the two groups is synergistic (32.8
to maintain the neutrality of the tetrahedral intermediate formed. Kcal/mol for2b). On the contrary, the proximity effect sfyno-
The model substraté is designed to possess enantiotopic rather NHz in the second transition staléS2 is even higher than that of
than diastereotopic re and si faces of the ester carbonyl and theSyn2-OH, and their combined effect is almost additive (Table 1).
amine attack produces R and S transition states/tetrahedral inter- Thus, the calculated variations AAG* match the effect of the
mediates with the same energy and mirror-image structures. To{ransition state proton transfer geometsyggesting a domination
model the intramolecularity of the ribosome aminolysis reaction, Of syn2-OH proton shuttling catalysis in the acceleration of the
we now study the aminolysis of @-6-aminovaleryl 1,2-ethanediol ~ aminolysis. This conclusion is supported by the variation of the
2, in which the NH group is an integral part of the substrate and calculated enthalpic and entropic contributidnsH* and TAAS*
attacks the pro-S face of the ester carbonyl (Chart 1) as does(Table 1). Actually, the entropic contribution in both the first and
probably o-NH, of the aminoacyl tRNA during the ribosome second transition states @a aminolysis exceeds the enthalpic
reaction3® The calculations were performed at the B3LYP level contribution due to the unfavorable direct proton transfer in the
with the 6-31G(d,p) basis sét. absence of theynOH assistancéOn the contrary, the enthalpic

Our reference reaction is the ammonolysis dd-fermyl 1,2- contribution to the reduction of the free energy of the two transition
ethanediol with an anti-oriented 2-Ok& (Chart 1), in which neither states inlb and2b is 2—6 times larger than the entropic contribution
2-OH nor 0-NH, can exert a proximity effect. The calculated (Table 1) due to the effectiveyn2-OH-assisted proton shuttlirfg.
reduction of the activation Gibbs free energy of the reference Therefore, the driving force for the acceleration of the model
reactionAAG*, caused by the proximity effects in the addition aminolysis reaction is the proton shuttling catalysissy2-OH.

and elimination transition stateBS1 and TS2 of the stepwise The experimental determination afH* and AS* requires
mechanism, is shown in Table 1. The design of the substrates allowsdissection ofAG* into enthalpy and entropy contributions. How-
us to calculate the individual contribution ®8AG* of (a) the ever, this cannot be done fAIG* determined in aqueous solutions
intramolecular attack ofynd-NH, 2a, (b) the intramolecular because of the enthalpyentropy compensation in waterthe
catalysis bysyn2-OH 1b, and (c) the combined action sf/n2- measured values contain contributions fradils and AS;, that
OH andsynd-NH; 2b (Chart 1). cancel out inAG* but may obscure measurekH* and AS*. On
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0.10 OH group. To the best of our knowledge, this is the first unequivocal

experimental evidence for efficient chemical catalysis of adenosine

ester aminolysis by its’2DH group in a nonribosomal reaction.
The dramatic difference in the aminolysis rate of the adenosine

3 Addition of 0.5 equiv. Et,N

0.08 4 and deoxyadenosine esters approaches the large difference in
J reactivity of peptidyl tRNA and its'2deoxy mutant in the ribosome
fragment reactiof.The parallel change in the reactivity of the model
0.06

and ribosome reaction, however, do not necessarily imply that the
ribosome provides a microenvironment resembling that of a polar

"-f T & T aprotic solvent. However, as established by molecular dynamic
.‘:.0_04_ PivO A simulation studie§,enzymes and particularly the ribosome use
g kojl preorganized polar electrostatic environment to catalyze the cor-
o 4 3a responding reactions. The observed time course of our bioorganic
= ? o-H model reactions indicates that the non-hydrogen-bonding polar
0.02 nBzNH A&\ organic solvent acetonitrile is the simplest model of the ribosome
polar electrostatic environment of the rate-limiting transition state.
| After the formation of the ribosomesubstrate complex, each
0.00 A of the ribosome substrates becomes an integral part of the ribosome
0 2 4 6 8 10 12 and the participation of substrate acidase groups in the catalytic
time, hours process is possible. This reminds us of the formation of a
Figure 1. Time course of the intramolecular aminolysis (lactamization) in holoenzyme from an apoenzyme and coenzyme, the latter being
acetonitrile at 25°C of 0.1 mmol trifluoroacetate of 'B'-O-(c-N-p- the ribosome and peptidyl tRNA, respectively. Recent studies of

nitrobenzoy! ornithinyl) 5O-pivaloyl adenosineb and deoxyadenosine  ribosome-substrate crystal structufégeveal that the 20H of
3a to a-N-p-nitrobenzoyl cyclic ornithine after addition of 1/2 equiv of the peptidyl tRNA 3terminal adenosine hydrogen bonds to
EtN. aminoacyl tRNAa-NH; and is the only functional group positioned

the basis of such experimental data, the ribosome has beento act as a general base. The deleterious effect of its removal on

considered as an entropy tr&On the other hand, the computer rlftzo;c,gn?eticitalfy;?sang t:e (i:inrzggtlcbch?\?g;rllnrthet?ralnlolySIS rartte
simulation approaches predict a larger contribution of the solvation ftlsii r?if(iec:nt gata(la filc ?olc; sin substc;atsee asesistg der?booso?nyesggtzcl) sis
entropy AS,, than of the solute configurational entrogySox 9 y ) ysIS.

considered here. The authors, however, do not mention the ratio Acknowledgment. Supported by grants from the National
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with the decrease in the activation energy of the rate-limiting  Supporting Information Available: Computational details and

transition stat?AAG* (Table 1). The difference between the values data, synthesis and characterization of the substrates, and description

for intramolecular aminolysis of B-6-aminovaleryl 1,2-ethanediol  of the kinetic experiments. This material is available free of charge

with (2b) and without ga) participation of 2-OH is 18.2 kcal/mol,  via the Internet at http://pubs.acs.org.

which corresponds to a more than billion-fold (22 10%) rate

acceleration. In order to check this prediction of the theory, we

prepared 23'-O-(o-N-p-nitrobenzoylt-ornithinyl) 5-O-pivaloyl
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