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Abstract

n—7* interactions between consecutive carbonyls stabilize the o-helix and polyproline 11
helix (PPII) conformations in proteins. n—n* interactions have been suggested to provide
significant conformational biases to the disordered states of proteins. To understand the roles of
solvation on the strength of n—n* interactions, computational investigations were conducted on
a model n—7n* interaction, the twisted-parallel-offset formaldehyde dimer, as a function of
explicit solvation of the donor and acceptor carbonyls, using water and HF. In addition, the
effects of urea, thiourea, guanidinium, and monovalent cations on n—n* interaction strength
were examined. Solvation of the acceptor carbonyl significantly strengthens the n—n*
interaction, while solvation of the donor carbonyl only modestly weakens the n—m* interaction.
The n—n* interaction strength was maximized with two solvent molecules on the acceptor
carbonyl. Urea stabilized the n—n* interaction via simultaneous engagement of both oxygen
lone pairs on the acceptor carbonyl. Solvent effects were further investigated in the model
peptides Ac-Pro-NMe,, Ac-Ala-NMe,, and Ac-Pro,-NMe,. Solvent effects in peptides were
similar to those in the formaldehyde dimer, with solvation of the acceptor carbonyl increasing
n—7* interaction strength and resulting in more compact conformations, in both the proline
endo and exo ring puckers, as well as a reduction in the energy difference between these ring
puckers. Carbonyl solvation leads to an energetic preference for PPII over both the a-helix and
B/extended conformations, consistent with experimental data that protic solvents and protein
denaturants both promote PPII. Solvation of the acceptor carbonyl weakens the intraresidue C5

hydrogen bond that stabilizes the 3 conformation.
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Introduction

The n—n* interaction between consecutive carbonyls has been recently identified to be

an important force in protein structure (Figure 1).!"# The n—n* interaction involves the orbital

overlap between a lone pair (n) of a donor carbonyl and the m* antibonding orbital of the

acceptor carbonyl, which leads to stabilization of specific conformations via through-space

electron delocalization. The n—n* interaction stabilizes compact conformations of proteins,

including a-helix and polyproline II helix (PPII). n—n* interactions are also important in other

diverse contexts, including the structure of organic molecules and stabilizing transition states in

catalysis.” 16

The n—n* interaction has been implicated as a significant factor in the disordered states

of proteins. %717 n—n* interactions stabilize the a-helix conformation locally (as an #/#1

interaction), without” a need for hydrogen bonding (which involves #43 or #/+4 interactions for

310 helices or a-helices, respectively). n—>7n* interactions provide an energetic driving force to

partially counteract the substantial entropic cost of adopting the first turn of an a-helix. n—>n*

interactions specifically stabilize the PPII secondary structure, which forms despite lacking

hydrogen bonds. Notably, PPII is a major conformation in the unfolded state of proteins.!'8-2
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PPII is stabilized by the classical protein denaturant urea.??2° In addition, D,O stabilizes PPII.

The effects of D,O and urea to stabilize PPII both occur through mechanisms that are not well

understood.?” Solvent interactions are globally important in the structure of PPII, with PPII

disfavored in non-hydrogen-bonding solvents.?328-3! Herein, we sought to develop additional

insights into the interplay between solvation, n—n* interaction strength, and structure, via

computational analysis of model compounds and peptides.

Methods

Computational chemistry. Calculations were conducted with Gaussian 09.32 Natural bond

orbital (NBO) analysis was conducted using the NBO6 implementation in Gaussian(09.3334

Models depicting orbital interactions were generated within GaussView 5. For visualization of

orbitals, isovalues of 0.02 were used.

Analysis of n—>7* interactions in small molecules. For models with formaldehyde, initial

geometries were developed with DFT, using the M06-2X method and the 6-311++G(3d,3p) basis

set.3336 These models were then subjected to further geometry optimization using the MP2
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method and the 6-311++G(3d,3p) basis set, followed by additional geometry optimization using

the MP2 method and the aug-cc-pVTZ basis set.>’3* Geometry optimization of the complex with

K* used the aug-cc-pVTZ basis set on H, C, and O atoms and the 6-311++G(3d,3p) basis set on

K, as parameters are not defined for K in the aug-cc-pVTZ basis set. All geometry optimization

calculations were conducted with implicit water, using the IEFPCM continuous polarization

approach as implemented in Gaussian09.* Implicit solvation was critical to geometry

optimization: the twisted-parallel-offset dimer was not a local energy minimum in vacuum,'?

presumably due to the large dipole moment (7.3 D) in this structure destabilizing this geometry

in vacuum.

In all structures but HyO*HCHOe®*sHCHO*H,0, geometry optimization was conducted

without restraints, and geometry optimization resulted in normal termination with low RMS

error. However, for the H,O*HCHOee*HCHO*H,0O model, an unrestrained geometry

optimization resulted in the collapse of the two water molecules into a water cluster. Thus, for

this model, a restrained optimization was used, using the lowest energy structure observed prior

to water collapse for restraints. The related HOeHCHQOe®eeeHCHO*2H,0 model, which was

derived from an initial HFeHCHOe®*eHCHO*2H,0 model, did not require the use of restrained
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optimization. Frequency calculations were conducted on all final structures obtained, and no

negative frequencies were identified unless otherwise indicated in the Supporting Information.

Complex interaction energy analysis. The structures derived from MP2/aug-cc-pVTZ

optimization calculations were subjected to analysis of the energies of the complexes using two

approaches. First, interaction energies were calculated using counterpoise calculations, which are

conducted in the gas phase. Counterpoise calculations were used to identify an appropriate basis

set of sufficient size to fully account for interaction energies while minimizing basis-set

superposition error (BSSE) and allowing acceptable calculation times across all molecules, to

allow the comparison of energies in different complexes using the same methods.*!#2 All

counterpoise calculations were conducted using the MP2 method. The partially augmented basis

set jul-cc-pV5Z, with a full set of diffuse functions (derived from the aug-cc-pV5Z basis set) on

heavy atoms but lacking diffuse functions on hydrogens (cc-pV5Z basis set), was identified to be

optimal for these analyses, with an acceptable combination of calculation time and BSSE.*?

Similar BSSE-corrected interaction energies were obtained using the aug-cc-pVQZ basis set

(within 0.05 kcal mol-!, with more favorable energies using jul-cc-pV5Z), which has diffuse

functions on all atoms. However, the aug-cc-pVQZ basis set had significantly larger BSSE (up to
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0.3 kcal mol'), which complicated subsequent analysis in implicit water. Counterpoise energies

using the jul-cc-pV5Z basis set had BSSE of 0.05-0.10 kcal mol~! for all complexes except H,O-

HCHO-HCHO-2H,0 (0.13 kcal mol~!') and HCHO-HCHO-H* (0.40 kcal mol"). The small,

similar magnitude of the BSSE for all complexes using the jul-cc-pV5Z basis set allowed the

analysis of relative complex energies in implicit water without concern of BSSE overly

influencing the results.

Complex energies in implicit water were calculated via subtraction of the component

MP2 energies using the jul-cc-pV5Z basis set (ABneraction = ABini = Eeomplex — Leomponentt —

Eomponen2), using the energies of the individual components (solvated molecules of

formaldehyde) that were optimized independently by the same methods (MP2/aug-cc-pVTZ/H,0

optimization). Thus, component interaction energies explicitly address changes in structure as a

result of the interaction (e.g. bond lengths, bond angles, pyramidalization).

In addition to the analysis of all complexes by the MP2 method with the jul-cc-pV5Z

basis set, a subset of structures was analyzed using the CCSD(T) method and the jul-cc-pV5Z

basis set.*** For all formaldehyde dimer complexes analyzed except those with H* or with Li*,

the energies determined by MP2 and by CCSD(T) were within 0.02 kcal mol-!' of each other
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(Table S1), indicating that the MP2 method provides excellent accuracy compared to the

substantially more expensive CCSD(T) method in the analysis of n—>7* interaction energies.

