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ABSTRACT. The ribosome is the macromolecular machine responsible for protein synthesis in all cells.
Here, we establish a kinetic framework for the 50S modified fragment reaction that makes it possible to
measure the kinetic effects that result from isotopic substitution in either the A or P site of the ribosome.
This simplified peptidyl transferase assay follows a rapid equilibrium random mechanism in which the
reverse reaction is nonexistent and the forward commitment is negligible. A normal effect (1.009) is
observed fo5N substitution of the incoming nucleophile at both low and high pH. This suggests that the
first irreversible step is the formation of the tetrahedral intermediate. The observation of a normal isotope
effect that does not change as a function of pH suggests that the ribosome promotes peptide bond formation
by a mechanism that differs in its details from an uncatalyzed aminolysis reaction in solution. This implies
that the ribosome contributes chemically to catalysis of peptide bond formation.

The ribosome is the ribonucleoprotein complex responsible isotopic atom as the reaction proceeds. Consequently, KIEs
for protein synthesis in all cells. Th&scherichia coli provide information necessary to predict the TS of chemical
ribosome is a 2.5 MDa enzyme consisting of 3 RNA reactions, including those catalyzed by enzymes (reviewed
molecules and 52 proteins. The ribosome catalyzes peptidein refs 6—11). A comparison of KIE results for similar
bond formation, a polymerization reaction in which mes- catalyzed and uncatalyzed chemical reactions provides
senger RNA (MRNA) serves as the template and amino- information about how an enzyme promotes the chemical
acylated transfer RNAs (tRNAs) serve as the substrates. reaction.

Binding to and stabilizing the transition state (TS) in A KIE can be measured by isotopically labeling reactive
preference to either the substrate or product is a fundamentafunctional groups in the substrates and determining the
strategy employed by enzymes to promote chemical reactiong'€lative reaction rates of the heavy and light substrates by
(1). Because the catalytic power of an enzyme comes from competitive methods, in which labeled and unlabeled sub-
the interaction of enzyme and TS structures, defining the Strates are mixed and compete for reactiti?).(The isotopic
peptidyl transferase TS is essential to understanding how theratio can be measured by whole-molecule mass spectrometry,
ribosome enhances the rate of peptide bond formation. Theand the KIE can be calculated from the change in isotopic
most definitive approach to characterize the TS is the composition of the unreacted starting material over the course
measurement of kinetic isotope effects (KIE{R—5). of the reaction.

Changes in the reaction rate upon isotopic substitution arise  The elongation phase of protein synthesis, in which amino
from changes in vibrational states between the ground stateacids are added to the C terminus of a growing polypeptide
and TS in a chemical reactios)( The magnitude of the  chain, is a multistep process involving several protein factors.
isotope effect is related to the change in bonding to the The chemical reaction catalyzed by the peptidyl transferase
center consists of attack by tkkeamino group of the A-site
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(3-5)-cytidylyl-(3'-5)-N°,N°-dimethyladenosyl-3amino-3-deoxy-3- of protein synthesisi@). Alternatively, a single-turnover
L-phenylalanine; CCApcb, CC-gbiotinyl-e-aminocaproyk-phenyl- - 5553y that utilizes puromycin as the A-site substrate and a

alanyl)A; CCA\-Phe-pchb, cytidylyl-(35')-cytidylyl-(3'-5')-N°,Né-di- .
methyladenosylamino-3-deoxy-3-phenylalanine-phenylalanine-caproic ~ Prebound tRNA as the P-site substrate has been developed
acid-biotin; [K,, acidity constant. (14). This assay avoids rate-limiting accommodation, but it
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Ficure 1: Schematic of the modified fragment assay. The substrates are on the left, and the products are on'&a{ght-°Phe and
CCApcb undergo a ribosome-dependent reaction in which a peptide bond is formed betweemtim® group of->1*CCA\-5Phe and the
carbonyl carbon of CCApch. The products of the reaction are deacylated CCAHaCAy-1°Phe-pcb. Substraté1*CCAy-Phe and
CCA\-Phe are identical t8>1"CCAy-1%Phe shown here except that the heavy-atom substitution is not presentcetathmo group of
either of these substrates and GERhe has no heavy atom substitutions. Theyidine and the penultimate cytidine mimic C74 and C75
of the tRNA, respectively.

