J. Phys. Chem. A999,103,5823-5832 5823
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The conformational preferences of PIDOTIMOD, namely 3-(5-oxaropyl)+-thiazolidin-4-carboxyl acid,

a synthetic dipeptide showing a beneficial influence on some immune functions both in mammalians and in
humans, have been searched by varying two of its rotatable dihedral angles. Preliminary results in vacuo on
the conjugated basis used the STO-3G* basis set. At that levef;thg potential energy surfaces for

equal either to Dor 180 were also explored in the flexible rotor approximation. Wigens equal to 180,
however, for 120 < ¢; < 260 the nitrogen proton shuttling to the adjacent carboxyl anion was observed;
therefore, a constraint had to be imposed on thd-\bond distance to prevent this artifact. In the= 18C¢°

potential energy surface computed employing the 6-31G* basis set, in fact, the proton remained on the N
atom everywhere. The proton transfer was then studied in vacuo at the HF/6-31G* ard33-l&lels and,

in contrast to the STO-3G* spontaneous process, the energy barrier turned out to be about 13 kcal/mol. The
energy of selected conformers corresponding to minima on the potential energy surface in vacuo was computed
with the inclusion of correlation corrections at the MP2 level and in aqueous solution in the polarizable
continuum model framework. A sensitive influence of correlation effects on the trans forms with intramolecular
H-bonds is observed, while the solvent stabilizes the conformer with the polar groups widely exposed to it.
The energy gap among the cis rotamers amounts3&cal/mol, with the energy of the most stable of them

in vacuo~6 kcal/mol higher than that of the trans conformers. The most stable cis structure becomes the
second most populated conformer in aqueous solution at the MP2 level, though all the cis conformers are
sharply stabilized in solution. A preliminary study in vacuo of the tragis interconversion was also carried

out.

Introduction

PIDOTIMOD (3-(5-oxot-prolyl)-L-thiazolidine-4-carboxylic
acid) is a synthetic dipeptide which shows a positive effect on
immune functions both in mammalians and in humans; it
induces, in fact, the functional activation of the Interleukin-2
(IL-2) receptor located on the cell surface of T-lymphocytes
stimulated by an antigehlL-2 is the T Cell Growth Factor
and its receptor complex is constituted of a 75 kBahain
and a 55 kDax-chain, which separately bind the IL-2 molecule.
The interaction between IL-2 and the larger protein tells
T-lymphocyte to proliferate and develops the antigen-specific
clone?2® PIDOTIMOD is an agonist of the IL-2 receptor and
can play a major role as an immunomodulatory faétor.

The features and the conformational behavior of PIDOTI-
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(¢2 in Scheme 1), with relative populations of 0.55 and 0.45,

MOD (as its conjugate base, the “all-trans” conformer is respectively, were observed.
displayed in Scheme 1) have been previously studied both Through MM, a good agreement with the experimental data

theoretically, either by molecular mechanics (MM), normal
mode vibrational analysis and dynamfas; molecular dynamics
(MD) simulations? and experimentally by NMR spectroscaby.
Through NMR measurements, performed ip(Dat 21°C
and pH= 7.0, where because of PIDOTIMOD'’s lovKp(3.03)

was obtained when the shielding solvent effects were mimicked
using a relative permittivity = 7. Five nonequivalent conform-
ers were determinet.From a vibrational viewpoint, the
molecule appeared to be rather rigid with some correlated
motions inside the rings.

the conjugate base largely predominates, two classes of con- Through MD simulations at 300 K, only one cis and two
formers, trans and cis around the peptide bond between the ringsrans conformers, all hardly flexible, were found to be stable,
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while two puckered forms in rapid interconversion of the
oxoprolyl ring were detectetlAt even slightly higher temper-
atures, the trans conformers resulted to be thermally mixed as
in the case of the cis conforméxs.
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Figure 1. PIDOTIMOD structures optimized with MM (left-hand side) and at the HF/STO-3G* level (right-hand side) keeping rigid the three
main dihedral angles to their MM values. Trans structures: A(ufsper part) and B, B(middle part). Cis structures: D,'Qlower part).