Solvation effects on conformation in Ac-Pro-NMe, and Ac-Ala-NMe, peptides.

Solvation was examined in the simple proline model compound Ac-Pro-NMe,. Initial model

structures, with either an endo or exo ring pucker, each in either a PPII conformation or an a-

helix (og) conformation, were developed that were derived from prior DFT-based geometry

optimization calculations.”!” In addition, model structures were similarly developed on Ac-Ala-

NMe, molecules, in the og, PPII, and P/extended (C5-hydrogen-bonded) conformations. All

structures had frans Ac-Pro or Ac-Ala amide bonds. To each of these structures was added 1-3

hydrogen-bonding molecules as models of solvation or chemical denaturants (urea, thiourea,

guanidinium). HF models were used primarily in place of H,O due to effects of H,O molecules

in promoting alternative structures in order to achieve additional hydrogen bonds to the

unsatisfied hydrogen bond donor and acceptors of water. These results emphasize the limitations

of implicit solvation models used in quantum chemistry. While the effects of HF as a hydrogen-

bond donor solvent are inherently greater than those of water (vide infra), the absence of

additional complications in geometry optimization (which with water resulted in hydrogen bonds
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to the proline molecule [lower overall energy due to the strength of hydrogen bonds] in place of

hydrogen bonds to solvent that would occur in a fully solvated molecule) rendered the HF

solvation model advantageous at this level of calculation. The Ac-Pro-NMe,*solvent molecule(s)

and Ac-Ala-NMe,esolvent molecule(s) structures were subjected to initial geometry optimization

using the M06-2X DFT method and the 6-311++G(2d,2p) basis set, followed by subsequent

optimization using the M06-2X method and the jun-cc-pVTZ basis set, all in implicit water

(IEFPCM). All geometry optimization calculations terminated normally to generate structures

with low error. Structures were analyzed by frequency calculations, and exhibited no imaginary

(negative) frequencies unless otherwise indicated. The resultant structures were analyzed to

determine energies using the MP2 method and the aug-cc-pVTZ basis set in implicit water.

Solvation effects on polyproline II helix conformation in Ac-Pro,-NMe, peptides as a

function of proline ring pucker. To further examine the effect of solvation on PPII conformation,

including effects on propagation of PPII, models of Ac-Pro,-NMe, were generated, with all

residues in the PPII conformation and with all 4 combinations of proline exo and endo ring

pucker. All structures had trans Ac-Pro and Pro-Pro amide bonds. To the initial models were

added zero, one, or two molecules of HF solvation on any of the acetyl, Prol, or Pro2 carbonyl.

10
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These models were initially generated with the M06-2X method and the 6-311++G(d,p) basis

set, followed by subsequent optimization with the same method and the 6-311++G(2d,2p) basis

set. Structures were analyzed by frequency calculations, and exhibited no imaginary (negative)

frequencies unless otherwise indicated. The energies of the final structures were then calculated

using the MP2 method and the 6-311++G(3d,3p) basis set. All calculations were conducted in

implicit water (IEFPCM).

Results

In order to examine the roles of solvation on the n—m* interaction via quantum chemistry

methods, we initially identified a minimal interaction motif, the twisted-parallel-offset

formaldehyde dimer. The twisted-parallel-offset formaldehyde dimer in these studies is aligned

for an n—>7* interaction, but has no other substantial noncovalent interactions (Figure 1c, Figure

2a), in contrast to the anti-parallel formaldehyde dimers (both head-to-tail and tail-to-head) that

represent the lowest energy structures in the gas phase and that are commonly used in

computational studies.!31546-30 The closest analogue of the formaldehyde dimer to that employed

herein is an anti-parallel dimer that has both an n—m* interaction and a C-H/O interaction.!3-15-46-

11



Physical Chemistry Chemical Physics

49,31,52 The presence of both interactions renders this structure suboptimal to examine the effects

of solvation on solely the n—mn* interaction. An n—n* interaction is individually weak, but

collectively provides a substantial amount of energy in protein structure due to its role in

multiple conformations, with half of all carbonyls in high-resolution protein structures exhibiting

an n—7n* interaction.*>3 For example, in the a-helix, both carbonyl oxygen lone pairs are

involved in noncovalent interactions (Figure 1a): the p-like lone pair (Op) engages in a hydrogen

bond with the A4 amide hydrogen, while the s-like lone pair (Os) engages in an n—w*

interaction with the A1 carbonyl (Figure 1b). Hydrogen bonds are inherently stronger than

n—7* interactions. Consequently, analysis in systems that have competing hydrogen bonds will

result primarily in optimization of the geometry to maximize hydrogen bonding interactions.

In contrast, geometry optimization using the twisted-parallel-offset formaldehyde dimer

avoids complications that are associated with more complex molecules. We also considered the

twisted-parallel-offset acetone dimer, which is an energy minimum in gas phase calculations.!?

Acetone is electronically more similar to protein carbonyls than is formaldehyde, with the

acetone carbonyl a better electron donor for n—n* interactions than formaldehyde (though less

electron-donating than an amide carbonyl). Conversely, acetone is a weaker electron-acceptor for

12
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n—n* interactions than is formaldehyde (though still a stronger acceptor than an amide), as

electron-donor (Lewis basicity) and electron-acceptor (electrophilicity) capabilities of carbonyls

are in general inversely related. However, even the twisted-parallel-offset acetone dimer'?

exhibited evidence of the influence of carbonyl interactions with the methyl C—H groups (C-H/O

interactions) during geometry optimization (data not shown).3!»23% Due to the inherently weak

nature of n—n* interactions, these stronger, competing interactions have the possibility to

complicate the analysis of the n—>7* interactions in the isolated molecules. The twisted-parallel-

offset formaldehyde dimer represents an appropriate minimal model system for the isolation of

the effects of the n—>n* interaction from other potential competing interactions.

Geometry-optimized structures were obtained through an approach that involved iterative

increases in the level of theory and the size of the relevant basis sets. The final geometry-

optimized structures (Figure 2, Table 1) were generated using the MP2 level of theory and the

aug-cc-pVTZ basis set. All geometry optimization calculations were conducted in implicit water,

in order to mimic the appropriate electrostatic environment of proteins and to avoid electrostatic

artefacts due to an artificial vacuum environment. Indeed, the twisted-parallel-offset

13
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formaldehyde dimer was not observed as a stable structure in calculations in vacuum,

presumably due to the destabilizing effect of its large overall dipole moment (7.3 D).

The structures were analyzed (Figure 1c) for the effect of solvation of the donor carbonyl

and/or of the acceptor carbonyl on the intercarbonyl O-.C=0 interaction distance (d), where a

Oee«C distance less than the sum of the van der Waals radii of O and C (d< 3.22 A) is consistent

with an n—n* interaction, with shorter distances indicating more favorable interactions. The

structures were also analyzed for the O-.C=0 interaction angle ( ZLp..c-0), With an ideal n—>m*

interaction resulting in this interaction approximating the Biirgi-Dunitz trajectory (~107°). In

addition, structures were analyzed for pyramidalization (A) of either the donor carbonyl or the

acceptor carbonyl. Pyramidalization here is defined by the HHOC torsion angle for

formaldehyde, with a larger extent of pyramidalization (more non-planar carbonyl geometry) on

the acceptor carbonyl indicating greater electron delocalization and a stronger n—>n* interaction.

The formaldehyde dimer exhibited an intercarbonyl O-.C=0 interaction distance of 2.835

A and an internuclear O—C—O angle of 114°, similar to those observed in proteins and consistent

with a favorable n—>7* interaction.*> The formaldehyde dimer exhibited 0.6° pyramidalization

on the acceptor carbonyl, but, as expected, exhibited no pyramidalization on the donor carbonyl.