is also not suitable for measuring KIEs. The translational group of CCA-Phe attacks the ester bond that links the
cofactor EF-G mediates movement of the peptidyl tRNA into phenylalanine-caproic acid-biotin with the CCA, to produce
the ribosomal P site leading to complete commitment to a new amide bond. Under single-turnover kinetic conditions,
catalysis, which would mask any KIEs on the chemical step the reaction proceeds with a single-exponential decay ap-
for the P-site substrate. In principle, the isotope effect for proximately 300-fold slower than the 70S assag, (27).
the A-site substrate puromycin could be measured under pre-Greater than 95% of the limiting substrate is converted to
steady-state conditions, but generating sufficient material for product @1). It appears that no steps are slower than the
mass spectroscopic analysis under these conditions wouldchemical step in the 50S assay based on two observations.
be prohibitive. Like the 70S assay, the reaction rate is highly dependent on
We anticipated that isotope effect measurements on thepH and shows two acidity constantKy) values in the
ribosome would be challenging because of the large size ofreaction pH profile, both of which are within one pH unit of
both the enzyme (2.5 MDa) and its substrates; therefore, wethe values observed in the 70S assay (K. Okuda, A. C. Seila,
selected a more simplified system for the analysis. Model and S. A. Strobel, manuscript submitted}i. Second, when
reactions that simplify the mechanism have been used toa hydroxyl is substituted for the-amino group of puromy-
measure KIEs on many enzymds{19). An ideal system  cin, the reaction rate decreases 20- and 200-fold in the 50S
for determining the KIE on peptide bond formation would and the 70S assays, respectively (A. C. Seila and S. A.
include the following features: (i) the reaction coordinate Strobel, unpublished data)4). This difference in aminolysis
must be simplified, and all steps prior to the chemical step and alcoholysis rates is consistent with what is seen in the
must be completely reversible; (i) the substrates must be nonenzymatic reactior2@). Thus, this system appears to
small and amenable to chemical synthesis for incorporation provide our best chance of successfully applying KIE
of specific isotopic substitutions; and (iii) the reaction must analysis to the characterization of the ribosomal peptidyl
be performed under multiple turnover reaction conditions to transferase reaction.
generate sufficient material for whole-molecule mass spec- In this paper, we establish a kinetic framework for using
trometry analysis. the modified fragment assay in KIE measurements. We
On the basis of these criteria, we developed a modified determine whether substrate binding is random or ordered,
fragment assay in which 50S ribosomal subunits alone and we measure both the forward and reverse commitments
catalyze peptide bond formation between two small synthetic to catalysis. We then demonstrate the feasibility of the KIE

substrates that mimic the A- and P-site tRNA§)( In this approach for peptidyl transferase TS analysis by character-
assay, cytidylyl-(35)-cytidylyl-(3'-5')-Né,N¢-dimethyl- izing a heavy-atom nitrogen substitution at the A-site
adenosyl-3amino-3-deoxy-3-L-phenylalanine (CCA-Phe), substratex-amino group. A small normal isotope effect was

an amide-linked puromycin derivative, and CCA-phenala- observed at pH values both above and below tigq the
nine-caproic acid-biotin (CCApcb) serve in place of the A- primary amine. The implications of this observation are
and P-site tRNA, respectively (Figure D1j. Thea-amino discussed.
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MATERIALS AND METHODS fraction reacted= (0.97)(1— e *+0.0013)) ‘\where 0.97 is the

. . reaction endpoint, 0.0013 is the background rate of hydrolysis
Materials. CCApcb was synthesized by Dharmacon Re- ., CCApcb, and is time.

search, Inc. The A-site substrate cytidylyl-8)-3-amino-

3-deoxy-3-L-phenylalanylN°,N°-dimethyladenosine, G of both CA-Phe and CCApcb to give a family of plots for

Phe, and CCA-Phe, are puromycin derivatives in which the - o0 of the two substrates as described by S&g The
O-methy! tyrosine is replaced with phenylalanine and the 5 45 \yere fitted to the HanesVoolf equation to distinguish

end has been extended by one or two cytidine nucleotide(s),; anid equilibrium random mechanism from an ordered
respectively 1>15CCA\-1%Phe is an analogue of CGAPhe pic &q

Experiments were performed at multiple concentrations

that has two remote labels on the dytidine and oné>N mechanism

substitution at thex-amino group.'>**CCAy-Phe has two K

external labels on the' &ytidine but no'®>N substitution at ] __1 [ + Mapp (1)
the a-amino group. The'®N remote labels are at the N3 v .

o . . ; MaXpp MaXpp
position and the exocyclic amine of the C. All puromycin

derivatives were prepared as described in Okuda €28). ( yhere [ is the concentration of the varied substratés
All buffers and salts including MES, MOPS, Tris, sodium  ha jnitial velocity,Ky,,, is the apparent Michaelis constant,
monophosphate, ammonium chloride, magnesium acetategpq Vinax,, IS the apparent maximal velocity. The initial
and magnesium chloride were purchased from Sigma/Aldrich e |ocity of the reactions at multiple concentrations of A