An invariant molecular shape elongated with an almost the proton moved from nitrogen to carboxylate with a noticeable
perpendicular orientation of the rings was found in all cdses, energy gain. The calculations in aqueous solution with the sol-
and the authors suggested that this moiety might play a key vent described as a dielectric medium in the framework of the
role in the biological activity. polarizable continuum model (PCM) were carried out on the in

In the present paper, the ab initio results either in vacuo or vacuo optimized conformers to evaluate their relative stability.
in solution are compared to those obtained with MM simulations
in a previous work,in order to check their reliability. Therefore,
the ab initio conformational study was carried out on a grid for ~ All the calculations were performed using the Gaussigh 94
couples of values of the dihedral angtesand¢s (see Scheme  system of programs, running on the IBM-RISCs 6000-590 at
1 for their definition) with basis sets of increasing quality in ICQEM (Pisa), with the inclusion of modified versions of the
vacuo. The calculations were performed using the conjugated!502 and 1702 links. Details of the computational methods, when
base, which should be the bioactive form, in place of the acid necessary, are given in the relevant sections.
for the reasons put forward above. The main difference among Choice of the Basis SefThe energies of the three most stable
the basis sets was found in the map region where—thi1 structures (one cis, D, and two trans, A and B, forms; see Figure
group faces the-COO™ group, because at the STO-3G* level 1, left-hand side), obtained from MM simulations in vacuo

Computational Details
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TABLE 1: MM and ab Initio Relative Energies in kcal/mol TABLE 2: Local Minima Found in Vacuo on the HF/
of the B and D Type Structures with Respect to the A Type, 6-31G* ¢, = 0° and ¢, = 180° Conformational Maps with
Taken as Zero Their Relative Energies and Free Energies (kcal/mol) with
AE AEP AED AGsc? Geolb $grsspi)gr(1:; |t(,JA\ ;ll';,el'aken as Zerd,and the Corresponding
AMBER?® STO-3G* 6-31G* STO-3G* STO-3G*
Vv

A o 0. 0. 0. ~63.98 name AE  AG 91 92 e
B 0.84 —0.64 —2.32 0.13 —63.20 Ta 0. 0. 311.55 180 188.48
D 3.79 5.24 7.99 —1.18 —70.39 Tb 0.25 0.47 357.18 180 177.79
A’ 0. 0. 0. —54.30 Tc 0.56 1.62 230.44 180 228.79
B’ 0.84 2.98 —1.60 —58.88 Td 0.63 0.76 308.99 180 164.58
D’ 3.79 7.24 —0.42 —61.96 Te 0.99 1.53 161.60 180 137.34
A" 0. 0. 0. —55.37 Ca 6.13 6.20 348.67 0 173.10
B" 0.67 0.99 —0.29 —56.64 Ccr 7.28 8.47 253.59 0 171.95
D" 0.54 9.86 3.04 —62.19 Cc 9.43 9.56 136.68 0 172.45

2 From ref 4.°Rigid MM geometried were used for A, B, and D. 2 The reference value Bsce= —1153.166322 hartree&Structure

The A, B', and D and A’, B”, and D’ structures have been relaxed with an imaginary frequency.
in vacuo while keeping only the main dihedral angles (see text) at their

€ = lande =7 MM values, respectively. assessing whether the MM-determined minimum structures were

. . ) reliable or not.
(e = 1),* were evaluated ab initio via single-point calculations

