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The energetics of cistrans proline isomerization in small peptide models have been investigated using the
hybrid density functional theory method B3LYP with a 643&* basis set. The molecules studied are models

for the phospho-Ser/Thr-Pro substrate for Pin-1, a peptidyl-prolyl isomerase (PPlase) involved in cell division.
Pin-1 requires phosphorylation of a Ser or Thr residue adjacent to a Pro residue in the substrate and catalyzes
cis—trans isomerization about the proline amide bond. The dihedral angle that would correspond to the reaction
coordinate for isomerization of the peptide bond was investigated for several small models. Relaxed potential
energy scans for this dihedral angleNamethylacetamide], N,N-dimethylacetamide?, acetylpyrrolidine,

3 and acetylproline4, were carried out in 20steps using the B3LYP/6-31G* level of theory. In addition,

similar scans were carried out firr-4 protonated on the acetylamide carbonyl oxygen. Optimized structures

for 1—4 protonated on the amide nitrogen were also obtained at B3LYP{@s31Relative proton affinities

were determined for each site at various angles along the reaction coordinate for isomerization. The relative
proton affinities were anchored to experimental gas phase proton affinities, which were taken from the literature
for 1 and2, or determined in an electrospray ionization-quadrupole ion trap instrument using the extended
kinetic method for3 and4. Proton affinities of 925+ 10 and 911+ 12 kJ/mol were determined f& and

4, respectively. These studies suggest that the nitrogen atom in these amides becomes the most basic site in
the molecule at a dihedral angle of ca. 13 addition, the nitrogen atoms @24 are predicted to attain
basicities in the range 92050 kJ/mol, making them basic enough to be the preferred site for hydrogen
bonding in the Pin-1 active site, in support of the proposed mechanism for PPlases.

Introduction SCHEME 1: Isomerization of -pSer-Pro- Amides by
Phosphorylation-dependent prolyl isomerization (regulated by Pinl

peptidyl-prolyl isomerases) is a signaling mechanism that may -9 0 .o

play an important role in transcription and may act as a _OO‘,P\O Q N 0’%

regulatory switch. The family of proteins known as peptidyl- - N
prolyl isomerases (PPlases) includes Pin 1, CyP, and FKBP. _NH ¥ Pin §\N\J\\( (;,g
Pinl is particularly important in humans for its ability to regulate w0 H o ¢
entry into mitosis, as well as for its ability to regulate proper pSer-cis-Pro pSer-trans-Pro

progression through mitosisPin1 isomerizes phosphoSer/Thr-
Pro sequences reversibly between cis and trans amide confor
mations (Scheme 1). The specificity of Pinl for phosphorylated
Ser or Thr is strong, up to 200-fold highéea/Km with
phosphorylation in the preferred sequefcghus, although
levels of Pinl remain constant during the cell cycle, the
interaction between the enzyme and its targets is dependent orﬂ
mitotic phosphorylation of the target proteifis.

barrier is alleviated by the presence of PPlases that help in the
isomerization. Three simple mechanisms are chemically sen-
sible: (1) attack by a nucleophile at the amide carbonyl (enzyme
thiol or general base), (2) twisting the amide bond out of
conjugation (twistase), facilitated by hydrogen-bonding to the
rolyl nitrogen (Figure 1), and (3) protonation of the Pro
itrogen (general acid). Each of these represents a way to disrupt
the carbor-nitrogenz—bond of the amide and leave it with

¢ Mte(éhanlsﬁlcéegzyn;o:g}gégn E’hF?I study Oft_P Plases c'js_ﬁl_'m'lttetd only a single bond that can rotate. For mechanism 2, the isolation
0 studies of LyF an - Prrlase reactions are dimeult 1o ¢ a0 amige bond from water may also be important as the
examine by traditional mechanistic probes because no bonds

-._-amide rotational barrier is~3 kcal/mol lower in less polar
are made or broken and no cofactors undergo concomitanty o 66
change. The cistrans isomerization (Scheme 1) is typically a .

slow process because of the partial double bond character of The experimental data available suggest that PPlases ac-
) . complish isomerization via mechanism 2. For human cyclophilin
the rotatable amide €N bond? The problem of this energy P ycop