Inc. Phe and CCApcb were measured to give a family of plots
Preparation of 50S Ribosomal SubunifS ribosomal  for both CA\-Phe and CCApcb. The data were analyzed to
subunits were isolated frork. coli strain MRE600 by a  determine if the reaction followed an ordered or random
procedure modified from Lodmell et al24). A total of 20 mechanism Z6).
g of cells was grown under forced aeration in @ 10 L Forward Commitment to Catalysi¥he forward commit-
fermentor to a cell density of 0-80.9 Aggo in liquid media ment to catalysis for both CGAPhe and CCApch was
containing 100 g of Tryptone-peptone, 50 g of yeast extract, determined using pulse-chase reactions. Reactions were
and 100 g of NaCl. Bacteria were harvested by centrifuging performed in 25 mM MES, 25 mM MOPS, 50 mM Tris, 7
at 780@ for 10 min. Cells were stored in 320 g aliquots mM MgCl,, 160 mM NHCI at 37 °C. The MES, MOPS,
at—80°C. and Tris (MMT) buffer system was chosen to allow for a
The 50S ribosome subunits were prepared according towide pH range without having to control for buffer effects.
Rodnina and Wintermeyer, with the following modifications In these experiments, CGAPhe served as the A-site
(25). The ribosomes were incubated in 20 mM Tris, 60 mM substrate. In the A-site substrate pulse-chase experiments, 9
NH,CI, 5.25 mM MgOAc, 0.25 mM EDTA, and 3 mM M 50S subunit, 13@M CCApcb, and reaction buffer were
2-mercaptoethanol for 36 h to allow 70S dissociation into  incubated 2 min at 37C. Trace 5-32P-radiolabeled CCA-
subunits before zonal centrifugation and collection of the Phe was added to begin the reaction. At timevhich varied
50S ribosomal peak. Ribosome concentrations were deter-depending on the pH of the experiment, unlabeled GCA
mined based on an extinction coefficient of 26N~ cm™. Phe (chase) was added to give a final concentration of 1
Initial Velocity Studies.Initial velocity studies were  mM. Samples were removed at intervals and quenched with
performed to determine if the reaction mechanism of the 3 times the volume of FLB. Substrates were separated from
modified fragment reaction is random or ordered. All products by electrophoresis on 12% acrylamidév urea,
reactions were performed in 50 mM MOPS buffer at pH 100 mM Tris-borate-EDTA (TBE) gels. To determine the
7.0, 200 mM NHCI, and 40 mM MgC}. All buffers were off rate for substrate binding, the “chased” reaction was
prepared as a6 stock. CCApch was'82P-end-labeled by ~ compared to a reaction in which no chase was added.
phosphorylation with T4 polynucleotide kinase anePtP]- Pulse-chase experiments for the P-site substrate were
ATP. A total of 90 nM 50S subunits and unlabeled \(¢A  performed as follows: %M 50S ribosomal and 90@M
Phe at varying concentrations inclbuffer were incubated =~ CCAw-Phe were incubated under the same conditions as the
at 37°C for 1 min prior to the start of the reaction. Variation A-site substrate above. Trac&%3P-radiolabeled CCApch
of the incubation time at 37C (the ribosome activation step) was added to begin the reaction. At 1 min, unlabeled
from 1 to 10 min did not affect the overall reaction rate. In CCApcb (chase) was added to give a final concentration of
a separate tube, unlabeled CCApcb was mixed with trace 900 uM. Samples were removed at intervals and quenched
5'-32P-radiolabeld CCApcb inst buffer. Substrate mix (R) with 3 times the volume of Tris-MES FLB. Gel conditions
was added 1:1 to ax2 enzyme mix to begin the reaction. were the same as in the initial velocity experiments above.
Aliguots were removed at specific intervals and quenched Pulse-chase experiments for both GERhe and CCApcb
with 3 times the volume of Tris-MES FLB (90% formamide, were performed at pH 5.2 and 8.5.
50 mM Tris-MES at pH 6.5, 0.04% bromophenol blue, and  Reverse Commitment to CatalysiShe irreversibility of
0.04% xylene cyanol). The substrate and product were the reaction was established by incubating 50S ribosomal
fractionated by electrophoresis into 12% acrylamide, 7 M subunits with the products of the modified fragment assay,
urea, 50 mM Tris-NakPQ;, at pH 6.5 gels, cooled to 4C. cytidylyl-(3'-5")-cytidylyl-(3'-5')-N8,N¢-dimethyladenosyl-3
The substrate and product were quantitated by phosphor-amino-3-deoxy-3-L-phenylalanina—phenylalanine-capro-
imager analysis on a Storm Imaging System 820 (Molecular ic acid-biotin (CCA-Phe-pcb) and CCA. All reactions were
Dynamics). The reaction ratk)(was determined by plotting  performed in the buffer system described above for forward
the fraction of reacted substrate versus time using Kaleida-commitment studies. A total of @M 50S subunits and
graph software and fit to the single-exponential curve, unlabeled 0.5 mM CCA in & buffer were incubated at 37
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°C for 1 min prior to the start of the reaction’-3P-end- of the isotope effect to the isotopic composition is given by
labeled CCA-Phe-pcb was added to begin the reaction.
Samples were removed at intervals and quenched in FLB 15Nr
(90% formamide, 0.04% bromophenol blue, and 0.04% 12
xylene cyanol). The substrate was separated from the product log N,
by electrophoresis using 12% acrylamideM urea, 100 mM 15N0
TBE gels. T

Determination of KIEs by Electrospray lonization Mass sV [P Ny +1 (@
Spectrometry (ESIMS). 15N KIEs were determined for K| T\ 15 @)
peptide bond formation using competitive methods and 1+ -2
whole-molecule mass spectrometry. GEPhe and>* CCAy- 1 0

15Phe were mixed in approximately equal amounts to give a log{ (1 — 1) 15\
pool of the A-site substrate. The isotopic composition of the 14— "
initial substrate was determined by purifying 5 nmol of the N,
A-site substrate (starting material) on an Agilent Technolo- i
gies XBD-Gg reverse-phase HPLC column. A total of 10 where>Ny/*“N, is the isotopic composition of the substrate
mM triethylamine acetate (TEAA) at pH 6.5 was used as prior to the reactionN,/*N; is the isotopic composition

the mobile phase for all HPLC purifications. Substrates and remaining after partial reaction, afids the fraction reacted
products were separated by HPLC using a gradient of (28). Because heavy-atom KIEs are smal-@%), the
0—30% acetonitrile over 30 min followed by an isocratic change in the isotopic ratios betwe®N,/2N, and**Ny/**N,

run for 10 min at 30% acetonitrile. is also small 12). Increasing the fraction reacted increased

Experiments were performed to determine the change inthe change in the ratio but also decreased the amount of
the isotopic composition as the reaction progressed. Thematerial left for analysis 0¥N,/24N, Whole-molecule mass
A-site substrate (20 nmol) was added to 30 nmol of CCApcb, spectrometry requires about 5 nmol of material, which
MMT buffer, 7 mM MgCk, and 160 mM NHCI at 37°C. precludes a high fraction reacted. Therefore, exact measure-
The 50S ribosomal subunits (4.81) were added to begin  ment of the precision in the substrate-starting and end-point
the reaction. Once the reaction had proceeded to greater thanatios was critical.