employing the STO-3G*(i.e., the STO-3@basis with a set of  Results and Discussion
d functions added to sulfur) and 6-318®basis sets. According L
to the results obtained by Alkortawho compared the descrip- To compare stable ab initio structures to ﬂle MM ones, the
tion of the geometric and electronic properties in several sulfur Whole potential energy surfaces (PES) dor= 0 (f's) andez
derivatives given by different methods and basis sets, both the™ 180 (trans) were computed at the STO-3G* level. In the
STO-3G* and 6-31G* basis sets produce good results for bond 1ans conformations¢ge = 180°), however, when the polar H
lengths and bond angles. Especially the latter basis set is to bd2Cc€s the carboxyl group (roughly for 126 ¢, < 260°) the
considered an adequate choice for geometry optimizations ofProton moves spontaneously from the N atom to one of the
systems containing sulfur atoms, though satisfactory electronic Ca'POXyl oxygens. Therefore, to maintain the carboxylate ionized
properties (measured through dipole mom&ptsould be structure, 'the NH d'lstance was constrained to 1.03 A in the
obtained only with the inclusion of correlation effects at the aforementioned region. . .
second-order MallerPlesset (MP2) perturbation levilyhich The lowest minimum found for the cis structure is in good
is, however, beyond our computer capabilities for a system of 29reement with D (i.e. itis close @ = ¢z = ¢3 = 0°), while
this size. Thus, single-point MP2 calculations have been carried O the trans conformers the ab initio lowest minimum is found
out, where necessary. at aboutp; = 150, ¢3 = 120, to be compared with; = 260,

The relative energies at the various levels are reported in ¢s = 0° (A_‘) _Qnd $1= 3%40’_‘1’_3 = 48" (B). .
Table 1. Notice that the ordering of the energies is not univocally 1 ne @b initio STO-3G* minimum, however, is about 16 kcal/
determined. Interestingly enough, the STO-3G* basis set showsM©! more stable than the MM ones, but this fact (as the proton
a trend analogous to the 6-31G* one, though slightly damped. shqttllr!g as well) could be an artifact of the minimal basis set,
Therefore, the STO-3G* basis set was preliminarily used to which is known to overestimate the strength of H-ponds and
optimize the geometries of the three conformers and to computefV0r 100 short separation3.Moreover, the calculations are
the solvent effectGs. For a brief description of the compu- carried out in vacuo; in the presence of the sol\{ent the proton
tational method, refer to the relevant section. However, the usetransfer may be forbidden or a structure without intramolecular
of this basis set is not recommended for charged systems withH-P0nds may be sharply stabilized, thus preventing the pos-
intramolecular H-bonds because of the major flaw revealed in SiPility Of close contacts between the solute polar groups.

the analysis of the potential energy surfaces. To better clarify the gas-phase behavior of PIDQTIMQD,
As can be seen by comparing the starting geometries, whichthe ¢z = (l an(_i b2 = 18.00 F_’ES_were computed again using
correspond to the minima located with MM, i.e., &(= the 6-31G* basis set, which is still affordable, though extremely
—100.30, ¢» = —179.80, ¢s = —1.99), B (¢ = —35.77 expensive, for this system in the flexible rotor approximation
b= 179 88 b= 4%.072) and D @12'—5.81° b= 880 (with the exception of the €H bond distances, kept at 1.09

¢3 = 3.71)* displayed in Figure 1 (left-hand side) and the A, and the COO group, which was kept planar throughout).

structures hence derived after optimization at the HF/STO-3G* The minima, listed in Table 2 with the indication of their relative

level of all the other parameters to relieve structure strains, EN€rgies, locations, and given names, have been checked

namely A, B', and D, also displayed in Figure 1 (right-hand perfo_rmmg frequency calculatlons. None 01_‘ ther_n produced any

side), there is a satisfactory agreement between the MM imaginary frequency bUt_ C_b' which has an mggmaryfrequency

and ab initio results, even as far as the energy ordering is P€cause, wheg, = 0°, it is probably a transition state. The

concerned. frequency calculatlons' allowed us to evaluate the internal free
MM minimizations “in solution”, i.e., using as dielectric en%gy_, also r?por'ltedfln Table 2, _Of thesl.gvst_rruituzrggk

constank = 7, moreover, produced a preferential stabilization e Intramolecular free energy In vacus, (T= - P

of D" ($1 = —7.5F, ¢o = 47.78, ¢ = 26.78) with respect to =1 atm), is computeq in the rlgld-rqtor harmonic oscillator

A" (¢1 = —100.09, ¢, = 179.18, ¢ = 10.20) and B’ (¢1 = approximationt* by addingGinya to the internal energy,

