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ABSTRACT

In an earlier paper, using quantum mechanics we had investigated the
mechanism for peptide bond formation. The calculation was based on a
choice of 50 atoms assumed to be important in the mechanism. We used
density functional theory to optimize the geometry and energy of the
transition state (TS) for the peptide bond formation. That calculation pro-
vided the activation energy and mechanism for the TS reaction, but did
not consider its thermodynamic parameters. In this paper we calculate
entropy AS', enthalpy AH*, and free energy AG! for the TSreaction. Us-
ing transition state theory (TST) we calculate the rate constant for the TS
reaction based upon our calculated AG!. When the rRNA of the peptidyl
transfer center (PTC) is considered along with the reactants which pass
through it we find that both enthalpy and entropy contribute to the ca-
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talysis of the TS reaction.

INTRODUCTION

Theribosome catalyzesthe formation of the pep-
tide bond in the production of proteins. The precise
details of the mechanism which accomplishesthisca
talysishasnot until recently been known. Thecrysali-
zation of theribosomeandthe X-ray solution of itsstruc-
turd® providetheoverview ideaof themechanism, and
acongtraint towhich the atomic motionsof the mecha-
nismmust conform. Our suggestion for themechanism?
for formation of the TS givesitsatomic geometry and
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activation energy (E,). Beginning with the atomic coor-
dinatesof apair of amino acidsasthey wouldlierela
tiveto oneancther intheribosome, they arealowedto
react. Using quantum mechanics (QM) intheform of
density functiond theory (DFT) atrangition state (TS)
isfound for the reaction and the geometry and aquan-
titative E_ result. GivensuchaQM TSwethenrequire
that it be“fit” to theenvironment of theribosome. The
cal culated geometry was seen to accommodate wel | to
thephysical spaceavailableintheribosome PTC. The
2-fold symmetry of the PTC issuggestiveof arotary
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Figurel: Calculated activation parameter sat 25°C for (a) 2" order noncatalyzed (k) and (b) ribosome catalyzed 2™ order

peptidebond formation (k /K ,)

motion consistent therewith of theA-siteamino acid
moving towardsits partner P-siteamino acid. During
the course of the rotary reaction pathway the amino
acidsincrease the number of hydrogen bondsto the
rRNA nucleotides, which guidetheir motions. At for-
mation of the TS, theincreasein thenumber of hydro-
genbondsis33. Wepointed out that formation of these
3 hydrogen bondswould stabilizethe E, of the TS that
had been cal cul ated based upon the gas phase reac-
tion. If each H-bond had an average energy of 6 kcal/
mol, thetotd stabilization would be 18 kcal/moal.

At that time, we had not considered acal culation
of theentropy of formation AS* of the TS, and did not
consider thedestabilization of AS* afforded by the pres-
ence of the same 3 hydrogen bonds mentioned above,
which form between the TS and therRNA of itssur-

non

roundings. Inthispaper we calculatethat ASF and con-
Sider itsdestabilization by hydrogen bondstoitssur-
roundings. We compare our results to experimental
measuresof AS* carried out by Wolfenden et a .24 for
asimilar (but not exactly thesame) ribosomereaction.
The comparisons arereasonably good. The compari-
sonsof theory and experiment arefacilitated by recal-
ingtheexpressionsfor thereaction rate constantswhich
occur within Eyring’stransition state theory (TST)®,
and separately withinthe Michadlis-Menten equation!®.

RESULTS
Figure1 Cd culated activation parametersat 25°C

for (a) 2 order noncatalyzed (k ) and (b) ribosome
catalyzed 2™ order peptide bond formation (k_/K ).
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TABLE 1: Optimized geometry and vibrational frequencies
for thereactant moleculesshown in figure 1 calculated using
B3LYP/6-31+G** method

TABLE 1: Optimized geometry and vibrational frequencies
for thereactant moleculesshown in figure 1 calculated using
B3LYP/6-31+G** method

XYZ coordinates

Vibrational Frequenciesicm™]