50% reacted, it was quenched by addition-&0 mM EDTA Spectra were collected for an extended period of timEs(
followed by HPLC purification and lysophilization under the  min), providing a list of intensities with 5661000 data
same conditions as the starting material. The fraction reactedpoints.15(V/K) was estimated using eq 2. At a low fraction
(f) was determined by dividing the area of the product peak reaction £90%), the variance iA%(V/K) is dominated by
(CCA\-Phe-pcb) by the sum of the 2 peak areas, GCA the variance irp (29).

Phe and CCA-Phe-pch. (VIK) was estimated using eq 2, whé?s,/**N, and**Ny/

Mass spectrometry was used to determine the isotopic'N, were estimated using standard ratio estimation methods
composition of the initial substratéNo/“No, and the sub- (30, 31). Approximate estimators for the bias and the variance
strate remaining after partial reactio®N,/*N;,. A-site of 15(V/K), which are valid for large samples, were derived
substrate HPLC fractions for both the starting material and from eq 2. Because the sample sizes were greater than 500,
reaction were frozen and lyophilized to dryness. The purified these estimators provided highly accurate estimates.

A-site substrate was desalted by multiple rounds of lyo-  3V/K) was determined for multiple reactions. The overall
philization. Substraté>N/!“N ratios were analyzed on an estimate of%V/K) was obtained by averaging the individual
Applied Biosystems PE SciEX API 3000 triple quadrupole sample ratio estimators. The estimate of the variance
mass spectrometer with an electrospray ion source<{ESI 15(V/K) for all samples at a particular reaction condition,
MS). For ESHMS analysis, samples were resuspended in Vary3(V/K), was computed by

1:1 10 mM TEAA/acetonitrile and injected by direct infusion

at a rate of 1QuL/min. Single-ion monitoring was used to V) 12 oV

measure the ion intensities at the M¢ 1050.3), M+ 1 Varg |~ = —ZZ)Varl - 3)

(Mz 1051.3), M+ 2 (m/z 1052.3), M+ 3 (m/z 1053.3), M KIW nff= K

+ 4 (M/z1054.3), and M+ 5 (m/z 1055.3) peaks. The same . .
procedure was used to determine the isotope effect due to From the experimentally determined values of the remote-

the remote labels alone using a mixture of the substratesﬁ?n?o't IS/EKS’ r;mm(};/ K),dand thﬁ triple-label izOtQIOe_ effectr,]
CCAy-Phe and'SLCCAy-Phe. ThelsN/UN ratio for the . (V/K), the effect due to heavy-atom substitution at the

triple-labeled molecule 1$1CCAL-15Phe/CCA-Phe) was o-amino group was calculated acco_rding to eq 4, which
computed by calculating the (M 3)/M ratio, while the'>N/ assumes that the rule of the geometric mean hdias33).

1N ratio for the double-labeled molecul& {-CCAy-Phe/ a.remot
CCAN-Phe) was computed by calculating the (v2)/M *VIK) = M
ratio. remRV/K)
Data Analysis.The 5N isotope effect on the ribosomal

reaction was measured using the internal competition methodAll calculations were performed using the software package
and whole-molecule mass spectrometry. Isotope effectsR.? A more detailed description of the statistical procedure
measured by competitive methods can be determined fromWwill be published separately.

the change in the isotopic ratio of either the substrate or the
product 7). When the substrate is analyzed, the relationship 2 www.R-project.org.

(4)
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TS Modeling. To understand the implications of the
observed KIE on the TS structure, we performed a compu-
tational study utilizing a model aminolysis reaction that
included ammonia, formic acid, and four water molecules.
An in vacuo TS was determined at the density functional
level [B3LYP/6-3H-G(d,p)] using Gaussian 98's implemen-
tation of the synchronous transit-guided quasi-Newton
method, using ammonia and formic acid as the starting
molecules and the zwitterionic tetrahedral intermediate as
the products34, 35). The*N isotope effect for this model
TS was calculated at 298 K, from the Gaussian-derived force
constants, using 1soeffo&6). 1000 -500 0 500 1000 1500

We investigated the hypothesis that the ribosome utilizes .
general base catalysis to deprotonate the incoming nucleo- [A-site] pM
phile concomitantly with carbonnitrogen bond formation
by calculating the expected isotope effects for TS structures
in which the nitroger-hydrogen bond length is increased
in a stepwise fashion. We applied a constraint to gradually
separate the nitrogen and one hydrogen atom of the amine
and reoptimized the TS structure for eight-N distances
ranging from 1.035 to 1.11 A. KIEs were calculated for each
of these new TS structures using 1soeff@®)(