—29.23, ¢, = —159.33, ¢3 = 41.02),* even though A

remained the most stable one, as shown in Table 1. The ab initio Ginea(T,p) = 0.9ZPE+ AH(0-T) — TASO0-T) (1)

solvent effect is also much more favorable for the structures of

D type than for the others, but the agreement with the MM ZPE is the vibrational energy at 0 K, whilaH(0—T) and

values is limited to this result. We were interested, however, in AS0—T) stand for the changes in enthalpy and entropy between
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Figure 2. ¢1, ¢3 conformational maps computed at the HF/6-31G* 0.8

level (a) for¢, = 0° and (b) forg, = 18C° (isopotential lines spaced
by 1 kcal/mol).

H.O (A

Figure 3. Energy profile for the proton transfer along the-+D
separation at the (a) HF/6-31G* and (b) STO-3G* levels. The
corresponding change in the-¥ distance is also shown.

0 and 298 K. A scaling factor of 0.9 was applied due to the
known overestimate of vibrational frequencies at the HF/6-31G* STO-3G* behavior was somewhat amazing, because we never
level 15 found anything like that in our studies on H-bonded dinérs,
The trend of thep, = 0° surfaces is analogous with either even in the case of anion interactions with wdfeFherefore,
basis set, though the STO-3G* one is much higher and we decided to better analyze this particular type of reaction,
somewhat steeper than the 6-31G* surface, shown in Figurei.e., the proton transfer between H-bonded partners, which was
2a. This is a feature of the 6-31G* basis set observed in the the object of several previous studied' even in solution (see
conformational map of 1,2-ethanedfoéven in comparison with ~ ref 22 and references therein), using two different model
the 4-31G basis séf.The 6-31G* minimum found for the cis  systems: the carboxylate anion and ammonia or formamide.
structure, Ca, located &t = 348.7, ¢3 = 173.2, in the upper At the STO-3G level, the stable adduct between ammonia and
right corner of the map in Figure 2a, is still close¢p= ¢» = HCOO presents a short H-bond (1.45 A) between NH and one
¢3 = 0°, while the minimum trans conformer, Ta, is found at of the carboxyl oxygens, as expected. On the contrary, in the
¢1 = 311.6, ¢p3 = 8.48 (to be compared witkp; = 260, ¢3 adduct between formamide and HCOQhe proton is closer
= 0° (A) or ¢ = 324, ¢3 = 48 (B)), as can be seen by to one of the carboxyl oxygens (1.17 A) than to the N atom
examining the trans conformational map, displayed in Figure (1.24 A). Both distances, however, are larger than in a normal
2b. This surface is also smoother than the STO-3G* one, but covalent bond. Therefore, at the STO-3G level, the change in
the main difference is that at the 6-31G* level the proton the N hybridization produced by its involvement in a peptide
shuttling does not occur. Moreover, at the HF/STO-3G* level, bond is sufficient to give rise to the proton shuttling from
even forcing the proton to stay on the N atom, the strength of nitrogen to one of the carboxyl oxygens. Because of the presence
the H-bond with the carboxyl oxygen is noticeably enhanced, of the anion, both model systems have also been considered
thus producing an overestimate of the stability of the structures with a basis set including sp diffuse functidhat the MP2/6-
with 120° < ¢; < 26(, as can be inferred from the large energy 31+G*//HF/6-31+G* level as well, i.e., using the HF/6-31G*
differences on the STO-3G* surface, which are more than twice geometries of the partners fully optimized for increasing sepa-
as much as those of the 6-31G* one. rations of the proton from its N. In the calculations also the
To shed some light on this mechanism, the proton transfer N---O distance was allowed to relax. The correlation effect,
was studied at the 6-31G* level starting from the structure Te which produces a lowering in the energy profiles in the region
which presents the two partners close enough. The proton wasl.1 < N+--H < 1.6 A, is larger in percentage for formamiete
then moved along the line joining nitrogen to the carboxyl HCOO~ than for ammonia-HCOQO™. The regression coef-
oxygen, allowing the structure to relax, apart from the afore- ficients of the lines obtained plotting the HF values vs the MP2
mentioned exceptions. Only when the-® distance becomes  ones are 0.981 and 0.997, respectively. Neither at the MP2/6-
decidedly shorter than 1.4 A does the—N bond start 31+G* level nor at the HF/6-3+G* level does the proton
lengthening sensitively, while the barrier turns out to be about shuttling occur spontaneously, as expected, while the trend of
13 kcal/mol (Figure 3a). The energy profile is of course opposite the interaction energy, displayed in Figure 4, very steep for
using the STO-3G* basis set (Figure 3b), but not even a local ammonia--HCOO~, decreases for formamigeHCOO™ to
minimum is found for the proton bound to the N atom. The almost match the HF/6-31G* behavior of PIDOTIMOD (dotted
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Figure 4. Energy profiles for the proton transfer along the-M 0 E —e = T e
separation at the MP2/6-31G*//HF/6-31+G* level for ammonia-- r -
HCOO™ (long dashes) and formamideHCOO~ (short dashes). The 2k —a (a)
corresponding profile at both the HF/6-31G* (dotted line) and 6-G1
(solid line) levels for PIDOTIMOD is also shown. -4

