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Abstract

We describe the solution geometries of procyanidins B1, B2, and C1 in methanol at low temperature by NMR
spectroscopy, MD simulations with AMBER14/GAFF, and ab initio structure calculations. The conformational
space of all compounds was adequately sampled by the MD trajectories. The ab initio calculations
guantitatively matched the experimental data very well, both by experimental abundance in solution
(Boltzmann statistics) and nOe-experiments. In contrast to literature reports, no evidence for significant
(M)/(P)-rotation about the interflavanol linkages was found in either the experimental or computational data.
Instead, conformational changes were limited to half-chair conformers or hydrogen-bonded rotamer sub-
populations in the (M)-atropisomer space.
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Introduction

Polyphenolic secondary metabolites play key roles in the biochemistry of plants and are divided into several
different classes of compounds. Phenolic acids, coumarins, tannins, chalcones, aurones, flavanones, flavones,
isoflavones, flavanols, proanthocyanidins, and anthocyanins are present abundantly in plants and can be
isolated by extractions, capillary electrophoresis, and chromatography such as ion exchange, supercritical
fluid, reverse-phase HPLC, and regular-phase HPLC. Soon after their discovery and even long before their
detailed structural description, polyphenols were known for important medical benefits in traditional folk
medicine.” The structures of polyphenols were elucidated over time by mass spectrometry,3 and numerous
spectroscopic techniques including Nuclear Magnetic Resonance (NMR).> Along with detailed structure
description, a more thorough understanding of the multitude of biochemical roles evolved. Hundreds of
polyphenolic structures have been reported to date. The great structural diversity of polyphenols in plants
complicates the isolation of sufficient material of a single specific compound for biochemical studies. Specific
synthesis of polyphenols in the laboratory can be accomplished by total synthesis,* by semi-synthetic
modifications of natural polyphenols,4 and by metabolic engineering of microorganisms.’

Polyphenols of the flavanol category are composed of catechin or epicatechin with a plethora of chemical
modifications. One characteristic structural feature of flavanols, and flavan-3-ols in particular, is that oxidative
combination via C-C- or C-O-linkages results in different constitutional and diastereomeric oligomers. The C-C-
linked isomers of flavan-3-ols are referred to as procyanidins (Figure 1). The structural identities and stereo-
chemistries of the procyanidins, have been established 40 years agos'8 and their biochemical synthesis was
elucidated soon after.**° Oligomerization of catechin or epicatechin units results in two conformational and
stereochemical peculiarities. First, the direct C-C-linkage between two chiral flavanols is hindered in its
rotational freedom, which leads to diastereomers because of atropisomerism. Second, the increased steric
crowding in catechin/epicatechin oligomers can have a secondary conformational effect on the half-chair
conformations of each catechin/epicatechin unit, which can exist in either 2H, or *H,-conformation. Several
crystal structure studies have been published,"*® namely one paper with the single crystal structure of
epicatechin (1b) (’Hs),** one paper with both, the 3-epimer 1a, catechin, (®Hs) and catechin-3-gallate (°H,),*
and one paper with epicatechin-3-gallate-caffeine complex (°Hs).'® Two papers have been published with
protein structures that carry compound 1b as ligand in the *H,-conformation (PDB: 4MAG6) in one case and 1a-
3-gallate in the 3H,-conformation (PDB: 3QMU, glutamate dehydrogenase) in the other case. B>V Interestingly,
the conformation of 1b in the single-crystal structure was the same as in solution whereas the protein-bound
structures displayed the opposite half-chair conformations. From these results of other groups, it has to be
concluded that favorable interaction through hydrogen-bonding and van-der-Waals forces inside the protein’s
binding pocket apparently offset the Gibbs free energy expense in solution to adopt the opposite half-chair
conformation, offset the desolvation enthalpy, and offset the loss in ligand entropy upon binding. To the best
of our knowledge no single crystal structure has been reported for native procyanidin B1 (2), B2 (3), or C1 (4).
However, one paper reports the structure of the peracetylated derivative of 2.