>

[A-site]x10°/v uM-min”

w

0.6 : : ,
A A-site

04

1

0.2

RESULTS

Determination of a Rapid Equilibrium Random Mecha- 02 . . 1
nism. The extent of bonding in the TS can be determined -20 -10 0 10 20 30
from the magnitude of the intrinsic isotope effect. The [P-site] UM

observed isotope effect for a competitive reaction has been o . o

defined by Northrop as FIGURE 2: Kinetic parameters for peptide bond formation in the
50S ribosomal subunit. The substrate concentration dependence of
[substratel is presented in HanedVoolf plots. Thex value at

[P-site]x10°/v uM-min’

15 P+ (o CrKeq which the lines intersect gives ti&, value for that substrate. (A)
(\_K/) = “1tctc (5) Reaction rate was determined at varying concentrations qf-CA
GTG Phe at multiple fixed concentrations of CCApcbuBl (O), 9.5

uM (0O), and 11.2uM (<). [CAn-Phe] was divided by the reaction
where 15(V/K) is the observed isotope effectk is the (rjatte ) a”dd ?'0“991 against [I%Phe]- f(géﬁe%ﬂ'?” r|a{'[e| Wf?"‘s J
SR : ; etermined at varying concentrations o pcb at multiple fixe
mtnnsu_: |sqtope effectc is the.forward commlt.ment 10 Sncentrations of CAPhe, 100uM (O), 200 uM (0J), 330 uM
catalysis ¢ is the reverse commitment to catalysis, aag (<), and 50QuM (x). [CCApch] was divided by the reaction rate

is the equilibrium isotope effecBY). Determination of the  (») and plotted against [CCApch].
commitment in both the forward and reverse directions is
required to elucidate the relationship between the observedor ordered mechanisnky, measurements for each of the
and intrinsic isotope effect. The kinetic experiments described two substrates were performed under multiple-turnover
below establish the framework for KIE studies on both the kinetic conditions. The A-site substrates, CERhe and
A- and P-site substrates. CAn-Phe, have specificity for the ribosomal A site, while
The peptidyl transferase reaction was shown to be ir- the P-site substrate, CCApcb, can bind both the ribosomal
reversible by incubating the modified fragment assay prod- A and P sitesZ1). Initial velocity measurements were made
ucts with 50S ribosomal subunits.Kf.emfor a given reaction under conditions in which the A- and P-site substrates are
is irreversible under the reaction conditions, then the observednot saturating. This eliminates inhibition of the reaction by
isotope effect is independent of any rates or isotope effectsimproper binding of CA-Phe to the ribosomal P site and
for all steps following the chemical ste@®). To test the CCApcb to the ribosomal A site. Initial rate measurements
reversibility of the 50S assay, products were incubated with were made by varying the concentration of &Rhe at
50S ribosomal subunits for as long as 6.5 h. No substratemultiple fixed concentrations of CCApcb.
was observed following this incubation, suggesting that the Hanes-Woolf plots were used to determine if the sub-
reverse reaction is negligible (data not shown). Although we strates follow an ordered or random mechani®®).(The
cannot fully eliminate an on-enzyme reverse commitment, family of plots for both substrates intersect in the same
we expect that it is small because of the fast rate of product quadrant, suggesting that the modified fragment reaction
release. follows a rapid equilibrium random mechanism. When [EA
Whether substrate binding is random or ordered defines Phe] is varied at fixed concentrations of CCApcb, the family
how the KIE analysis is performe@8). During the elonga-  of plots cross in quadrant Il (Figure 2A). When [CCApchb]
tion cycle of protein synthesis with full-sized tRNAs, is varied at multiple fixed concentrations of G#he, the
substrate binding follows an ordered mechanism where thefamily of plots also intersect in quadrant Il (Figure 2B). This
P-site tRNA is always bound before the A-site tRNA. To suggests that the observed isotope effect will not decrease
determine if the modified fragment assay follows a random at high substrate concentrations, as would occur in an ordered
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mechanism. These plots were not used to determin&ghe A.
values for the two substrates because of the noise in the data,
but under single-turnover conditions, tKg, for CAy-Phe

is 300 uM and theKy for the enzyme when CCApcb is
limiting is 3 uM (data not shown). ThK&y of both substrates 08| -
remains the same at 40 mM MgGind 7 mM MgC}, and t
it does not change as a function of pH. The values obtained

from the multiple-turnover data are in agreement with the 06 - l ]
04 y

single-turnovekKy values. Product release is fast relative to
the chemical step in the multiple-turnover reaction because
the rate of peptidyl transferase under single- and multiple-
turnover kinetic conditions is the same (data not shown).
The extent of forward commitment was determined for 0.2 1
each substrate. The forward commitment for a reaction
decreases the observed isotope effect and can be determined
by pulse-chase experiments. The results for the A-site 0 5 10 15
substrate CCA-Phe showed that the radioactive product does
not form after chase addition. This indicates that the rate of
substrate dissociation is fast relative to the slowest step of B.
the reaction (Figure 3A). The results for CCApcb also show

fraction reacted

time(min.)