Ta Tb Tc Td Te Ca Cb Cc

line). This curve is fairly consistent with the results, even though Conformers

computed at a few fixed @N separations, obtained by Li et Figure 5. Relatiye energies in vacuo (a) and free energies in aque-
al2l in the study, among others, of proton transfer from ous solution (b) in the PCM framework (see text) at the 6-31G*/HF

L . (empty markers) and MP2 (solid markers) levels for the lowest
imidazole to formate. To assess the basis set effect on the protonénergy conformers on thg, = 0° and ¢, = 180° PES with respect

transfer. energetics, the reaction profile for various-B to Ta, taken as zero (the reference values in hartreeEafe=
separations was computed for PIDOTIMOD at the HF/6-GF —1153.166322Gsce = —1153.279651Fwp; = —1155.470548, and

level. These results, also reported in Figure 4 (solid line), are Gwpz = —1155.575864).
slightly less favorable than the 6-31G*, and by inference it is

likely that the MP2 corrections would produce a sensitive ~ Solvent Effect. The PCM approach, which accounts for the
lowering in the curves. electrostatic effect felt by the wave function of a molecular

The problem of proton transfer is however a side issue with Solute M embedded in a continuum solvent of dielectric constant
respect to this investigation, raised by the anomalous behaviore: iS fairly well known to computational chemists. However,
of the STO-3G basis set. recent modifications introduced in the method suggest a need

The only consequence which is brought about by this fact is {0 describe it briefly, to show which algorithms have been used
that it is convenient to use a classical method when an adequatdn the present work. More exhaustive descriptions can be found
quantum calculation is not affordable. We have also reached €lsewheré>2"with the caution that the changes quoted herein
this conclusion studyingr-stacked complexe¥, where the ~ (eémbodied in Gaussian after the completion of this work)
inclusion of electron correlation at the MP2 level was needed Override the original implementation.
to obtain reliable results, fairly comparable to the classical ones.  The Hamiltonian of the system is made up of two terms, one

Correlation Effect. We have performed MP2 correlation ~related to the unperturbed solutd;(M), and the otherV,,
corrections on the local minima found along the HF/6-31G* accounting for solutesolvent interaction:

PES, because geometry optimizations at the MP2/6-31G* level .

are extremely demanding in terms of computer resources for (H* (M) + V,)ym = Eyy ()
PIDOTIMOD. The relative weight of correlation effects is ) ) o ) ]
however limited, stabilizing at most by about 2 kcal/mol the ~ The solute is located in a cavif*’ inside the dielectric