14
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The interaction energy of the formaldehyde dimer was —1.40 kcal/mol in implicit water, using
the MP2 method and the large jul-cc-pV5Z basis set, in order to minimize the effects of basis-set
superposition error (BSSE) in determining interaction energy. Using the more computationally
intensive CCSD(T) method and the same basis set, an interaction of —1.38 kcal mol~!' was
calculated, essentially identical to that determined by MP2. A BSSE-corrected interaction energy
of —1.31 kcal mol~! was determined by counterpoise calculations (MP2/jul-cc-pV5Z) in the gas
phase, with only 0.06 kcal mol-' BSSE observed using this combination of method and basis set.
These results indicate that the n—n* interaction of the formaldehyde dimer is similar in strength
to that observed within peptides and proteins in water. Moreover, the strength of the interaction
was similar in the gas phase and in implicit water (Table 1), consistent with a primarily

stereoelectronic (molecular orbital-based) nature to the interaction, with only a modest

contribution from electrostatics (C:OS_---8+C:O), despite the substantial partial charges on the

C and O atoms of the carbonyls. This similar interaction strength in water and vacuum also
suggests only a modest role for either unfavorable or favorable dipole-dipole interactions on

complex stability.!*>-¢ Natural bond orbital (NBO) analysis3*** confirmed the predominantly

15
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stereoelectronic component to the n—n* interaction, with a second-order perturbation energy of

2.7 kcal mol™! due to electron delocalization via orbital overlap of the s-like and p-like oxygen

lone pairs with the m* molecular orbital of the acceptor carbonyl (O4/n* 0.6 kcal mol-!, O,/n* 2.1

kcal mol-!) (Figure 2a).35:38.39.57.58

In order to investigate the role of solvation on n—m* interactions, models of the

formaldehyde dimer were generated with hydrogen-bonding groups on the electron-donor

carbonyl and/or the electron-acceptor carbonyl. Models were examined with zero or one

hydrogen-bonding groups on the electron-donor carbonyl, and with zero, one, or two hydrogen-

bonding groups on the electron-acceptor carbonyl (Figure 2b, Table 1). Both HF and H,O were

examined as hydrogen-bond donor groups in these calculations. HF is a stronger hydrogen-bond

donor than H,O, allowing the examination of the effect of hydrogen bond donor strength on the

n—7* interaction. HF also has a technical advantage during geometry optimization calculations:

it is not prone to adopt alternative structures that are driven by hydrogen bonding of the

additional unsatisfied hydrogen-bond donor in water, which can result due to the substantially

greater strength of hydrogen bonds compared to n—7* interactions.

16
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Hydrogen bonding to the acceptor carbonyl led to closer n—n* interaction distances,
with the closest interactions occurring with two hydrogen bonds to the acceptor (O--C=0 for
HCHOe*sHCHO 2.835 A; HCHO#sssHCHO<HOH 2.759 A; HCHO+*sHCHO+(HOH), 2.683 A)
and/or with the stronger hydrogen bond donor HF (HCHOeesHCHOeHF 2.677 A;
HCHOe*sHCHO*(HF), 2.551 A). Increased hydrogen bonding to the acceptor carbonyl also
increased its pyramidalization (Figure 2b, Table 1). In contrast, hydrogen bonds to the electron-
donor carbonyl led to longer n—m* interaction distances. Closer n—m* interactions were
associated with a greater extent of pyramidalization on the acceptor carbonyl. In contrast, no
pyramidalization of the donor carbonyl was observed in any case.

Overall, the effects of hydrogen bonding were greater on the acceptor carbonyl than on
the donor carbonyl. In addition, the fully explicitly solvated formaldehyde dimer (one hydrogen
bond donor on the donor carbonyl, two hydrogen bond donors on the acceptor carbonyl; one
oxygen lone pair on the donor carbonyl is used for the n—n* interaction) exhibited closer
interaction distances than the unsolvated (not explicitly solvated) formaldehyde dimer, indicating
that solvation via hydrogen bonding inherently promotes the n—m* interaction. These

computational results are consistent with experimental data on the polyproline II helix (PPII),

17
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which is stabilized by intercarbonyl n—m* interactions and which is promoted in water and

disfavored in non-hydrogen-bonding solvents.!8.20.22-25.27.30.59-65 Notably, in proteins, n—»m*

interactions are competitive with, and can replace, hydrogen bonds as sites of interaction for

carbonyl lone pairs.’*6%67 The role of n—>n* interactions explains the "partial occupancy" of

water (significantly less than 2 water molecules per carbonyl) that is observed in proteins on

solvent-exposed amide carbonyls, whereby n—n* interactions replace hydrogen bonds to water

in solvating the carbonyls.%

In order to further explore the role of solvation in n—n* interactions, the formaldehyde

dimer was analyzed with the acceptor carbonyl hydrogen-bonded to the protein denaturants urea,

thiourea, or guanidinium, which can solvate protein carbonyls in the denatured state. These

denaturants all can adopt conformations in which they have bidentate hydrogen bonds with the

carbonyl, which might provide an entropic advantage compared to hydrogen bonding to water.

The results indicated that all three denaturants lead to closer n—m* interactions, with

guanidinum resulting in the closest interaction, and with the effect of thiourea greater than urea

(Figure 3a, Table 1). Urea stabilizes polyproline II helix (PPII) in peptides and proteins.?3-26

18
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These results suggest that one mechanism by which urea stabilizes PPII is via promotion of
n—7* interactions, which inherently stabilize PPII.

In addition, the intercarbonyl distance in the formaldehyde dimer was examined for the
effects of monovalent cations on the acceptor carbonyl (Figure 3b, Table 1). Protonation of the
acceptor carbonyl led to nucleophilic attack by the donor carbonyl and a covalent OeeeC distance
(1.567 A). Li*, Na*, and K* also led to closer intercarbonyl distances, with the closest distances
observed for the smallest cations, which interact most favorably with carbonyls. These data
indicate that the interaction of the acceptor carbonyl with cations leads to closer, more favorable
n—n* interactions, with alkali cations functioning as a Lewis acid to promote the n—n*
interaction.

All structures were analyzed for the energies of the intercarbonyl interaction as a function
of solvation of the donor and acceptor carbonyls, both with analysis in implicit water and via
counterpoise calculations in the gas phase (Table 1). The results of these approaches indicated a
small BSSE (< 0.1 kcal mol™") in the vast majority of complexes using the jul-cc-pV5Z basis set,
suggesting that the energies calculated in implicit water accurately represented the relative

interaction strengths. The use of smaller basis sets was associated with substantially more

19
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significant BSSE that were larger than the differences in interaction energies (data not shown). In

addition, larger overall interaction energies were observed using basis sets with diffuse functions

(e.g. jul-cc-pV5Z versus cc-pV5Z), as expected for noncovalent interactions that involve electron

delocalization.

Overall, these results indicated that solvation of the electron-donor carbonyl in n—n*

interactions resulted in a weaker n—n* interaction, as indicated by a longer O--C=0 interaction

distance, a less favorable interaction energy, and a smaller extent of pyramidalization of the

electron-acceptor carbonyl. In contrast, the addition of one or two hydrogen-bonding groups to

the electron-acceptor carbonyl resulted in a stronger n—n* interaction, with shorter O«.C=0

interaction distances, more favorable interaction energies, and greater pyramidalization of the

acceptor carbonyl. Importantly, the trends that were observed in interaction distances closely

correlated with the interaction energies (Figure 4) and with the number and identity of hydrogen

bonding groups: the presence of two hydrogen-bond donors on the electron-acceptor carbonyl

resulted in a more stable n—n* interaction than when only one hydrogen bond was present, and

stronger hydrogen-bond donor groups led to more favorable n—n* interactions. In addition,

complexes with explicit hydrogen bonding to both the donor and acceptor carbonyl were more

20
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stable than complexes without explicit hydrogen bonding, indicating that solvation of the

carbonyls inherently stabilizes the n—7* interaction.