A (hCyPA), the nucleophilic catalysis mechanism (1) has been
T - ruled out by mutagenesis of each of four cysteihesd a
E gfde S;’,ﬂﬁr?iir? fUVr\,/il\l,Igrs?t; nd Mary. normal secondary deuterium kinetic isotope effeét.For both
8 Virginia Tech. CyP and FKBP a general acid (3) or general base (1) catalyzed
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Figure 1. Proposed hydrogen-bond assisted twistase mechanisms for the three families of PPlase.
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Figure 2. Dipeptide models investigated in the study.

mechanism was ruled out because the enzymatic reaction ratenore basic carbonyl oxygen. A possible explanation for this is
is independent of the pH between 5 and 9, and there is no solventhat upon binding in a twisted conformation resonance is
deuterium isotope effeétin addition, the general acid mech-  disrupted enough for the nitrogen to now be the more basic
anism (3) is unlikely because the carbonyl oxygen is substan- site. The hydrogen bond will further disrupt resonance decreas-
tially more basic than the nitrogen of the amide. However, a ing the barrier to rotation. Karplus et al. observed this in their
temporary hydrogen bond or partial proton transfer to the calculations' The barrier for rotation was much lower in energy
nitrogen would be expected to accelerate the reaction by when the hydrogen bond was to the nitrogen than when the
reducing amide resonance. hydrogen bond was to the carbonyl oxygen. This leads to two
The twistase mechanism (2) was proposed on the basis ofquestions: (1) at what point does the nitrogen become more
observations that the ketone carbonyl of the FK&&&toamide basic than the carbonyl oxygen and (2) how basic does the
was orthogonal to the amide plane in the bound conformiétién nitrogen become?
and normal secondary kinetic isotope effects for cyclophilin  As an initial investigation into the mechanism for Pin1 and
substrates deuterated on theterminal side of the Xaa-Pro to answer the above questions, we performed combined
amide®13 1t has been suggested that PPlases bind Xaa-Protheoretical/experimental investigations of the nitrogen basicity
substrates and distort the amide bond by pyramidalizing the in small molecule models of the O-phosSer/Thr-Pro substrate
prolyl nitrogen through hydrogen bondifg? Intramolecular ~ of Pin-1. Because the dipeptide substrate is beyond the
donation of the hydrogen bond from the praGAerminal amide  computational resources of our current laboratory, we chose to
in the substrate bound to FKBP was propoéthnenzymatic study small model compound#-methylacetamidel, N,N-
intramolecular catalysis by this mechanism was demOﬂStra'[eddimethylacetamidea acetylpyrrolidine,3, and acetylproline,
in solution®® In hCyPA, we proposed that the active site Arg55 4 (Figure 2). The proton affinities of the amide nitrogen atom
could act as the hydrogen donor because the orientation of theand amide carbonyl oxygen atom, which are being used as a
substrate in the hCyPA active site does not allow an intramo- measure of basicity, were obtained at various points along the
lecular hydrogen bond#:*® The Arg55Ala mutant was enzy-  cis—trans peptide bond isomerization coordinate. The hybrid
matically inactive (1000-fold less than the wild typgé)The density functional theory method B3LYP/6-8G* was used
X-ray structure of a tetrapeptide substrate bound to CyP showsfor all calculations. Relative proton affinities were anchored to
nonplanar Xaais-Pro amide bonds with angles of 4&nd 22 experimental proton affinities, which were determined using the
for independent moleculé8These results support a mechanism  entropy-corrected extended kinetic method in an electrospray
for PPlase enzymatic activity that is a combination of substrate jonization — quadrupole ion trap mass spectrometer.
distortion and stabilization by hydrogen bonding to the Pro

nitrogen. _ . ) Computational and Experimental Methods
Further evidence for mechanism 2 comes from calculations
on the reaction path for isomerization by FKBP1Phe energy Theoretical Procedures.All calculations were performed

for catalysis comes mainly from substrate destabilization by either on desktop PCs using Gaussian 98w on multiproces-
twisting the amide carbonyl out of plane with nitrogen by.24  sor servers running RedHat Linux using Gaussian 98. Molecular
Stabilization of the incipient lone pair on nitrogen by the geometries were first optimized using the hybrid density
substrateamide proton of the residu€-terminal to proline functional method B3LYP?2 and a 6-3%G* basis set. The
(substrate autocatalysis) comes into play for FKBP. A similar dihedral angle that would correspond to the-digns isomer-

recent calculation of the cyclophilin reaction pathWaggrees ization reaction coordinate (bold bonds in Figure 2) was then
with our mutagenesis results and in turn supports our hypothesisscanned over 360n 20° steps. At each step, the dihedral angle
of a hydrogen bonding role for Arg55 in catalysfs.’ was frozen and the remaining degrees of freedom were