Tc and Te structures with respect to the Ta, Tb, and Td ones,medium shaped on the solute itself. A charge distribution
whose stability is practically unaltered after the correlation appears on the cavity surface, produced by the solute total charge
corrections (see Figure 5a). Consequently, Tc and Te pbecomedistribution (electrons and nuclei) and als_o by the polarization
the most stable conformers. As far as the cis structures arecharges. These charges, used to polarize the solute charge
concerned, the MP2 correction stabilizes Cb and Cc much moredistribution, are corrected for their mutual polarization and for
than Ca, thus making Cb the most stable cis conformer. It is the charge escaped outside the cavity. They consist of two sets
apparent from the structures reported in Figures 6 and 7 thatdepending on the solute electrons (e) and nuclei (N), respec-
the Tc and Te conformers show an intramolecular H-bond, while tively, computed exploiting linear equations in matrix foffn:

in Cb there is a favorable interaction between the prolyl NH . e N 1N

group and one of the carboxyl oxygens, though not amenable g =AD 'E; q =AD 'E, 3)

to a strong H-bond. In Cc, the GHyroup, activated by the

adjacent S and N, faces the prolyl N lone pair. These kinds of The elements oE; and Er“,l are the normal components of the
interactions seem thus to be responsible for the increased weightlectric field, due to the solute electrons and nuclei, acting on
of correlation corrections. the surface tilesA is the diagonal matrix of the surface tile

In the next section, the correlation correction to the relative areas, while the elements &f depend only orx and on the
energies of the various conformers in solution is also discussed.geometry of the tiles. In this formulation, coupling the boundary
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Figure 6. Structures corresponding to the minima on the HF/6-31G* potential energy surfage f04.80°.

element method to solve the electrostatic problem to PCM for very accurate electrostatic solvation free energigs,
solvation, all the molecular properties are computed via a single
fc?rrfpﬁ?(la?uéitc;zr.]y in place of the three needed in the original G;ﬂ _ Eén —(1/2)fFM(r)Vg(r) dr (4)
To normalize the polarization charges appearing on the cavity
surface, the procedure ICOM® of PCM in Gaussian$4vas
used. The additional charges, which mimic the charges that
should develop in the bulk of the dielectric medium as a reaction ol X
to the escaped electronic tails, are placed on the cavity surface Gx =Gg — Ex (5)
and depend on the solute electronic density in each of its
points?® The united atom topological model (UAHF) for the whereEy is the energy of the solute in vacuo at the X level.
definition of the cavity” was also used because, optimizing the The total molecular free energy in solution is obtained by
van der Waals radii for atoms and atomic groups, it produces considering also the effect of cavitatiéh dispersion, and

whereEy, = Ey, + E"c 25cand X stands either for HF or MP2.
The solvent effect at each level is therefore defined as
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Figure 7. Structures corresponding to the local minima on the HF/6-
31G* potential energy surface fgr, = 0°.

repulsion3! which is however limited to the energy. These
contributions, called DCR for short, in fact do not affect the gnd in solution are displayed in Figure 9, together with the
solute wave function, because they do not enter the Hamiltonian. gifferential solvent effect at both levels. Notice that both the in
vacuo and in solution values includ&ny, This explains the
Gy =Gl + G+ Gyt Grep (6) difference in the relative values with respect to those reported
in Figure 5, whereas the solvent effect remains unaltered.

In the following discussion, we are going to deal with the The solvent effect is fairly strong, as expected for charged
total solvent effect, unless otherwise specified. The total solvent systems. The solvent stabilizing effect is sensitively larger for
effect actually differs by 3.44.4 kcal/mol, at most, from the  the conformers with the polar groups fully exposed to the
electrostatic one, as shown in Figure 8. The cavitation term is solvent, such as the cis conformers (see Figure 7), than for those
in fact almost constant in this system, ranging from 27.2 (for presenting either intramolecular H-bonds or less solvent acces-
Tc) to 27.9 kcal/mol (for Cc); moreover, the repulsion and sible structures. Because of the small internal energy differences
cavitation contributions tend to counterbalance the dispersionamong the trans conformers at the SCF level, however, the
one. solvation free energy trend is fairly close to the differential

The correlation correction in solution is obtained while solvent effect.
keeping the solvent frozen in its HF description, i.e., the  The MP2 correlation effect stabilizes the conformers with
polarization of the solvent is neglected at the correlated vel. intramolecular H-bonds also in solution, while Ca is less