In order to understand the effects of solvation on n—>m* interactions and structure within

a more protein-like context, we next examined the effects of solvation as a function of protein

conformation on Ac-Pro-NMe, molecules. Here, geometry optimization calculations were

conducted on Pro with each combination of an exo and endo ring pucker, and each with Pro in

either the PPII or ag conformation. Models were developed with zero, one, or two molecules of

HF on the electron-donor (acetyl) carbonyl, the electron-acceptor (Pro) carbonyl, or both. In

addition, models were developed with urea, thiourea, or guanidinium on the electron-acceptor

(Pro) carbonyl. The resultant structures were examined for the effects of solvation on

conformation and n—m* interaction geometry (Figure 5, Table 2). In addition, all structures were

evaluated for their final energies, with the relative energies of the PPII-exo, PPII-endo, ag-exo,

and ag-endo conformations compared. In addition, the effects of solvation with a water cluster

were examined. Importantly, solvation by HF (Figure 5b) or by a water cluster (Figure 5d)

yielded similar trends in the effects of carbonyl solvation on n—n* interaction distances. This

analysis yielded the following conclusions in a more protein-like context: (1) solvation of the

21
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acceptor carbonyl in an n—n* interaction results in a closer interaction; (2) solvation of the

acceptor carbonyl with two hydrogen-bond donors (whether two molecules of HF or H,O, or the

denaturants urea, thiourea, or guanidinium [Figure 5c]) yields closer n—n* interactions; (3) in

the PPII conformation, solvation of the acceptor carbonyl results in smaller energy differences

between proline endo and exo ring puckers; (4) solvation of the acceptor carbonyl results in a

greater energetic preference for PPII over the a-helix (ar) conformation.

Similar calculations were conducted on the minimal alanine molecule Ac-Ala-NMe, as a

function of solvation of the electron-donor and/or electron-acceptor carbonyl. Here, three low-

energy conformations were examined: PPII, ag, and the [(/extended conformation, which is

stabilized by an intraresidue C5 hydrogen bond between the Ala amide hydrogen and the Ala

carbonyl oxygen.® In implicit solvent, all three conformations represent energy minima, with the

B conformation lowest in energy (Figure 6, Table 3).5%70-71 In contrast, explicit solvation of the

electron-acceptor carbonyl, or of both the electron-donor and electron-acceptor carbonyls, results

in the lowest energy conformation being the PPII conformation. As expected, solvation effects

on intercarbonyl distances were consistent with analyses in the formaldehyde dimer and Ac-Pro-

NMe,, with greater solvation of the acceptor carbonyl leading to closer n—n* interactions. A

22
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substantial effect in stabilizing PPII over both 3 and ar conformations was observed with urea,

indicating that urea specifically stabilizes PPII relative to other conformations. Most

dramatically, in structures solvated with 2 molecules of HF on the acceptor carbonyl and O or 1

molecules of HF on the donor carbonyl, the 3 conformation was not identified as an energy

minimum: structures with initial geometries in a C5 3 conformation were not stable, with the

geometry optimization generating structures with the PPII minimum instead. These results are

likely due to the solvation of the acceptor (Ala) carbonyl weakening the inherent strength of the

C5 hydrogen bond by reducing the carbonyl electron density associated with the C5 hydrogen

bond. Geometry optimization with ¢ fixed to —160°, identical to that observed with implicit

solvation, indicated that indeed the C5 hydrogen bond was much longer (weaker) with explicit

HFHF solvation on the C5-electron-donor (intraresidue) carbonyl, and that the B conformation

was significantly destabilized relative to the PPII or o conformations.

In order to further explore the effect of solvation on PPII in model peptides, we examined

solvation of Ac-Pro,-NMe,, as a function of number of HF solvent molecules, position of solvent

molecules, and proline ring pucker. All peptides were examined in the PPII local energy minima

only. In Ac-Pro,-NMe, peptides using implicit solvation, the highest energy conformation had an
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exo ring pucker at both prolines, while the lowest energy conformation had an endo pucker at

both prolines, with these two conformations differing in energy by 1.4 kcal mol-!' (Figure 7,

Tables 4 and 5). The addition of 2 HF molecules to Pro2 resulted both in closer n—mn*

interactions at the solvated carbonyl, and a substantial reduction in the energy differences

between conformations, with a specific increase in preference for the exo ring pucker on Pro2

and an exo-exo versus endo-endo energy difference of only 0.3 kcal mol™!, with the exo-exo

combination lower in energy. Similar results were observed in models with 2 HF on Pro2 and 0

or 1 HF on the Ac or Prol carbonyls. Most dramatically, in the structure with 1 HF on Ac and 2

HF on each of the Prol and Pro2 carbonyls, the energy difference between the lowest and

highest energy conformations was only 0.4 kcal mol~!. In the fully solvated system (2 HF on

each carbonyl). the exo-exo and endo-endo conformations were essentially identical in energy.

Most broadly, the exact pattern of solvation (1 versus 2 solvent molecules on specific carbonyls)

changed the relative conformational and energy preferences at each position, with 2 solvent

molecules on the acceptor carbonyl promoting closer (stronger) n—7* interactions and 2 solvent

molecules on the donor carbonyl leading to longer (weaker) n—n* interactions.
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Discussion

n—7* interactions are important determinants of structure in proteins, as well as in the

preferred conformations of small molecules.!>7> Because these individual interactions are

weaker than hydrogen bonds and many other noncovalent interactions, they are challenging to

study due to the ability of other noncovalent interactions to outcompete the n—n* interaction

energetically. Herein, we developed a new model system, the twisted-parallel-offset

formaldehyde dimer, in order to investigate n—m* interactions. This structure is an energy

minimum in implicit water, but is not an energy minimum observed in calculations in vacuum,

presumably due to its large molecular dipole being more unfavorable in vacuum than the

favorable nature of the n—m* interaction. To our knowledge, the twisted-parallel-offset

formaldehyde dimer has not been described previously. This model system avoids complications

due to hydrogen bonding, C—H bond dispersion, and C—H/O interactions that are present in other

potential model systems.!31346-4% The twisted-parallel-offset formaldehyde dimer is stabilized by

an intermolecular n—7* interaction, with the stabilization resulting due to through-space
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electron delocalization, via orbital overlap between the oxygen lone pairs on the electron-donor

carbonyl and the ©* molecular orbital of the electron-acceptor carbonyl.

The effects of solvation on the n—n* interaction were examined using explicit solvation

with a series of hydrogen-bonding groups. Interaction strength was determined as a function of

the number and identity of the solvent molecules, via the geometry of the interaction and via

interaction energies. The presence of hydrogen-bonding groups on the electron-acceptor

carbonyl, or of a hydrogen-bonding group on both the electron-donor and electron-acceptor

carbonyls, resulted in a closer and more favorable n—n* interaction. The magnitude of the effect

correlated with the identity of the hydrogen-bonding group (stronger interactions with stronger

hydrogen-bond donors) and the number of hydrogen bonds to the acceptor carbonyl, with

stronger n—7* interactions when two hydrogen bonds were present. Similar effects were

observed with alkali-metal Lewis acids on the electron-acceptor carbonyl. In contrast, solvation

on only the electron-donor carbonyl resulted in a weaker n—n* interaction. Overall, the

solvation effects on the electron-acceptor carbonyl were greater than those on the donor carbonyl

(Table 1).
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NBO second-order perturbation energies®-* (Figure 2) confirmed that the interaction

strength was driven by a stereoelectronic (molecular orbital) effect, involving through-space

electron delocalization between oxygen lone pairs on the donor carbonyl and the n* molecular

orbital on the electron-acceptor carbonyl, as has been previously seen in the analysis of n—»>n*

interactions in peptides and proteins.>*> Consistent with this interaction being driven

predominantly by electron delocalization, rather than by simple electrostatics, the interaction

energies for the formaldehyde dimer are nearly identical in implicit water and in vacuum (-1.34

versus —1.31 kcal mol'), despite the favorable electrostatic interactions that are possible between

the donor carbonyl O and the acceptor carbonyl C that would be expected to be far stronger in

vacuum than in water.