. . . 0'8 T T T T
a very fast off rate for substrate binding with respect to the
slowest step of the reaction (Figure 3B). Varying the reaction 07} 3
pH did not affect the substrate dissociation rate for either
CCA\N-Phe or CCApchb (data not shown). This implies that 0.6 | G ]

at all pH values between 8.5 and 5.2 substrate binding to
the 50S ribosomal subunit has a low-energy barrier for both
CCA\-Phe and CCApcb with respect to the chemical step-
(s). These results are consistent with the relatively High

05 [ l 4
04

0500 o o o o o

fraction reacted

values for both substrates and the Idwy of product 031 i
formation (~3.8 mim* at high pH) @1). Because both the 02| _
forward commitmentd) and reverse commitment) are
negligible, eq 11 simplifies to 01+ 1
0 I 1 I I
15/ V) __ 15 0 1 2 3 4 5
HERS (6)

time (min)

. Ficure 3: Forward commitment to catalysis of the 50S ribosomal
such that the observed KIE(V/K), can be considered the subunit using pulse-chase experiments. (A) Fraction reacted versus

intrinsic KIE, k. This establishes the utility of this system  time is shown for a reaction in which M 50S ribosomal subunits
and these substrates for this type of detailed mechanisticwere combined with trace amounts of-f3P]CCAy-Phe. After 2
analysis. min, the reaction was diluted with 1 mM CGAPhe Q) or allowed

KIEs for Heayy-Atom Substitution at the-Amino Group to proceed without chas®j. These data show that there is no

. . .. significant forward commitment to catalysis. (B) Fraction reacted
of Puromycin.The long-term goal of this analysis is 10 \ersys time is shown for a reaction in which® 50S ribosomal
characterize the TS of the ribosome peptidy! transfer reaction subunits were combined with trace amounts df3g®]CCApch.

using heavy-atom KIEs at multiple positions within both After 1 min, the reaction was diluted with 0.9 mM CCApdb)(or
substrates. As a first step toward this goal, we studied the &llowed to proceed without chas®) These data suggest that the
A-site substrate with &N substitution at the nucleophilic forward commitment for the P-site substrate, CCApcb, is negligible.
o-amino group.

A potential difficulty in the determination of the isotope were incorporated into the Bytidine C74, which does not
ratio is that the mass difference between G&#he and participate directly in the chemical reaction and is not
CCA\-*®Phe is only 1 Da. Because this substrate is large involved in hydrogen bonding to the ribosomal A site. Any
(exact mass= 1049.28), there is a substantial ™ 1 peak effects that may arise from the presence of the remote labels
because of natural abundarié€. The M+ 1 peak intensity ~~ were controlled for using a trinucleotide with only the
for this substrate is predicted to be 48% of the M peak. As external labels®*CCAw-Phe.
expected, spectra of a mixture of CGRhe and CCA-*Phe Utilizing this system, the KIE fof®N substitution of the
showed that the M+ 1 peak due to the unlabeled substrate A-site nucleophile was determined at high pH (Table 1). The
overlapped with the M peak arising from the labeled a-amino group of CCA-Phe has alg, of 6.9; therefore, a
substrate. This made accurate E®IS analysis impossible.  pH well above this value was selected to avoid complications
To avoid this overlap, we increased the mass difference arising from an equilibrium isotope effect due to deproto-
between the heavy and light substrates. Two remote heavy-nation @0). At pH 8.5, the isotope effect fof15CCAN-1°>-
atom substitutions were incorporated in th¥-labeled Phe »remoig\//K) was 1.0055t 0.0011. Dividing by the effect
substrate, in a manner reminiscent of the remote-labeling of the remote labels alon€m™{V/K), gives an*(V/K) of
method 27, 33, 39) (Figure 1). The heavy-atom substitutions 1.0097 + 0.0012. At this pH, theo-amino group is
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Table 1: N Isotope Effects for the Ribosome as a Function of pH

pH a,remol((le)a remmiv/K)a “(V/K) lSk
5.2 1.0155+ 0.0023 (3) 0.989% 0.0003 (3) 1.025% 0.0039 1.0090
8.5 1.0055+ 0.0011 (4) 0.995& 0.0006 (4) 1.009% 0.012 1.0097

aNumber of determinations in parentheses.

deprotonated 14, 40, 41) and the observed isotope effect bond is formed between nitrogen and carbon. We applied a

can be considered the intrinsic isotope effég\/K) = %], constraint to gradually separate nitrogen and one hydrogen
such that'>k = 1.0097. Thus, the isotope effect is normal atom of the amine, mimicking the effect of a base pulling a
and within the range expected foNsubstitution (0.97 proton from the amine, and reoptimized the TS structure for
1.03). eight N—H distances, ranging from 1.035 to 1.11 A. Once