The 6-31G* relative free energies with respect to the Ta favorable after correlation corrections. The Ca conformer, the
conformer, taken as zero, at the HF and MP2 levels in vacuo most stabilized by the solvent, in aqueous solutior@s5 kcal/
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25 TABLE 3: HF/6-31G* Minima Obtained in Vacuo by
s —a -Te Relaxing ¢, in the Cis and Trans Low-Energy Structures,
o0k ﬂ\ . %’ with the Corresponding Torsional Angles, Relative Energies
- — o -Ca in Vacuo, Free Energies in Solution (kcal/mol) with Respect
_ - e 22 to Ta(opt), Taken as Zero? and the Solvent Effect
o L.
£ 151 —* T name AE AG' ¢ b2 b3 G AGq
8 10 a Ta(opt) 0 0 301.80 194.56 183.06-69.88 0
=~ *\A_a Tb(opt) 0.03 0.30 348.89 195.84 176.09-70.16 —0.25
A Tc(opt) 0.74 1.60 22241 188.79 47.01-67.83 2.79
woSr Td(opt) 0.26 0.39 296.53 200.55 160.52-69.47 0.67
Te(opt) 0.52 1.23 154.71 200.90 140.53-66.40 4.01
oF Ca(opt) 5.25 5.42 34422 26.69 171.2875.11  0.02
- Cb(opt) 2.95 3.91 27148 3557 171.06-69.95 2.88
Y SFIEN N I I N S Cc(opt) 7.93 8.41 139.03 24.67 171.66-73.32 4.49
0 30 60 90 120 150 180 aThe reference values akgcg = —1153.166871 hartree§scr =
¢, (deg) —1153.278235 hartrees.
Figure 10. Cis—trans interconversion profiles obtained starting from o
either the cis arrangements (empty markers) or the trans ones (solid ‘ Cb(opt)
markers). ‘O
SCHEME 2
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\ /\cl H o LM H /‘CI H H / —°
H-c 2 L H-c :
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\
© o
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mol more favorable than Td at the SCF level and ju+$6L8
kcal/mol less favorable than Td at the MP2 level (see also Figure Figure 11. Structure of Cb(opt) obtained starting from Cb and relaxing
5b). also ¢, at the HF/6-31G* level.
Interestingly enough, PCM calculations in solution stabilize
considerably the cis forms, both at the SCF and MP2 levels. with a barrier (-13 kcal/mol), considerably more favorable than
If the thermal corrections to the Gibbs free energy computed that found atp, = 75°.
in vacuo Ginra) are added to the internal energies and to the  Low-Energy Structures with ¢, Different from 0 ° or 180°.
solvation free energies, the plots, displayed in parts a and b of Other structures with intermediate values ¢af besides the
Figure 9, show a limited change (up to 0.26 kcal/mol) for Ta, purely trans and cis ones are stable in the flexible rotor
Ca, Td, Cc, and Tb in increasing order, while the change is approximation. This is probably due to the fact that neither Ca
somewhat more sensitive for Te, Tc, and Cb (0.57, 1.04, and or Ta is the lowest energy structure though all the structures
1.13 kcal/mol, respectively). considered above are local minima, apart from Cb. By optimiz-
Trans—Cis Interconversion. The rotation about the bridged  ing the geometries in vacuo at the HF/6-31G* level, after
peptide bond (see Scheme 2) was studied in vacuo starting fromremoving the constraint oy, starting from thep, = 0° lowest
several either trans or cis low-energy structures, as shown inenergy conformers, Cb(opt) becomes the most stablepgis (
Figure 10, because only tlge = 0° and¢, = 180° PES have 35.8°) structure in vacuo, only 2.61 kcal/mol higher in energy
been fully explored. The curve trend is due to the fact that the than Ta, because of the H-bond between the prolyl ring N
upper curves plunge into the lower ones upon inversion of the hydrogen and one of the carboxyl oxygens, which can be
pyramidalization at the thiazolidin N atom. Of course, the curves established for that value @h. On the contrary, starting from
correspond to different sections of the potential energy hyper- the¢, = 180 lowest energy conformers, after full optimization
surfaces. in vacuo at the HF/6-31G* level, the most stable trapss =€
This problem, however, is very demanding from both the 194.6) structure, Ta(opt), is only-0.3 kcal/mol more favorable
computational and methodological points of view and cannot than Ta.
be addressed herein, in that it deserves a thorough examination. The relative stabilities in vacuo and in solution, computed
A preliminary analysis of the interconversion pathway, in the for all the structures optimized in vacuo at the HF/6-31G* level,
zone of the most favorable “crossing” between the two curve are reported in Table 3 together with the optimized torsional