The n—n* interaction was subsequently examined in the model peptide structures Ac-

Pro-NMe,, Ac-Ala-NMe,, and Ac-Pro,-NMe,. As was the case in the formaldehyde dimer,

explicit solvation of the acceptor carbonyl yielded closer n—n* interactions. Notably, solvation

that promoted n—n* interactions, including solvation by the protein denaturants urea and

guanidinium, also resulted in a preference for the PPII conformation over the a-helix and

/extended conformations.
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n— ¥ interactions are observed with diverse relative geometries of the two interacting
carbonyls (relative vectors of the carbonyls), which reflect the possible contributions of both lone
pairs of the electron-donor oxygen, via the extended loci of electron occupancy around oxygen
(Figure 1b). Despite these observed differences in the disposition of the electron-donor carbonyl
relative to the electron-acceptor carbonyl, the n—7z* interaction inherently exhibits tight
geometric preferences in the Zoco O*e*C=0 internuclear angle (~109°) and in the OsesC
intercarbonyl distance (less than the 3.22 A sum of the van der Waals radii of O and C).> The
similarities of results in the formaldehyde dimer and in peptides suggest that solvent effects will
be general in their impact on the strengths of n— 7* interactions.

Collectively, these data provide a model by which solvation by protic solvents and/or by
chemical protein denaturants promotes the PPII conformation, as is observed experimentally.
Carbonyl solvation inherently promotes the PPII conformation, via making the carbonyl a better
electron acceptor of an n—n* interaction. Moreover, carbonyl solvation favors PPII over the
competing o-helix conformation, potentially due to stronger n—n* interactions in PPII than in
a-helix, and/or alternatively due to stronger hydrogen bonding of the carbonyl to solvent in a

PPII conformation than that of the carbonyl in an a-helix conformation. Solvation of the
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acceptor carbonyl also significantly destabilizes the B/extended conformation by weakening the

intraresidue C5 hydrogen bond that stabilizes the B conformation® in the absence of secondary

structure (PB-sheets). Finally, carbonyl solvation appears to reduce the energy difference between

the proline endo and exo ring puckers. Proline inherently favors an endo ring pucker

(approximately 2:1 endo:exo ratio observed experimentally in water)’3, which was also observed

computationally. However, solvation of the proline carbonyl leads to a reduction in the energy

difference between the endo and exo ring puckers. While data in peptides with 4-substituted

prolines indicate that exo-favoring residues are better for promoting PPIL,!7#7° a requirement for

an exo ring pucker for PPII would impose both an enthalpic (higher energy structure) and

entropic (selection of one of two ring puckers) penalty to adopt PPII. These results suggest that

solvation overcomes both of these energetic costs, both by specifically promoting PPII in an

endo ring pucker, and by making the exo and endo puckers more similar in energy for adopting

PPII, reducing the entropic cost of adopting PPII. We therefore predict than an analysis of

proline ring pucker in proline oligomers under fully denatured conditions will indicate little or no

preference for endo versus exoring pucker.
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The effects of solvation, as observed in structures of Ac-Pro,-NMe,, were inherently

local: any specific carbonyl solvation affected that residue significantly, and the prior residue

only very modestly. These results are consistent with a lack of cooperativity in PPII and the

inherently local nature of interactions on PPII stability.?!-63.64.80.81

The denatured state of proteins exhibits evidence of substantial PPII conformation.!8-20-82

PPII is also promoted by protic solvents over aprotic solvents, and by more polar protic solvents

over less polar protic solvents.?”> D,O also promotes PPII over H,0.?” Moreover, the chemical

protein denaturant urea promotes PPII directly, through mechanisms that are not well

understood. %22 Urea denatures protein secondary structures through direct hydrogen bonding

of urea to protein amide groups, competing against the hydrogen bonding patterns necessary for

a-helix, B-sheet, and B-turn protein secondary structures. However, this disruption of hydrogen

bonding to destabilize secondary structures does not explain why the PPII conformation is

preferred in the denatured state, as both the o and B conformations are stabilized by noncovalent

interactions in the absence of interresidue hydrogen bonds. Herein, we show that urea directly

promotes the PPII conformation over both the o and B conformations, via selective stabilization
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of the n—n* interaction in PPII and via destabilization of the C5-hydrogen bonded conformation

of individual residues in the B conformation.

Rose and coworkers have suggested, based on molecular mechanics-based calculations,

that solvation inherently promotes PPII over the o and B conformations, via greater solvent

accessibility and solvent-backbone hydrogen bonding that is possible in PPIL%-3* The results

herein confirm those predictions using more rigorous quantum-mechanical calculations, and

expand on the implications based on the analysis of the inherent noncovalent interactions that

stabilize secondary structures in individual amino acids. Solvation specifically increases the

stability of PPII, via stronger/more favorable n—n* interactions, and decreases the stability of

the P/extended conformation, via weakening the C5 hydrogen bond. The effects of urea in

stabilizing PPII thus appear to be significantly enthalpic: dual hydrogen bonding to carbonyls

directly promotes PPII via closer n—>7* interactions. The dual hydrogen bonding of ureas is also

central to the function of small-molecule urea, thiourea, and guanidinium asymmetric

catalysts.?># In addition, urea exhibits an entropic advantage over water in promoting n—7m*

interactions, via bivalent hydrogen bonding, whereby the establishment of a second hydrogen

bond does not have a translational entropy cost.?” Notably, protein carbonyls in the urea-
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denatured states exhibit approximately 50% urea occupancy (~ 1 urea per two amino acids),

which includes urea interactions with both the backbone and with sidechains.®® The urea-bound

carbonyls thus are expected to be particularly strong loci as electron acceptors to stabilize n—7*

interactions in the denatured state of proteins. Thus, the results herein suggest that urea can

promote n—7* interactions via both enthalpic and entropic effects that stabilize PPII.

These results confirm a critical role for solvation in the stability of PPII. PPII is a

sterically favorable conformation.’>%° However, PPII is directly stabilized both by n—m*

interactions between consecutive carbonyls and by carbonyl solvation, which further promotes

PPII. The importance of solvation in PPII can also be observed in a recent small-molecule crystal

structure of a proline oligomer in the PPII conformation.® While no water molecules are bound to

the proline carbonyls, each carbonyl exhibits an intermolecular solvation interaction, including a

hydrogen bond to the C-terminal carboxylic acid and C—H/O interactions of carbonyls with the

polarized C-H bonds of solvent (acetonitrile), an aromatic ring, or a proline ring. We also

propose that the observed?’ stabilization of PPII in D,O versus H,O is due to the stronger

hydrogen bonds of the main chain carbonyls to D,O than to H,0,°°! which yields a more stable

polyproline helix via stronger carbonyl solvation. Collectively, the sum of all experimental and
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computational data indicates that PPII is stabilized both by the n—n* interaction and by carbonyl

solvation, the latter of which further promotes the n—n* interaction and PPII.
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Figure 1. (a) n—>n* interactions (red) between consecutive carbonyls (771 interactions) stabilize
a-helices and polyproline II helices (PPII), shown using polyalanine (Ac-Ala;-NHMe and Ac-
Ala;-NHMe) models. (b) Localized representations (NBO) of key molecular orbitals in
formaldehyde. Left: the s-like (Os) and p-like (Op) oxygen lone pairs. Right: the 7 and ©*
orbitals of the carbonyl. Blue and yellow colors indicate opposite signs of the wave function. (c)