N1 -0.047894 0.012978 -0.196683
Cc2 1.394250 0.018216 0.033329
C3 1.843146 1.469487 0.141707
o4 1.346880 2.391703 -0.474524
05 2.899250 1.605109 0.972449
C6 3.415096 2.939275 1.135001
(074 4.293254 3.408958 -0.052357
o8 5.614320 3.586312 0.475081
C9 5.434754 3.968798 1.842127
C10 4.381324 2.982292 2.356330
011 4.947906 1.727606 2.686804
012 2.238557 -0.684882 -1.055638
H13 6.390232 3.872114 2.360384
H14 5.080541 5.011087 1.910398
H15 3.875154 3.324377 3.261906
H16 2.569168 3.614095 1.283509
H17 3.918458 4.358519 -0.457289
H18 4.340595 2.674561 -0.859078
H19 5413217 1.380972 1.912118
H20 1.598723 -0.463102 0.995717
H21 -0.369110 -0.911701 -.467102
H22 1.928147 -1.731803 -1.138635
H23 3.306156 -0.669028 -.810604
H24 2.090773 -0.204424 -2.028929
H25 -0.290979 0.670951 -.933514

For case (a) the reactants are in gas phase. For case
(b) the reactants are positioned and oriented as they
would bein theribosome, and thustrand ational, rota-
tional, and el ectronic degrees of freedom are suppressed
and do not contributeto theentropy changeof the TS
reaction. Thefigureisquditaiveand not drawnto scae.
Thereactantsat bottom | eft are peptides ester bonded
to asugar ring, and thereactants at bottom right area
dipeptide attached to asugar ring and afree sugar ring
which hasreleased an ester bonded peptide, and ac-
cepted ahydrogen atom.

A description of the calculated thermodynamic
changes associ ated with the chemical reaction for the
formation of the peptide bond within and without the
circumstancesof theribosomeisorganizedinfigure 1.
In our model of the ribosome peptide bond TS reac-

1 2161 24 870.36 47 1402.02
2 37.26 25 887.23 48 1403.67
3 64.38 26 918.86 49 1430.11
4 78.84 27 938.03 50 1433.91
5 118.36 28 959.62 51 1496.61
6 201.33 29 1007.56 52 1499.29
7 226.08 30 1032.20 53 1505.93
8 243.50 31 1046.58 54 1510.87
9 250.58 32 1078.55 55 1642.92
10 262.87 33 1080.61 56 1791.99
11 291.67 34 1118.37 57 2985.04
12 33157 35 1154.37 58 3033.20
13 341.57 36 1160.11 59 3035.96
14 414.25 37 1193.55 60 3070.87
15 433.34 38 1207.98 61 3105.66
16 471.26 39 1251.76 62 3111.68
17 551.16 40 1258.62 63 3117.96
18 673.21 41 1266.34 64 3120.31
19 717.60 42 1274.24 65 3128.91
20 753.88 43 1317.56 66 3140.69
21 792.90 44 1347.59 67 3507.79
22 822.06 45 1351.29 68 3604.23
23 837.07 46 1380.27 69 3804.82

tion wetakethee ectronic, trandationa, and rotational
contributionsto entropy tobezero. That is,
AS, =AS;" =AS7 =0 )
The e ectronic contribution vanishes because the
reaction followsthe el ectronic ground state energy sur-
face, andtheeectroniclevelsarewidely spaced. The
trandaiona and rotationa contributionsvanish because,
intheribosome, thetrandationa and rotationa degrees
of freedom of the reaction are suppressed by their at-
tachment to tRNA moleculesat theA and Psites. There-
fore, the conditions of the ribosome environment re-
ducethechangeof entropy to that associated only with
thevibrationa degreesof freedom. That is,
ASy, =Sy, =S 2
Inview of equations 1 and 2 only thevibrational
frequenciesof the normal modesat the optimized ge-
ometriesfor the TS and reactants are required to ob-
tain the entropies. For one mole of molecules, thevi-
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TABLE 2: Theoretical and experimental thermodynamic pa-
rameters. Thechemical reactionscompared aresimilar, but
not exactly thesame

Thiswork (Figure 1)