In summary, for cyclophilin and FKBP, the results rule out optimized. To eliminate effects of local minima, the scans were
an enzymatic nucleophile or general base attack at the carbonykepeated in the opposite directions and composite potential
carbon. Theory and experiment support a hydrogen-bond energy surfaces were generated using the lowest energy at each
assisted twisted-amide transition state in the CyP and FKBP dihedral angle as shown in Figure 3. Fgradditional scans
classes of PPlases. However, this proposed mechanism callsvere performed in which the acid carbonyl group was frozen
for hydrogen bonding to the proline nitrogen rather than to the in a position to hydrogen bond to either the amide nitrogen atom
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Figure 3. Plot of relative B3LYP/6-3+G* energy forl as a function of OCNH bond angle. The red diamonds indicate a scan with step size
+20°; the blue diamonds indicate a step size-¢f0°.

or the amide carbonyl oxygen atom. The lowest energy structurethe helium buffer gas were recorded at each collision energy
at each dihedral angle was used to form the composite scan forand were used in an extended kinetic method an&fy3isto

4, determine proton affinities.
The procedure was repeated for the dipeptide models proto- The extended kinetic method has been reviewed in detail
nated at the amide carbonyl oxygen atom for compoundé elsewheré and has been used by our gréti$282° and

Estimates for the proton affinity at each different site of the otherg4-26:30-35 in previous studies to obtain both enthalpies
peptide models were obtained by subtracting the energy for theof protonation (-PA) and entropies of protonation for a wide
protonated model from the energy of the neutral model at eachvariety of molecules. In this study we used #rgropy-corrected
step along the reaction coordinate. Protonation at the nitrogenversion of the extended kinetic method as developed by Cooks
atom causes a change of hybridization frorA tepsp?, making and co-workers? Briefly, the ratios BH™/AH™ were recorded
a direct dihedral comparison with the neutral amide complicated. for a series oh reference bases at a given activation energy. A
Therefore, no scan was performed for the protonated nitrogenplot (plot 1) of {In(BiH*/AH') — AS,(Bi)} vs {PA(B) —
and the same energy, that of the unconstrained optimizedPA,,g, where PA,q is the average proton affinity of the
protonated nitrogen structure, was subtracted from each neutrakeference bases amiS,(B;) is the protonation entropy of the
structure along the dihedral scan to obtain the nitrogen proton reference base ;Bis generated according to the Armentrout
affinity. modificatior?’ of the methods of Fenseldtiyesdemiotig® and

This approach gives poor absolute proton affinity estimates Cooks34 By convention, the constant entropy of the proton (106
as it neglects zero-point energy and thermal energy effects asJ mol! K™1) is removed from the protonation entroffyf-rom
well as the contribution from the proton. Howeveelative these data, a best fit line was generated with slope R/
proton affinities among the different sites should be well and intercept of—{PA(A) — PAag/RTerr + ASA/R. The
represented because of the small difference between ZPE angrocedure was repeated for several different activation energies
thermal corrections for the different protonated forms. Relative and separate plots were made for each of the activation energies.
PAs were calculated for each site and the results were anchored he extended kinetic method then required a second plot (plot
to the experimental PA obtained from the literature or from 2) of the negative intercepts of the best fit lines from plot 1
experiments in the ion trap (see below). The anchor point was versus their slopes. The desired proton affinity was obtained
assigned to either the 18@trans in Scheme 1) or°Q(cis in from the slope of plot 2 (PA- PAayg) and a prediction for the
Scheme 1) point for carbonyl oxygen protonation for each protonation entropy was obtained from the intercef,(s/R).
model. The magnitude of the derived entropy term has been the subject

Mass Spectrometry. All mass spectrometry experiments of recent debaté “° but the general consensus seems to be
were performed on a Finnigan LCQ-DECA quadrupole ion trap that to obtain accurate enthalpies, the extended kinetic method
instrument with an electrospray ionization source using methods must be used. In this work, the entropy terms are all rather small
described in detail elsewhet®23Briefly, proton-bound dimer (<15 J mof* K~%) and should contribute only minimally to
ions of the form A-H*—B;, where A is the analyte molecule the derived proton affinities.