The twisted-parallel-offset formaldehyde dimer and definitions of geometric variables used in

the analysis herein.
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Figure 2. Geometry-optimized structures of formaldehyde dimer complexes in implicit water as a
function of explicit carbonyl solvation. All structures were generated using the MP2 method and
the aug-cc-pVTZ basis set in implicit water. Red dashed lines indicate n—mn* interactions, while
blue dashed lines indicate hydrogen bonds. (a) Formaldehyde dimer structure with no explicit
solvation (implicit H,O solvation only). Middle and right: NBO representation of orbital overlap
between the donor p-like (Op, middle) and s-like (Os, right) oxygen lone pairs and the acceptor
n* molecular orbital that contribute to electron delocalization and stabilization of the complex.
The extent of orbital overlap (overlapping yellow lobes of lone pair donor and m* acceptor
orbitals) correlates with the extent of stabilization, with greater orbital overlap resulting in
greater stabilization. The second-order perturbation energies (determined using the M06-2X
method and the aug-cc-pV6Z basis set) were 2.08 (Op/n*) and 0.63 (Os/n*) kcal mol!,
respectively. Similar second-order perturbation energies (+0.15 kcal mol-! for most) were
calculated with a range of DFT functionals (20 methods examined) and large quadruple-zeta
basis sets with diffuse functions (jun-cc-pVQZ, aug-cc-pVQZ, Def2QZVPPD). While NBO

represents the role of key frontier molecular orbitals in stabilization (here, with the largest effect
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due to the Op/m* interaction), which can be used to describe and explain the observed geometry
of the interaction, the overall stabilization due to delocalization involves all of the molecular
orbitals of both molecules. (b) Effects of solvation by H,O (top) and HF (bottom) on the
structure of the formaldehyde dimer, as a function of site of solvation (donor and/or acceptor
carbonyl), the number of hydrogen-bonded solvent molecules, and the strength of hydrogen bond

donor. Geometric parameters are defined in Figure 1c.
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Figure 3. Geometry-optimized structures of the formaldehyde dimer with (a) hydrogen-bonded

protein denaturants or (b) Bronsted acids or alkali-metal Lewis acids. The complex with H* was

initially generated as a Bronsted acid complex of the formaldehyde dimer, which during

geometry optimization generated the covalent bond. A similar structure resulted from the

Bronsted acid hydrogen-bonded complex with H3;O*. Red dashed lines indicate n—n*

interactions, while blue dashed lines indicate hydrogen bonds or Lewis acid complexes.

Geometric parameters are defined in Figure 1.
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Figure 4. Correlation of formaldehyde dimer interaction energy (AEy, kcal mol™!) in implicit
water with the OeeeC n—>m* interaction intercarbonyl distance (OeeeC=0, A) across all
formaldehyde dimer complexes in Table 1 (excluding the fully covalent complex resulting from
interaction of the acceptor carbonyl with H*). These distances are all well below the 3.22 A sum

of the van der Waals radii of O and C.
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Figure 5. Structures of Ac-Pro-NMe, with exo and endo ring puckers in PPII and a-helix
conformations and the indicated representative solvation. n—7* interaction distances (d) and
(@4, ) main chain torsion angles are indicated. Energies are relative to the PPII conformation with
an endo ring pucker for a given pattern of solvation (£ defined as 0.0 kcal mol-! for each
solvation pattern). Nonpolar hydrogens are not shown for clarity. Full sets of values and
structures are in Table 2 and the Supporting Information. Pyramidalization (A) of the acceptor
carbonyl is defined by the torsion angle (Co—N-O-C). A positive value of 4 is consistent with

the expected puckering for an n—7n* interaction in a PPII conformation, while a negative value
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of A is consistent with the expected puckering for an n—m* interaction in an o-helix
conformation. All molecules exhibited the expected sign of A for their secondary structure;
however, in molecules with explicit solvation, the magnitude was variable, due to the value of 4
being dependent on the positioning of all atoms. Any displacement of any atom (for example, a
steric clash of a solvent molecule with the dimethyl amide, as was observed) will result in a
change in A that does not directly relate to puckering of the carbonyl due to the n—>n*
interaction. (a) Structures obtained and energies determined using implicit water solvation. (b)
Structures and energies using the indicated explicit solvation and using implicit water solvation.
n—7* interactions are indicated by red dashed lines, while hydrogen bonds to carbonyls are
indicated by blue dashed lines. In some structures, the hydrogen bond of a carbonyl with HF is
close enough that the hydrogen bond was represented as a covalent bond by Pymol. (c)
Structures in the PPII conformation with an exo ring pucker in the presence of the protein
denaturants urea, thiourea, and guanidinium, with energies relative to the structures in the PPII
conformation and the endo ring pucker. (d) Structures in the PPII conformation with the exo and
endo ring puckers with a water cluster on the acceptor carbonyl; these initial water clusters
optimized to include a hydrogen bond to the donor carbonyl. For (c) and (d), these relative
energies are given with significantly reduced confidence, due to the presence of new noncovalent
interactions with the denaturants, or changes in energy due to differences in the structure of H,O-
H,O hydrogen bonds, in addition to carbonyl hydrogen bonding, that were obtained during
geometry optimization. In addition, in general, the energies of complex molecules that interact
with solvents (such as those herein) are subject due to greater variability due to solvation energy
that is not fully addressed in these calculations. Thus, the energies of peptides in this study
should be considered as relative conformational energies, rather than absolute conformational
free energies, with the changes in patterns in energies as a result of changes in solvation more
important than the absolute numbers. However, in all cases, the observed effect of solvation by

denaturants or by a water cluster was a closer n—n* interaction relative to implicit solvation.
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Figure 6. Structures of Ac-Ala-NMe, in the PPII, a-helix, and § conformations and the indicated
representative solvation. n—n* interaction distances (d, red), C5 hydrogen bond distances
(purple), and (¢, ) main chain torsion angles (blue) are indicated. Energies are relative to the [3
conformation for a given pattern of solvation (£, defined as 0.0 kcal mol-! for each pattern of

solvation). Nonpolar hydrogens are not shown for clarity. Full sets of values and structures are in
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Table 3 and the Supporting Information. n—n* interactions are indicated by red dashed lines. (a)
Structures obtained and energies determined using implicit water solvation. (b) Structures and
energies using the indicated explicit solvation and using implicit water solvation. Hydrogen
bonds to carbonyls are indicated by blue dashed lines. In some structures, the hydrogen bond of a
carbonyl with HF is close enough that the hydrogen bond was represented as a covalent bond by
Pymol. 2 Geometry optimization of these structures in the [ conformation generated the
equivalent structures with a PPII conformation; the structures such indicated resulted from
geometry optimization with the ¢ torsion angle fixed at —160°, which was the observed value at
the local minimum of the structure with implicit solvation. (c) Structures with urea on the
acceptor carbonyl. (d) Structures with a water cluster on the acceptor carbonyl and with the
amide hydrogen solvated by water. For clarity, only carbonyl-water hydrogen bonds are
indicated by blue dashed lines. The structure in the a-helix conformation fundamentally differs
from those in the PPII and 3 conformations due to a loss of one water-water hydrogen bond, and
thus appears to be significantly higher in energy. At this level of theory in implicit water, a
water-water hydrogen bond is stabilizing by 4.0 kcal mol-! (Table S2); the approximate corrected
E. of 0.5 kcal mol! (indicated by *) accounts for this lost hydrogen bond interaction

energy_50,70,7]
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Figure 7. Structures of Ac-Pro,-NMe, as a function of ring pucker and explicit solvation.
Intercarbonyl n—n* interaction distances (red) and main chain (4, y) torsion angles (blue) are
indicated. Energies are relative to the conformation with an endo ring pucker on both prolines
(B defined as 0.0 kcal mol™!) for a given pattern of solvation. Nonpolar hydrogens are not
shown for clarity. Full sets of values and structures are in Table 4 and the Supporting
Information. (a) Structures obtained and energies determined using implicit water solvation. (b)
Structures and energies using the indicated explicit solvation and using implicit water solvation.
n—7* interactions are indicated by red dashed lines. In some structures, the hydrogen bond of a

carbonyl with HF is close enough that the hydrogen bond was represented as a covalent bond by

Pymol.
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Tables

Table 1. Summary of computational data (optimization MP2/aug-cc-pVTZ/H,0, energies

MP2/jul-cc-pV5Z/H,0) on n—n* interactions in formaldehyde dimer complexes.?