Nevertheless, prior to the elucidation of the biochemical function of any polyphenol, unambiguous
chemical structure elucidation in aqueous solution is essential. In solution, the structures of procyanidins are
potentially complicated by significant conformational freedom or restricted by hydrogen bonding. The
stereogenic structures of procyanidins affect plane- or circularly-polarized light, and the application of CD
spectroscopy to the structure analysis of flavan-3-ols in solution has been reviewed.'®*°
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Figure 1. Chemical structures of (+)-catechin (1a), (-)-epicatechin (1b), procyanidin B1 (2), B2 (3), and C1 (4).

In addition, NMR spectroscopy is particularly powerful to determine the structure of molecules in solution.
Not only can atom connectivities be established (molecular constitution), but also stereochemical information
(configuration) and three-dimensional geometry (conformation). Low-temperature NMR has allowed
observing individual molecular conformations that might slowly interconvert at room temperature and which
result in broad spectral peaks devoid of fine structure. The historical observation that narrow-line NMR
spectra exhibited spectral “fine structure” and hence coupling information,?® and that the magnitude of the
coupling constant appeared to be dependent on molecular geometry,”* accelerated the efforts to find
satisfactory theoretical models to describe molecular structures in solution. Today, experimental NMR data in
conjunction with theoretical calculations and fitting procedures can provide a complete picture of a molecule’s
solution geometry. The general NMR structures of procyanidins have been reported before?*>* and molecular
modeling studies as well 2?8

In all previously published studies concerning the solution conformation of procyanidins, the conclusion
has been drawn that the inter-flavanol linkage between catechin or epicatechin units in (4,8)-linkages is
subject to rotation and that the tetrahydropyran rings show different degrees of half-chair interconversion. In
the present study we have used high-resolution variable-temperature NMR spectroscopy and molecular
modeling to attempt a quantitative description of the solution conformations of procyanidin B1, B2, and C1.

Results and Discussion
NMR Analysis
The complete structural assignment and solution conformation of (-)-epicatechin (1b, Figure 1) was obtained

from 'H-, *C-, 'H-'H-cosY, 'H-*c-HMQC, and 'H-*C-HMBC experiments as well as from 1d-pfg-roesy
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experiments. In the half-chair conformation, the diastereotopic protons H4z and H4s resulted in coupling
constants of 3JH4R,H3 =2.9Hzand 31H45,H3 =4.6 Hz (Table 1).

Table 1. 'H-NMR chemical shifts in ppm and coupling constants in Hz for (-)-epicatechin (1b), procyanidin B1
(2), B2 (3), and C1 (4) in MeOD. Compound 1b at rt; compounds 2-4 at -15 °C.?