with unknown proton affinity and Bis one of a series of Materials. Acetylpyrrolidine was synthesized using standard
reference bases with known proton affinity, were formed by literature procedured.Acetylproline was purchased from Sigma
direct infusion of dilute solutions (ca. s 10~ M) of a mixture (St. Louis) and was used without further purificatioN-

of A and B in either slightly acidified (1% HOAc) methanol  methylacetamidey,N-dimethylacetamide, amine reference com-
or 50:50 methanol:water. Flow rates were optimized to maxi- pounds and other synthetic materials were purchased from
mize proton-bound dimer ion production and were on the order Aldrich and were also used without further purification.

of 10—30xL/min. lon focusing conditions were also optimized

to maximize dimer ion formation. The proton-bound dimer ions Rasyits and Discussion

were isolated in a first stage of mass spectrometry and were

allowed to collide with the background helium buffer gas with As the actual substrate of Pin-1, O-phosSerPro, is beyond
nominal lab frame collision energy in the range 0-4525 eV the computational resources of our lab at this time, we chose
(15—-85%) in the laboratory frame. The ratio of the ionic to begin the investigation of the eidrans peptide bond
products AH and BH™ resulting from multiple collisions with isomerization with small model compounds, working toward
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Figure 5. Plot of relative proton affinity (left hand axis) and absolute proton affinity (right hand axis) for carbonyl oxygen protonation (blue
triangles) and nitrogen protonation (red squares) ek a function of the OCNH dihedral angle.

the actual dipeptide substrate. Proline is the only amino acid to Composite energies for each neutral model and their oxygen
undergo isomerization, most likely because the energy differenceprotonated forms at various dihedral angles are presented in
between the cis and trans conformers is the smallest for proline.Table S1 of the Supporting Information. Total electronic
Typically, proline is found in the cis conformatiom (= 0) in energies for the nitrogen protonated forms are given in Table
about 10% of proline peptide bonds. However, the fact that S2.

proline has two alkyl substituents on the nitrogen versus only A relaxed dihedral scan was also run wittprotonated on
one for the other amino acids may also result in a lower barrier the amide carbonyl oxyger,Ha, and a composite scan was
for enzyme catalyzed isomerization due to the increased basicitygenerated, as shown in Figure S1 of the Supporting Information.

of the nitrogen. Interactions with a hydrogen bond donor will
be stronger and the double-bond character of theN@ond
will be further reduced. To investigate this, we begin by
comparingN-methylacetamide, a model for nonproline amino
acids, and\,N-dimethylacetamide, an acyclic model of proline.
N-Methylacetamide, 1.To investigate the relative basicity
of the different sites ofN-methylacetamide at various points
along the reaction coordinate for eigans isomerization,

An optimized geometry was determined fbrprotonated on

the amide nitrogenl Hb, and the energy was used to calculate
PA as described below. Approximations for the absolute proton
affinities at each site can be obtained by subtracting the
electronic energy of protonated-methylacetamide from the
electronic energy of the neutrBlmethylacetamide. FatHa,

the electronic energies obtained at various dihedral angles were
used to calculate PA values, whereas Itth, the geometry-

relaxed scans were performed using Gaussian 98 using theoptimized electronic energy was used at each dihedral step. This

B3LYP/6-31+G* level of theory. The -C—N—H (bold bond
in Figure 2) dihedral angle was varied in steps of 2a6d the

approach is obviously crude as it neglects contributions from
zero-point energy and thermal corrections as well as the effects

rest of the degrees of freedom were allowed to optimize. A plot of the proton. However, the relative proton affinities among

of the relative electronic energee. at each dihedral step is

the different protonation sites should be well represented as the

shown in Figure 3. Each scan was also run in the opposite differencein zero-point energies and thermal corrections for the

direction to eliminate the effects of local minima along the

various protonated forms should be small (Figure 5). As a check,

reaction coordinate, also shown in Figure 3. A composite scan vibrational frequencies were obtained for the “L8ihedral point
of the lowest energy structure at each dihedral angle is generatedor 1Ha and1Hb. Zero point energy corrections of 304.3 and

for each molecule as shown in Figure 4 féimethylacetamide.