AE; kcal mol-
groups on C=0 donor acceptor | H,O vacuum
interaction donor acceptor d “ A° A raw corr.l Egf corr.9 BSSE®*
QG20
HCHO*HCH 2.83
(o) - - 5 114.0 0.0 0.6 -1.40 -7.34 0.00 -1.31 -0.06
HCHO*HCH 2.84
(0] H,O - 5 112.7 0.0 0.5 -1.33 -17.27 0.07 -0.71 -0.06
HCHO<HCH 2.75
(0] - H,O 9 110.9 0.0 0.7 -1.69 -7.62 -0.28 -1.87 -0.07
HCHO<HCH 2.68
(0] - H,O H,O 3 108.4 0.0 1.0 -2.00 -7.97 -0.57 -2.54 -0.09
HCHO-HCH 2.77
o H,0 H,O 0 104.8 0.0 0.3 -1.69 -7.60 -0.26 -0.28 -0.09
HCHO-HCH 2.71
o H,O H,O H,0 2 101.5 0.0 0.4 -2.05 -1.92 -0.58 -0.55 -0.13
HCHO-HCH 2.88
o HF - 3 112.9 0.0 0.4 -1.20 -7.74 0.20 -0.15 -0.06
HCHO-HCH 2.67
O - HF 7 109.2 0.0 1.1 -2.05 -7.97 -0.63 -2.60 -0.08
HCHO*HCH 2.55
(o) - HF HF 1 106.4 0.0 1.6 -2.78 268 -1.34 -4.10 -0.10
HCHO*HCH 2.74
(o) HF HF 8 103.7 0.0 0.5 -1.63 -7.55 -0.21 -0.16 -0.08
HCHO-HCH 2.65
(o) HF HF HF 6 101.1 0.0 0.7 -2.11 -2.017 -0.67 -0.88 -0.10
HCHO-HCH 2.76
o HF H,O H,0 6 98.0 0.0 0.3 -1.67 -1.57 -0.23 0.21 -0.10
HCHO-HCH 2.74
o - urea 1 110.1 0.0 0.8 -1.76  -1.69 -0.35 -2.46 -0.07
HCHO-HCH 2.72
o - thiourea 7 110.4 0.0 0.9 -1.84 -1.77 -043 -2.87 -0.07
HCHO-HCH 2.69
o - guanidinium 9 109.6 0.0 0.9 -2.02 -7.95 -0.61 -6.71 -0.07

44

Page 44 of 58



Page 45 of 58

Physical Chemistry Chemical Physics

HCHO-HCH 1.56 18.0 - 16.2

o - H* 7 107.3 -0.1 26.7 1 17.61 7 -561.24 -0.40
HCHO*HCH 2.71

o - Li* 4 109.8 0.0 0.9 220 -213 -0.79 -9.03 -0.07
HCHO*HCH 2.76

o - Na* 0 111.3 0.0 0.7 -1.80 -7.73 -0.39 -7.38 -0.07
HCHO-HCH 2.78

o - K* 1 111.3 0.0 0.6 -1.63  -7.57 -0.23 -6.83 -0.06

2 d = distance (A) between the oxygen of the electron-donor carbonyl and the carbon of the

electron-acceptor carbonyl. Zo...c-o = angle (*) between oxygen of the electron-donor carbonyl,

the carbon of the electron-acceptor carbonyl, and the oxygen of the electron-acceptor carbonyl. 4

= pyramidalization of the carbonyl, as defined by the torsion angle () between the pro-R H, the

pro-S H, the carbonyl O, and the carbonyl C. These geometry measurements are defined

schematically in Figure Ic. The torsion angle-based method for quantification of carbonyl

pyramidalization is compared with alternative methods to quantify carbonyl pyramidalization in

Table S3.

b Correction for potential errors due to basis set superposition error (BSSE). Corrected H,O

interaction energy = raw interaction energy (H,O) — BSSE (vacuum). While BSSE determination

is inherently a vacuum-based calculation, this error in water was approximated using the

magnitude of BSSE in gas phase.
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¢ Era = Eolvated HCHOHCHO, corrected — FHCHOSHCHO, corrected- LNiS number indicates the relative

formaldehyde complex interaction energy in the presence of the indicated hydrogen bonding

groups compared to the interaction energy of the formaldehyde dimer in the absence of explicit

hydrogen bonding groups.

4 BSSE-corrected complex interaction energy in the gas phase, as determined via counterpoise

calculations.

¢ Magnitude of the gas-phase BSSE, which was used for energy corrections to complexes in

water.
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Table 2. Summary of geometry data and energies of Ac-Pro-NMe, as a function of ring pucker,
region of the Ramachandran plot, and explicit solvation. All geometry optimization calculations
were conducted with the M06-2X method and jun-cc-pVTZ basis set in implicit water. Energies

were determined by the MP2 method with the aug-cc-pVTZ basis set in implicit water.

solvation Eo?
keal mol-
pucker 2° donor acceptor a A é v 1
exo PPII - - 2.890 -61.6 150.7 0.48

- HF cis 2.832 -568.2 150.7 0.34
- HF trans 2.848 -60.1 149.2 0.37
- HF HF 2.803 -58.2 148.7 0.15

HF - 2.867 -61.0 152.6 0.55
HF HF HF 2.799 -58.4 149.7 0.24
- urea 2.846 -60.1 151.2 -0.66
- thiourea 2.827 -59.3 149.4 -1.35
- guanidinium  2.825 -59.5 150.7 -1.13

- H,0 cis 2.875 -61.7 150.8 0.57
- H,O HF 2.830 -60.5 149.2 0.47
HFHF HF HF 2.930 -60.8 158.1 0.68

HFHF - 2.979 -62.1 163.2 0.92

endo PPl - - 3.094 -72.2 162.4 0.00
- HF cis 2.992 -67.8 159.1 0.00

- HF trans 3.046 -70.5 162.3 0.00

- HF HF 2.973 -68.3 157.6 0.00

HF - 3.062 -72.0 164.6 0.00

HF HF HF 2.949 -67.9 157.6 0.00

- urea 3.022 -70.3 159.4 0.00

- thiourea 3.023 -71.3 156.5 0.00

- guanidinium  3.040 -73.3 158.2 0.00

- H,O cis 3.031 -70.2 159.9 0.00

- H,O HF 3.025 =711 160.4 0.00

HFHF HF HF 3.132 -73.4 172.2 0.00

HFHF - 3.159 -73.8 174.4 0.00

exo a - - 2.828 -49.7 -42.9 1.60

- HF cis 2.820 -52.0 -39.9 1.90

- HF trans 2.809 -50.5 -39.8 1.23
- HF HF 2.793 -52.2 -39.3 1.78
HF - 2.834 -51.4 -40.8 1.88
HF HF HF 2777 -51.7 -40.1 2.20
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- urea
- thiourea
- guanidinium
- H,0 cis
- H,O HF

HFHF HF HF

HFHF -

endo a - -
- HF cis
- HF trans
- HF HF
HF -
HF HF HF
- urea
- thiourea
- guanidinium
- H,O cis
- H,O HF
HFHF HF HF
HFHF -

4 Energies are relative to the energy of the molecule with the same explicit solvation with an

Physical Chemistry Chemical Physics

2.844
2.841
2.800
2.849
2.819
2.860
2.888

3.095
3.070
3.052
3.054
3.079
3.038
3.065
3.062
3.056
3.118
3.066
3.254
3.283

-52.4
-52.6
-50.2
-562.5
-52.5
-51.4
-51.1

-66.7
-67.4
-66.1
-67.8
-67.6
-67.5
-66.3
-66.2
-66.2
-68.9
-67.6
-75.1
-74.3

endo ring pucker and a PPII conformation.