Wolfenden et al.@
Kea/K m

859 M1t 10°M st
AG 14.8 kcal/mol 14.0 keal/mol
AH? 16.3 kcal/mol 16.0 kcal/mol
TAS 1.5 kcal/mol 2.0 keal/mol

brational entropy for anon-linear systemig”;

- ln(l - e_"B‘TJ ©)
-1

wherev isavibrationa frequency, k;, isBoltzman’scon-
stant, T isthe absol ute temperature. The coordinates
and frequencies (not previoudy calcul ated) for there-
actant moleculesarelistedin TABLE 1. Theresults
presented there have been obtained usingtheMulliken
program package'®. Thesameinformationfor the TS
maly be obtained in the supplementa tablesof our pre-
viouswork?,

Infigure 1, therearetwo 2™ order reactionsto be
noticed. Thefirstisthe“noncatalyzed” reaction, with
rateconstantk__, and the second, with rate constant
k_/K,, isthereaction “catalyzed” by the nucleotides
of theribosomewhich surroundthe TS. Asthetransi-
tion stateisformed some 3 hydrogen bonds attach to
it, gabilizingthe TS.

The noncatalyzed reaction was studied inthe gas
phase. The TSsearchisbegun with the reactants ori-
ented and placed rel ative to one another asthey would
beintheribosome, in accordance withtheknown crys-
talography of theribosomé, treating the reactantsand
the TSasgasphase moleculeshaving trandationd, ro-
tational aswell asvibrational contributionsto theen-
tropy, the calcul ated entropy contribution to thefree
energy changeis TAS *=-14.6kca/mol, corresponad-
ing to an enormous and unfavorable decreasein en-
tropy. Thismay be compared to the catal yzed reaction
inwhichthe TSisstabilized by the formation of 3 hy-
drogen bondsto theribosome nuclectides, andinwhich
thetrandational and rotationa degreesof freedom are
suppressed by theribosome. Inthiscasethe cdculated
entropy contribution to the free energy change is
TAS t=1.5kca/mol, corresponding to afavor-

Vib+3HB

N6 By 1
vib =R Z =

i=1 ZkBT hVi

kpT

==  Pyl] Peper

800 |
700 |

600 |
500
400 +—

kr, 1/(M sec)

300
200
100

13 14 15 16 17
delta G, kcal/mol

Figure 2 : Transition state theory rate constant,

k. T 46"
B

k,=——e RT

" h

ableincreasein entropy. The cd culated enthd py changes
for theuncatal yzed and catal yzed reactionsareknown
from previouswork!? to be AH* = 35.5 kcal/mol and
AH* = 16.3 kcal/mol respectively. Summing the en-
tha py and entropy contributionsto obtain thefreeen-
ergy, oneobtains AG* =50.3 kcal/mol and AG* = 14.8
kcal/mol for thetwo respectivereactions. Thetrans-
tion statetheory of Eyring® converts AG* to numerica
valuesfor thereaction rate constants, obtainingk =
5.3x10"”mol*s*andk /K =86 mol*s’. Thesta-
bilization of the TS by 3 hydrogen bondsto therRNA
has both an enthal py and an entropy component. As-
suming an average vauefor each of these components,
we have AH_ . = 6 kcal/mol™® and (TAS),, . = 1.10
kea/moal™*@, Thusformation of each hydrogen bond con-
tributesthrough enthd py astabilizing effect and through
entropy adestabilizing effect onthe TS. Notice how-
ever that the net entropy effect isafavorableone. In
the absence of the hydrogen bond attachmentsto the
TS, thevibrational contributiontothefreeenergyin
TAS,, = 4.8 kcal/mol. The 3 H-bonds contribute
(TAS),.. = 3.30 kcal/mol, so that altogether
(TAS),;.q5 = 1.5 kca/mol, asindicated in figure 1
and TABLE 2. Thus, thereaction within theribosome
isenhanced by both enthal py and entropy relativeto
what would bethe casefor the samereactioninthegas
phase.

Thecalculated thermal parameters obtained here
for the 2™ order reaction in the ribosomemay be com-
pared to theana ogousval ues obtained experimentadly

3HB
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for asimilar but not exactly samereaction®.