A normal 1N isotope effect was also measured for the each new TS structure with the proton at the differentHN
ribosome reaction at low pH (Table 1). At pH values below distances was locatet¥N KIEs were calculated. The results
the K, of the a-amino group, most of the substrate will be of the'>N KIEs for the structures where the-NH distance
protonated so was restrained showed a slight increase infineKIE as

the N—H distance was elongated (at 1.11%,c= 1.009).
15(\_/) _ 15k(15K q) @) Therefore, deprotonation of the primary amine simulta-
K € neously with formation of the tetrahedral intermediate

increases the observed isotope effect.
where 5(V/K) is the observed isotope effectk is the
intrinsic isotope effect, antPKeq is the equilibrium isotope DISCUSSION _
effect of proton dissociation. At pH 5.2, the isotope effect 10 measure KIEs on the ribosome, we developed and
for 181CCAN-1Phe, remoq\/K), was 1.0155+ 0.0023. characterized the modified fragment ass2d) (This peptidyl
Dividing by the effect arising from the remote labels alone, transferase assay utilizes two small substrates and 50S
remotq\//K), gives arf(V/K) of 1.0259+ 0.0039. As expected,  fibosomal subunits. The assay does not require the presence
the isotope effect increases as the pH is lowered, suggesting®’ MRNA, full size tRNAs, the 30S ribosomal subunit,
that the isotope effect¥(V/K), at low pH is due to both the ~ Organic cosolvent, or any GTP-dependent cofactors. Because
equilibrium isotope effectfKeg and the intrinsic isotope there is no codoranticodon interaction, accommodation is
effect (). The equilibrium isotope effect on deprotonation NOt rate-limiting. Both of the substrates are chemically
of the puromycina-amino group should be similar to the ~Synthesized, which makes them amenable to isotopic sub-
equilibrium isotope effect for phenylalanine, which was Stitution at any position on either substrate. The reaction
determined previously to be 1.01672. Substituting this ~ coordinate for this assay appears to consist of substrate

value into eq 8 give&k = 1.0090, the intrinsic isotope effect  Pinding, the chemical step, and product release. Because no
at pH 5.2. The difference in the intrinsic isotope effect at factors are necessary for translocation, the modified fragment

high and low pH is not statistically significant, but it is réaction can be performed under multiple turnover reaction

noteworthy that the intrinsic isotope effect is normal at both conditions. We have determined that the S0S assay follows
high and low pH. a rapid equilibrium random mechanism that the back reaction

TS ModelingAlthough we have determined only the KIE is negligibk_a and that the f.orward gommitment for both
for only one heavy-atom substitution, this value can still substrates is very sma!l. This establishes that the obse_rved
provide useful information to constrain possible models of KIES reflect the chemical step(s) of the reaction, which
the PT TS. Toward this goal, we performed a computational Makes the modified fragment assay well suited for TS
analysis of a model aminolysis reaction that included ana_ly5|s using isotopic substitutions within either the A- or
ammonia, formic acid, and four water molecules. In these P-Site substrate.
calculations, we assumed that the reaction passes though a As a first step toward characterizing the TS of the
tetrahedral intermediate and performed in vacuo unrestrainedibosomal peptidyl transferase reaction by KIE analysis, we
optimizations of the reactant and tetrahedral intermediate measured the effect of isotopic substitution at the A-site
structures. substratex-amino group by competitive methods and whole-

The linear quadratic synchronous transit-guided quasi- molecule mass spectrometry, at two different pH values, one
Newton method was used to locate the TS, given the reactantvell below and one well above th&pof the a-amino group.
and the tetrahedral intermediate as input structures. Vibra-Under both conditions, the isotope effect was normal (KIE
tional analysis, performed at the same level of theory, showed= 0.9%) and equal within experimental error.

a negative frequency (179 ci) of normal mode vibration Nonenzymatic ester aminolysis reactions are predicted to
in the direction of the nucleophilic attack, validating this proceed through a tetrahedral intermediat8, @4). Early
saddle point as the TS of the reaction under examination. studies by Jencks and co-workers showed that the aminolysis
The calculated>N KIE was found to be slightly normal  of methyl formate by many different amine nucleophiles
(1.006), consistent with an early TS structure in which there proceeds via general base-catalyzed attack of free amine at
is incomplete bond formation between the incoming nitrogen high pH (Scheme 1)4Q). As the reaction pH is lowered,
and the carbonyl carbon. there is a break in the pH profile, suggesting that there is a

We also explored the hypothesis that the ribosome utilizes change in the rate-determining step of the reaction. At high
general base catalysis by strategically placing a base thatpH, the amine attack stegk(in Scheme 1) is rapid and
could deprotonate the incoming nucleophile as the covalentreversible and trapping of this intermediate by general base-
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Scheme 1: Typical Aminolysis Reaction Mechanism
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catalyzed proton removal or a proton switch through water
(ks[B] in Scheme 1) is the rate-determining stédg)( At low

pH, the breakdown of the intermediate (n Scheme 1) is
rate-determining (refd3—47 and references therein).

5N isotope effect of 1.009 does not fit with a mechanism in
which ks is the first irreversible step. An inverse isotope effect
is also expected iks is the first clearly irreversible step in
the ribosome reaction. On the basis of the data available in

When a reaction passes through an intermediate, thethe literature, the limiting value fok;%ks*%s/*%k,'%k,, rate-

magnitude of the isotope effedfk) reflects isotope effects
on the individual steps, as well as the relative rates of
formation and decomposition of the intermediad8)( The
isotope effect is defined by

15k115k315k5 15k115k3{ ks )+ 15k( k3k5[B])
5%, Sk, \K(BHI "\kok[BH]

k| ks[B])
WBH Tk,

15 —

1+

8

where the superscripts refer to the nitrogen isotope, and the
subscripts refer to the steps as numbered in Scheme 1. If

ks[B] > k; in Scheme 1, the first irreversible stepkisand

the observed®N isotope effect is%;. If ks > k[BH] and
ks[B] < ko in Scheme 1k;s is the first irreversible step and
the observedN isotope effect iSk;1%a/*%,. Last, if product
release is faster thaks, ks < kjBH] and k, > kj[B] in
Scheme 1ks is the first irreversible step and the observed
15N isotope effect is'%; %k %s/1%,%k,. If more than one
step is partially irreversible, the observed isotope effect is a
combination of the above expressions.