303.6 kJ/mol and thermal corrections of 19.5 and 19.9 kJ/mol
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TABLE 1: Absolute Proton Affinities for Amide Nitrogen and Amide Carbonyl Oxygen Atoms in 1 —4 at Selected Values of the

Dihedral Angle for Cis—Trans Isomerization

1 2 3 4
min PA nitrogen (dihedral) 827.4 (180) 860.3 (180) 878.9 (180) 866.6 (180)
max PA nitrogen (dihedral) 893.20 (80) 921.8 (80) 947.6 (80) 95090}
min PA oxygen (dihedral) 827.5 (90) 838.4 (90) 866.9 (100) 849.7 (90)
max PA oxygen (dihedra) 888.5 (180) 907.9 (180) 925.0 (180) 912.7 (180)

a2 Anchored to experimental PAR.See discussion in text about Gnd 40 points.
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Figure 6. Plot of proton affinity for carbonyl oxygen protonation (blue triangles) and nitrogen protonation (red squa2ex affunction of the

OCNC dihedral angle.

were found forlHa and 1Hb, respectively. Correction factors
to the electronic energies (ZPE integrated heat capacity

PV work term) gave 298 K enthalpies féHa and 1Hb that
differ by less than 0.5 kJ/mol. Given the small differences in

Plots of energy versus dihedral angle fosind O-protonated,
2Ha, are shown in Figures S2 and S3 in the Supporting
Information. As withN-methylacetamide, an optimized geom-
etry was obtained for N-protonate?] 2Hb, and was used to

these quantities among the different protonated forms, we feel predict the PA at the nitrogen atom far

confident in reporting relative proton affinities calculated in this
manner.
To obtain a prediction of the basicity of the nitrogen atom at

A proton affinity scan for2 is shown in Figure 6, with the
18 dihedral point anchored to the gas phase proton affinity
for 2 of 908 kJ/mol. As withN-methylacetamide, the nitrogen

various points along the reaction coordinate, the relative PA atom in2 becomes the most basic site at a dihedral angle of

values were anchored to the experimental proton affinity of
888.5 kJ/mof2 Calculations confirm that the carbonyl oxygen
is the most basic site ifh and that the trans-like conformation
is lower in energy than the cis-like conformer. We therefore
set the proton affinity of the amide carbonyl oxygenIo&t
18C° to be equal to the experimental value of 888.5 kJ/mol.
This method allows for the scale in Figure 5 to be shifted from
a relative to absolute scale giving predictions for the PA of the
amide nitrogen atom at various points along the—tians
isomerization coordinate (right-hand axis). Minimum and
maximum proton affinities for the amide nitrogen atom and the
amide carbonyl oxygen atoms for mod#&ts4 and the respective

~125 and ~55° and attains a PA of 922 kJ/mol. This is 14
kJ/mol more basic than the carbonyl oxygen maximum proton
affinity. The addition of the second methyl group has led to
several changes. First, the nitrogen is indeed more baslg\n
dimethylacetamide than iN-methylacetamide by 29 kJ/mol.
The more basic nitrogen of,N-dimethylacetamide should form

a stronger hydrogen bond, which should cause a larger weaken-
ing of the C-N double bond character. Note that the basicity
of the planar carbonyl oxygen is also increased by 20 kJ/mol
by the additional methyl group. Second, the twisted-nitrogen/
planar-oxygen proton affinity difference has become signifi-
cantly larger, mainly because the methyl group had a larger

dihedral angles for these points are given in Table 1. The effect on the twisted nitrogen basicity than on the planar oxygen.
nitrogen atom becomes the most basic site of the molecule atThus, there will be less competition between the oxygen and

~120 when starting from the trans isomer, anc~&5° when
starting from the cis isomer. The proton affinity of the nitrogen

nitrogen in the twisted molecule for hydrogen bonding sites.
Acetylpyrrolidine, 3. To investigate the effects of constrain-

reaches a value of 893 kJ/mol, which is 4.5 kJ/mol higher than ing the amide nitrogen in a ring, we also investigated the

the maximum value for the proton affinity of the carbonyl
oxygen.

N,N-Dimethylacetamide, 2.Similar scans were performed
on N,N-dimethylacetamide?2, to investigate the effects of
replacing the secondary amide moietyliwith a tertiary amide.

nitrogen heterocycle acetylpyrroliding, Dihedral scans were
performed for acetylpyrrolidin®d and its oxygen-protonated
form, 3Ha, and are shown in Figures S4 and S5. To anchor the
relative proton affinities to an absolute experimental value, the
proton affinity of acetylpyrrolidine3 was redetermined using
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TABLE 2: Thermochemical Data for Reference Bases Used nitrogen heterocyles in other studies in our lab for which there
in Kinetic Method Experiments have been no experimental PA determinations.
ref PA (kJ/mol¥} ASReD 3 4 Proton-bound dimer ions of the form-A4*—B;, where A is