TABLE 2indicatesthat the compared thermal pa-
rameters TASH, AH* and AG* are of the same order of
magnitudeand show similar trends. Thecal culated sec-
ond order rate constant depends exponentially upon
AG* sothat arelatively small difference between free
energieswould entail anoticegbledifferencein the cor-
responding rate constants (Figure 2).

Thereisaquantitative and aqualitative aspect to
thethermal parametersof the TSdisplayedinfigurel
showsthe quantitativefeaturesof the TSarethosere-
|ated to the activation energy and mechani sm associ-
ated with themathematically well characterized TS?.
Thequditativefeaturesof the TSconsidered hereare
thoserelated to its stabilization by formation of 3 hy-
drogen bonds. To describethat, we have adopted “av-
erage” vauesfor the enthal py and entropy of hydrogen
bond formation. In TST, the exponential dependence
of the rate constant upon AG* means that the calcu-
lated rate constant would vary significantly with fluc-
tuations of thefree energy away fromtheaveragevad-
uesadopted here (Figure 2).

Calculation methods

Quantum mechanicd calculaionswerecarried out
with the Mulliken program package (an I1BM propri-
etary software packagethat implementsabinitio quan-
tum chemical calculations on the IBM SP/2
supercompuiter, The Laboratory for Quantum Crystal -
lography, City University of New York). The Becke
three-parameter-hybrid (B3)1*3 was used in conjunc-
tionwith the Lee-Yang-Parr (LY P) functional ™. For
al cdculations, aGaussan-typebasisset, 6-31+G(d,p)
was used. Thus, geometriesof al reactants, products,
and T Sshave been optimized by usingthe B3LY P/6-
31+G(d,p) of DFT. Vibrationd frequencieshave been
calcul ated by using the same approximation for char-
acterization of thenature of stationary pointsand zero-
point vibrational energy corrections.

DISCUSSION & CONCLUSIONS

Inapreviouspaper’? wehad cal culated the activa
tion energy and thegeometry of the TSfor formation of
the peptidebond, using QM DFT. Thecalcul ated acti-
vation energy was modified by aqualitative consider-

Physical CHEMISTRY o

ation which recognized that asit formed, the TSwas
stabilized by formation of 3 hydrogen bondstotheri-
bosomerRNA whichformedthe PTC.

Inthispaper we have cacul ated the activation en-
tropy for formation of the peptide bond. We have con-
sidered two 2™ order reactionsthat arerelevant, and
indicatedinfigure 1. Thenon-catalyzed reactionisas-
sociated with an enormous and unfavorable decrease
Inentropy associated with thetrand ation and rotation
degrees of freedom. In the ribosome these degrees of
freedom are suppressed, and so the catal yzed reaction
showsafavorableincreasein entropy. Thiscal culated
increasein entropy isonly dependent upon knowledge
of thenormal modefrequenciesof the TSand the opti-
mized reactants. These are known from the calcula-
tions of thispaper and the results of our previous pa-
pertd, and they have been used to calculate the TAS
vaueslistedinfigurel, and TABLE 2.

Asregards the entropy, if we compare the cata-
lyzed reaction to the non-catal yzed reaction, theribo-
some environment affectsthereaction in two ways of
note. First of dl it suppressesthereactant trandational
and rotational degreesof freedom. Inthisway thevi-
brationa degreesof freedom only, contributeto the en-
tropy change, which occurs asreactants convergeinto
thetrangition state. Thischangeentailsanincreasein
thevibrational entropy, calculated to giveavalue TASVib
= 4.8 kcal/mol. Second, asthe TS is formed, there
occursanincrease of 3 hydrogen bonds between the
TSandrRNA, Theeffect of thehydrogenbondsisto
decreasetheentropy of the TS, and by qualitative esti-
mate TAS, ; =3.3kca/mol. Overal, TAS=1.5kcal/
mol, and thusthe T Sreactionisfavored by entropy.

The consideration of activation energy, when the
two reactions, non-catalyzed and catalyzed, are com-
pared isasfollows. The cal culated activation energy
for theuncatalyzed gasphasereactionis 35.5 kcal/mol.
But formation of 3 hydrogen bonds stabilizesthe TSby
aqualitative estimate of some 18 kcal/mol, sothat the
activation energy isreducedto 17.5 kcal/moal.