-39.7
-39.4
-43.0
-39.7
-38.4
-36.6
-38.2

-19.5
-19.2
-19.8
-17.7
-19.5
-171
-21.2
-20.0
-20.2
-171
-18.2
-6.2
-3.3
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3.43
3.38
2.58
2.69
2.58
3.77
3.54

3.39
3.78
3.21
3.77
3.90
4.19
5.26
5.24
4.49
4.55
4.44
5.02
5.24
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Table 3. Summary of geometry data and energies of Ac-Ala-NMe, as a function of region of the
Ramachandran plot and explicit solvation. All geometry optimization calculations were
conducted with the M06-2X method and jun-cc-pVTZ basis set in implicit water. Energies were

determined by the MP2 method with the aug-cc-pVTZ basis set in implicit water.

C=0 solvation Eei%, kcal mol-'
2 donor acceptor a A é % toa to PPII top
PPII - - 2.985 -64.8 150.2 -1.69 0.00 0.91
- HF HF 2.841 -59.6 139.9 -1.69 0.00 -2.64
HF HF HF 2.859 -62.0 142.9 -1.76 0.00 -2.44
HFHF HF HF 3.083 -67.0 163.4 -3.25 0.00 -1.71
HFHF - 3.134 -70.0 168.5 -3.05 0.00 1.53
HFHF HF 3.118 -69.4 167.2 -2.92 0.00 0.57
- urea 2977 -66.1 150.0 -3.52 0.00 -1.85
- 4 H,0O 2.910 -62.1 149.2 -2.4% 0.00 -2.89
o - - 2.940 -568.0 -39.7 0.00 1.69 2.60
- HF HF 2.840 -57.0 -40.5 0.00 1.69 -0.95
HF HF HF 2.838 -57.8 -40.3 0.00 1.76 -0.67
HFHF HF HF 2.936 -568.2 -36.2 0.00 3.25 1.53
HFHF - 2.990 -59.3 -38.1 0.00 3.05 4.58
HFHF HF 2.942 -568.1 -38.4 0.00 2.92 3.49
- urea 2.918 -568.1 -39.7 0.00 3.52 1.68
- 4 H,0 2.949 -59.4 -39.9 0.00 2.4 -0.5%
B - - - -160.3 164.6 -2.60 -0.91 0.00
- HF HFe - -160.0 159.0 0.95 2.64 0.00
HF HF HF¢ - -160.0 159.1 0.67 2.44 0.00
HFHF HF HF - -151.0 160.6 -1.53 1.71 0.00
HFHF - - -162.4 164.9 -4.58 -1.53 0.00
HFHF HF - -160.4 162.9 -3.49 -0.57 0.00
- urea - -159.9 165.0 -1.68 1.85 0.00
- 4 H,0O - -155.5 161.0 0.5¢ 2.89 0.00

2 Energies are relative to the energy of the molecule with the same explicit solvation, with an a,
PPII, or B conformation, respectively, as indicated in the column header.
® These numbers have been corrected from the raw numbers in order to control for the energetic

cost of one less H;O-H,0 hydrogen bond in the 4-H,0 cluster of the complex with the a-helix

49



Physical Chemistry Chemical Physics

conformation compared to the complexes with the PPII and 3 conformations, since an equivalent
hydrogen bond would be present in a full explicit HO solvation model.

¢ Attempts to achieve geometry optimization of this solvation pattern in a B conformation led to a
change in conformation to PPIL. In order to understand the energetics, these structures were
examined via geometry optimization with ¢ fixed at —160°, as is present in the structure with
implicit solvation. Torsion angle scans from ¢ =—140"to ¢ =—-180" confirmed that there was no
energy minimum in this region for these structures. These structures, while not local energy

minima, nonetheless exhibited zero imaginary (negative) frequencies.
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Table 4. Geometric parameters of Ac-Pro,-NMe, as a function of pattern of explicit solvation
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and combinations of proline ring pucker.?

explicit C=0 solvation

dO#+«C=0 Ac*+*P1, P1+ssP2 (A)

@wP1, @yP2()

endo-

name Ac P1 P2 exo-exo | exo-endo | endo-exo endo exo-exo exo-endo endo-exo
2.84, 2.89, 3.09, -59 137, -61 -61 149, -72 -71 164, -59

OHF - - - 2.86 3.08 2.86 3.06, 3.06 152 163 152
HFH 2.81, 2.86, 3.08, -58 134, -55 -61 149, -71 -71 166, -52

2HF - - F 2.75 2.98 2.70 3.03, 2.99 149 157 140
HFH 2.84, 2.78, 3.01, -58 155, -50 -56 147, -70 -69 164, -50

3HF - HF F 2.67 2.93 2.66 2.97,2.95 141 153 139
HFH 2.81, 2.77, 3.01, -57 155, -50 -56 148, -69 -70 166, -51

4HF HF HF F 2.67 2.93 2.67 2.92,2.96 142 156 140
HFH HFH 2.73, 2.77, 2.91, -53 149, -49 -57 148, -74 -65 162, -51

5HF HF F F 2.75 3.1 2.76 2.92, 3.11 150 173 151
HFH HFH 2.99, 2.93, 3.14, -62 168, -54 -59 158, -77 -74 172, -57

5aHF F HF F 2.69 3.04 2.72 3.14, 3.04 143 168 146
HFH HFH 2.94, 2.91, 3.1, -58 165, -55 -59 155, -78 -72 173, -59

5bHF F F HF 2.78 3.17 2.84 3.1, 3.22 149 170 151
HFH HFH HFH 2.94, 2.89, 3.09, -58 165, -53 -57 155, -76 -71172, -56

6HF F F F 2.75 3.12 2.79 3.11, 3.18 150 173 152

2 Geometry optimization and analysis was conducted only on the PPII conformation with a trans
amide bond. Geometry optimization was conducted using the M06-2X functional and the 6-
311++G(2d,2p) basis set in implicit water. d = intercarbonyl OseeC distance in A for the

Acee*Prol and ProleeePro2 n—n* interactions, respectively.
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Table 5. Relative energies of Ac-Pro,-NMe, as a function of the combination of proline ring
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pucker and explicit solvation.?

explicit C=0 solvation

E? keal

mol-!

P1-P2 ring pucker

name Ac P1 P2 exo0-exo exo-endo endo-exo endo-endo
OHF _ — - +1.4 +0.7 +0.8 0.7
2HF - - HFHF -0.3 +0.3 -1.1 0.0¢
3HF . HF HFHF -0.6 +0.1 -1.3 0.°
4HF HF HF HFHF -0.6 +0.2 -1.3 0.0°
5HF HF HFHF HFHF -0.4 -0.1 -0.3 0.7
5aHF HFHF HF HFHF -0.0 +1.3 1.7 0.0°
5bHF HFHF HFHF HF +0.8 +1.0 -0.1 0.
6HF HFHF  HFHF HFHF +0.0 +0.7 -1.0 0.0°

2 Energies were determined using the MP2 method and the 6-311++G(3d,3p) basis set in implicit

water. Energies (£;) are referenced to the peptide with endo ring pucker on both prolines with

the indicated solvation.
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