4-chloropyridine 916.1 0.2405 X the analyte ion a_nql iBs one of a series_of reference bqse_s w!th
2,5-dimethylpyrrole 918.7 0.3608 X known proton affinity, are generated via electrospray ionization
butylamine 921.5 -0.9622 X X of directly infused solution of a mixture of A and B slightly
pentylamine 923.5 —-0.6014 X X acidified 50:50 HO:MeOH. The following reference bases were
hex.ﬁ'.am'ne 3325 '6':’ _0663135 Xx used in this study: butylamine, pentylamine, exo-2-aminonor-
gigzlﬁaeminonorbornane 93'53 _0_6014 X bornane, and\,N-dimethylaniline, with proton affinities listed

N,N-dimethylaniline 941.1 0.2405 X in Table 2. Figure 7 shows a plot of InlB"/AH"] vs PA —
PAag Where PAyg is the average proton affinity of the four
reference bases used in this study, at three different activation
amplitudes. The effective temperature range for these experi-
the entropy-corrected extended kinetic method in an electrosprayments is small due to the relatively low-energy, multiple-
ionization quadrupole ion trap instrument. A value for the PA collision nature of the ion activation process in the ion trap. A
of 3 of 925.4 kJ/mol is listed on the NIST webbook thermo- second plot of the negative intercepts of the straight line fits to
chemistry databas®. This value was obtained by an ICR the data in Figure 7 versus their slopes is shown in Figure 8.
equilibrium experiment with ammonia serving as the reference The slope of the best-fit line to the data in Figure 8-5.2
base’? We chose to remeasure this value to ensure that the kd/mol, which when combined with the average PA for the
extended kinetic method could accurately predict proton affini- reference bases of 930.4 kJ/mol gives the desired PA fufr

ties for acetylated nitrogen heterocyclic compounds because we925.1 kJ/mol, in excellent agreement with the previously
are studying the thermochemical properties of additional established value.

a All data taken from refs 42 and 48 Entropy of H™ removed from
AS as discussed in the text.
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An alternative way of working up the data involves the use and 55. More importantly, our calculations predict that the
of the new orthogonal distance regression (ODR) technique of nitrogen atom will attain a proton affinity of 948 kJ/mol. This

Ervin and Armentrout® This technique requires ion ratios for

is 23 kJ/mol higher than the proton affinity for the planar

n reference bases atdifferent activation energies. The program oxygen. The carbonyl oxygen in acetylpyrrolidine is 17 kJ/mol

ODR-fit then considers ali x m points collectively and forces

more basic than iflN,N-dimethylactamide and the nitrogen is

the m different activation energy fits to cross at a single more than 25 kJ/mol more basic. The addition of the ring has

isothermal point. The-coordinate of this point is PA PAayg
and they-coordinate iAS/R. Use of this method avoids making

increased both the proton affinity of the nitrogen and the
difference in the maximum proton affinities between the twisted

a second kinetic method plot, which can introduce unwanted nitrogen and planar oxygen. The ring structure causes a slight
correlation in the derived data. As such, more realistic error pyramidalization for the nitrogem(= 159 for 3 vs 180 for
limits can accurately be determined for the derived proton 2). This reduces the barrier for nitrogen protonation, which
affinity and protonation entropy. In this case, the ODR method results in a sphybridized nitrogensf = 123.2 3Hb and 122.4

gives a PA of 924.4t 10 kJ/mol, in excellent agreement with

2Hb) and increases the barrier for oxygen protonation which

the traditional extended kinetic method results. Entropy con- prefers a sphybridized nitrogen:f = 180° 3Ha and 178 2Ha).

tributions in this system were minor, 4% J mott K= for
the traditional and ODR methods of analysis, respectively.

Overall, this leads to an increase in the difference between the
nitrogen and oxygen proton affinities. Thus, proline is better

Anchoring the dihedral proton affinity scans to the experi- suited than the other amino acids for the twistase mechanism
mental value of 925.4 kJ/mol leads to the curves shown in Figure with hydrogen bonding to the nitrogen.

9. As with 1 and2, the nitrogen atom becomes the most basic

Acetylproline, 4. Dihedral scans were also carried out in a

site in the molecule at a dihedral angle of approximately°130 similar manner for acetylprolinegl. We also attempted to run
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dihedral scans with protonated on the carbonyl oxygen in the
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