The 1.009'*N isotope effect for the ribosome reaction is
consistent with a mechanism in whicky is the first
irreversible step of the reaction, particularly if deprotonation
of the primary amine was occurring at the same time as
formation of the intermediate. On the basis of results from
studies on the acylation of anilifék; should be in the range
of 1.004-1.000 @8). Computer modeling of the formation
of the zwitterionic intermediate in the ammonia/formic acid
model system minimized to an early TS in which there was
incomplete N-C bond order. The calculated isotope effect
for this TS is 1.006. Increasing the distance between the

limiting decomposition of the T intermediate, is ap-
proximately 0.990, the measured isotope effect for aminolysis
of methyl formate at pH 8 where breakdown of the T
intermediate is rate-limiting (re49 and below). Therefore,
the >N isotope effect measured for the ribosome reaction
suggests that the first irreversible step of the reaction is not
the breakdown of the tetrahedral intermediate. If more than
one step is partially irreversible, then the observed isotope
effect will be somewhere between the limiting values of
1.009-0.990. Considering that the observed isotope effect
is close to the upper limit, it is unlikely that multiple steps
are contributing to the observed isotope effect, but this
possibility cannot be excluded with the present data.

We also compared the incoming nucleophile isotope effect
of the ribosome reaction to the isotope effect measured for
two nonenzymatic ester-aminolysis model systems. Unlike
the ribosome reaction, the nitrogen KIE for the acylation of
aniline shows an inverse isotope effect of 0.996. The inverse
isotope effect suggests that this reaction passes through a
tetrahedral intermediate and that both formation of the
tetrahedral intermediate and its breakdown are contributing
to the reaction rate4@).

The N KIE for nonenzymatic aminolysis of methyl
formate by hydrazine has been measured at both high and
low pH. The observetPN KIE is 0.992 at high pH and 0.990
at low pH @9). This is consistent with deprotonation of:T
15, 15%s/1%,, being the first irreversible at high pH and
breakdown of the T intermediate to productsk;'5ks*%ks/
%,15%,, being the first irreversible step at low pHg, 50).
Unlike the aminolysis of methyl formate, the 50S assay
shows a normal intrinsic isotope effect at both high and low
pH, inferring that the first irreversible step does not change
as a function of pH.

The KIE is most consistent with a model in which

nitrogen and one proton increases the calculated isotopeformation of the tetrahedral intermediate is the first irrevers-

effect.

The observed KIE is inconsistent with other mechanistic
possibilities. If in the ribosome reactioky was the first
irreversible step, then the isotope effect is predicted to be
small and inverse, having a value of approximately 0.995.

ible step of the reaction and deprotonation of the amine is
occurring concurrently with intermediate formation. Con-
sistent with this conclusion, the estimated’Bsted coef-
ficient of the nucleophile for the peptidyl transferase reaction
is less than 0.2, which suggests there is little charge

This estimate of the observed isotope effect for deprotonationdevelopment on the amine in the T&l). This would occur

of the zwitterionic intermediatet®k;'%ks/*%,, is given by
multiplying 1.0167, for deprotonation of phenylalanine, by
0.979, the equilibrium isotope effect on zwitterionic inter-
mediate formation',/*%; (42, 48). Therefore, the ribosomal

if the increased N-C bond order was compenstated by the
decreased NH bond order. Thus, these two very different
approaches to TS analysis appear to be arriving at a similar
conclusion.
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Whether the ribosome enhances the rate of peptide bond 8.
formation entirely by proper substrate positioning or by
conventional chemical catalysis remains unresolved. Two

catalytic strategies have been proposed to give rise to the 10.

~10-fold rate enhancement for ribosomal peptide bond
formation (for reviews, see refsl—53). The first is that the

juxtaposition of the ester and amine by proper binding and 12

positioning of the A- and P-site tRNA is the only catalytic
contribution of the ribosomésd, 55). The second hypothesis

is that, in addition to substrate positioning, the ribosome
utilizes general base catalysis by a strategically placed base
in the active site 14). This base could deprotonate the
incoming nucleophile as the covalent bond is formed between 1
the nitrogen and carbon. The A76QH of the P-site tRNA
has previously been suggested to serve this role in the
ribosome reaction5g, 57). The fact that thé>N isotope
effect for the ribosome reaction differs from that of a

nonenzymatic aminolysis reaction suggests that proper 16

substrate alignment is not the only catalytic contribution by
the ribosome. 1

These results show that the 50S modified fragment assay
is a valuable tool for understanding the mechanism of

peptidyl transferase in the ribosome. We have successfully 18-

measured a KIE upofN substitution at the nucleophilic

amino group. This represents a rate effect resulting from a 19,

1 Da change in molecular weight within a RNArotein
complex of~1.5 MDa. Although, this measurement gives
no information on the extent of £ O bond cleavage at the
TS, systematic analysis of isotope effects at positions on the

P-site substrate will make it possible to completely character- 21.

ize the TS of peptide bond formation.
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