Using thegas phase reaction asastandard of com-
parison one seesthat the ribosome environment en-
hancestheformation of the peptide bond from both an
enthal py and an entropy point of view. Theactivation
energy for formation of the TSisreduced by formation
of 3 hydrogen bonds. Theentropy isincreased, by the

A udéan Journal
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suppression of trand ationa and rotational degreesof
freedom. Theremaining vibrationa degreesof freedom
contribute to an increase of entropy. Thisiscounter-
acted by adecrease of entropy associated with forma-
tion of 3 hydrogen bonds. Inthebaancethereremains
asmal overall increase of entropy asthe TSisformed.

Theenthd py isobtained from theactivation energy
(seeAppendix E), whichtogether with TASalowscal-
culation of thefreeenergy aslisted infigure 1, for both
reections, catayzed and non-catayzed. Alsolisged there
arethe corresponding rate constantsfrom the expres-
sion of trangition statetheory of Eyring“.

Onemay compare our cal cul ated four thermal pa-
rametersto the anal ogous measured parameters ob-
tained for asimilar, but not exactly same, reaction®4.
Thethermal parametersto be compared arelistedin
TABLE 2. The comparisonisreasonably good, asthe
parameters show similar trends, and TAS!, AH*, and
AG areof the same order of magnitude. Thetransition
state theory expression for the rate constant depends
exponentidly upon AGH, so that therdatively smal dif-
ferencein AG! impliestwo ordersof magnitudediffer-
enceink /K, (Figure2).

We mention in passing that the four thermal pa-
rameterscompared in TABLE 2, are obtained some-
what differently, in the two cases shown. In the ex-
periment AH* followsfromthedopeof k /K, versus
/T, obtained by measurements. TAS' isfixed by the
y-intercept of the sameline. From AH* and TAS! the
freeenergy AG* follows. Inthetheory, AS' and E, are
obtained by calculation. E, determines AH* and then
AG* followsfrom AH* and TAS'. Theratecongtantin
trangition state theory iscal culated from knowledge
of AG*.

Our calculated 2™ order catalyzed reaction may
beviewed in reference to the anal ogous experimental
reaction, aswe havedonein TABLE 2. However the
noncatal yzed reaction cal culated hereisagas phase
reaction. Theanal og experimentd reaction®¥ isasolu-
tion reaction. Thetwo non-catal yzed reactions, of dif-
ferent phase, are therefore not directly comparable.
However, we point out what may be qualitative simi-
laritiesand differences between the cal culated gasphase
and measured liquid phase and ogous non-catal yzed 2™
order reactions. Theactivation energy (and therefore
theenthal py) might be expected to be higher inthegas

==  Pyl] Peper

phase reaction because no stabilizing H-bondsto the
TS occur inthe gas phase reaction. In solution how-
ever, H-bonds between water and the TSwould stabi-
lizethe TS. Thereforethe activation energy (and en-
tha py) might be expected to be of comparablemagni-
tude for both the solution reaction and that as mea-
sured for theribosome®4. The entropy of activation
measured in solution might be expected to decrease
because, just asshown by our calculationsinthispa
per, that isthe predi cted direction of change associated
withthetrandationa and rotationa degreesof freedom
for thereaction. In addition the TSmight well increase
the order of water moleculesattached toit. Theribo-
some reaction by contrast would be expected to ex-
cludewater and to suppresstrandationa and rotationa
contributionsto entropy, and asour calculationshere
show, the vibration degrees of freedom contributeto
positiveentropy of activation. Theoretica calculations
and experimenta measurementsconcur inaquditative
way in that entropy of activation isenhanced by the
peptidyl transfer center of theribosome.

Anadditiona way inwhichtheribosomecatdyzes
the TS reaction is by formation of a hydrogen bond
between an O donor on thereactant P-siteand acar-
bonyl O acceptor on thereactant A-site. Thishasbeen
confirmed experimentally!*¥ and hasbeen noted in our
previous QM theoretical calculationsg?.
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