families, which occurs in the, = 75° region forAE ~ 9 kcal/ angles and the relevant solvent effect. The geometrical features

mol, was carried out. The path joining the two potential energy of the fully optimized structures, however, are hardly distin-

profiles, considered by computingta¢s grid of points, is uphill guishable from the starting structures (that were optimized by

with an additional barrier of about 8 kcal/mol, which produces keepingg, fixed at @ or 18C°) with the exception of Cb(opt),

a total barrier of~17 kcal/mol. which is thus displayed in Figure 11. Despite the less stabilizing
From the plots in Figure 10, it is apparent that the rotamers solvent effect felt by Cb(opt) with respect to Cb-§9.9 vs

become more stable whef is about 36-40°. The origin of —76.9 kcal/mol), the Cb(opt) relative free energy is only 2.9

this peculiar feature was thus explored. Moreover, interestingly kcal/mol less favorable than the Ca(opt) one at the SCF level
enough, in thep, = 40° region, we located a transition state (0.6 kcal/mol at the MP2 level), while Cb was 3.1 kcal/mol
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10 (a) the reliability of previous MM results through the determi-
3 s MP2 in vacuo nation of the¢, = 0° and 180 PES in the flexible rotor
8 % MP2insolution approximation both at the HF/STO-3G* and 6-31G* levels; (b)
C o the inadequacy of the STO-3G* basis set which,fer 18C°
6 H —a and 120 < ¢; < 260, favors the nitrogen proton shuttling to
ab a—a the adjacent carboxyl anion, while a 13 kcal/mol barrier would
i ot prevent this process at the 6-31G* level; (c) the effect of
o e - correlation corrections at the MP2 level, which stabilize the
s — s structures presenting intramolecular H-bonds (Tc and Te); (d)
_ Of e &2 the solvent effect evaluated in the PCM framework, both at the
g ® HF and MP2 levels, on stable conformers lying on ¢he= 0°
<\§ or 180 PES, which favors the structures fully exposed to the
= F o SCFinvacw oo solvent, and in particular stabilizes the cis conformers; (e) the
8 *  SCF in solution . . . .
i trans-cis interconversion, which in vacuo should occur $gr
sL ~ 40°, with a barrier of about 13 kcal/mol; (f) the influence of
[ R — the pyramidalization of the thiazolidin ring N in determining
aF . —s the cis or trans conformation; (g) the substantially more
favorable free energy of solvation obtained for structures not
2 —o fully optimized in vacuo, which suggests either the use of
[ e T optimizations in solution (when affordable) or the analysis of
O o— =3 o (@) solvent effects in a rather wide choice of conformers.
5 s The solvent effect shows a noticeable dependence not only
§ ¥ 3 8 § & § % on the solute geometry but also on the computational level (HF
E 5 g ;E & g g8 g or MPZ) which favors in turn either cis or trans conformers,
Conformers respectively.
Figure 12. 6-31G* relative free energies (includir@nva) in vacuo Acknowledgment. We are grateful to Maurizio Cossi for

(empty markers) and in aqueous solution (solid markers) for the lowest
energy conformers fully optimized in vacuo (see text) with respect to
Ta(opt), taken as zero, (a) at the HF level (diamonds) and (b) at the
MP?2 level (triangles).

making the PCM maodified routines available to us prior to
publication.
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