1b 2 3 4
A B A B A B C
2 4.79 5.06 4.92 5.02 4.94 5.23 4.92 4.97
! 3pa<1 3,4=5.5 3, 5<1 3, 5<1 3, 5<1 3, 5<1 3, <1
(GIAO:1.3 (GIAO:0.9 (GIAO:5.6 (GIAO:0.8 (GIAO:0.8 (GIA0:0.9  (GIAD:0.8 (GlA0:0.7
HLA":0.8 HLA":1.2 HLA":2.2 HLA":2.6 HLA":0.8 HLA"0.8 HLA"0.9 HLA":0.8
HLA®:1.1) HLA®:0.4) HLA®:3.7) HLA®:0.3) HLA®:0.3) HLA®:0.3)  HLA®:0.3) HLA®:0.3)
3 4.15 3.91 4.13 3.81 4.25 3.91 3.95 4.29
*J3,=1.5 *J30<1 *J3,=5.4 3J30<1 3J3<1 *J30<1 3J3<1 *J3<1
*J3.45=3.0 *J34=1.1 *J345=5.9* *J34=1.5 *J3.45=3.7 *134=0.9 *J34=1.1 *J34r=3.4
(GIAO:2.8 (GIAO:1.9 (GIAO:5.7 (GIAO:1.6 (GIAO:1.9 (GIAO:1.5  (GIAO:1.5 (GlAO:1.8
HLA"2.3 HLA":2.2 HLA":4.4 HLA":4.4 HLA":2.5 HLA™1.2 HLA"1.3 HLA":2.3
HLA®:3.7) HLA®:2.0) HLA®:4.0) HLA®:1.6) HLA®:2.0) HLA®:1.0)  HLA®:1.0) HLA®:1.8)
*J345=4.5 *J3 45=4.5* *J3,45=3.7 *J345=3.4
(GIAO:4.5 (GIAO:4.6 (GIAO:4.8 (GIAO:5.5
HLA":4.4 HLA":3.2 HLA":4.2 HLA":4.5
HLA®:4.5) HLA®:2.3) HLA®:4.5) HLA®:5.3)
4 - 4.63 - 4.61 - 4.67 4.67 -
*J45=1.2 *J45=1.3 *J45= n.d. *J45= n.d.

4. 2.71 - 2.58 - 2.78 - - 2.79
2Japas=-16.7 ?Jaras =-17.0* %Janas =-16.9 2Jaras=-16.6
(GIAO:-14.9) (GIAO:-15.9) (GIAO:-15.4) (GIAO:-17.2)

*J4r3=2.9 *Jars <1 *Jas3=1.5
4 2.84 - 2.60 - 2.92 - - 2.94
*J4s.4r=16.6 ?Jas.ar=n.d *Jasar=-16.9 *Jasar=-16.7
*J4s3=4.6 *Jas3=4.2 *Jas3=4.5
6 5.89 5.90 5.81 5.93 5.86 5.95 5.87 5.91
*J6s=2.3 “J6s=2.3 “J6s=2.3 *Jes=2.1
(GIAD:2.5)  (GIAO:2.3) (GIAD:2.4)
8 5.92 5.92 - 5.95 - 5.98 - -
“Jg6=2.3 *Jg=2.3 “Jg6=2.3 Jg6=2.1
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Table 1. Continued

1b 2 3 4
A B A B A B C
2 6.95 6.83 6.84 6.82 7.08 7.0 6.88 7.1
*Jy ¢=1.9 Yy g=1.1 )y =1.2 Yty g=1.7 Yy g=1.7 ‘Jy ¢=1.6 “Jy ¢=1.8 *Jy ¢=1.6

(GIAO:1.9)  (GIAO:1.7) (GIAO:2.0) (GIAO:1.7) (GIAO:1.8)

5’ 6.73 6.84 6.65 6.67 6.71 6.65 6.71 6.73
%Jg =8.1 %I =7.9 %Js 6=7.9 *Js =8.2 *Jg =8.2 %Jg =8.2 *Js 6=8.7 *Js 6=8.4
(GIA0:8.3)  (GIAO:8.7)  (GIAO:8.9) (GIAO:8.8)  (GIAO:8.8)

6 6.77 6.84 6.87 6.61 6.85 6.69 6.69 6.88
*Je 2=2.0 Y y=n.d. “Jg <1 Yo 2=1.7 Yo 2=1.2 ‘Jo2=1.8 e =1.8 e =1.7
*Jg,5=8.2 %Jg,5=n.d. %Jo,5=7.9 *Jg,5=8.1 *Jo,5=8.7 %Jo,5=8.7 *Jo,5=8.5 *Jg,5=8.2

® Row 1: compound no. Row 2: component ring; Column 1: H measured; Theoretical J-values (GIAO) in
parentheses were Boltzmann-weighted for 1b by 56:26:11:7 (at rt), for 2 by 50:24:15:11, for 3 by 47:32:13:9,
and for 4 by 53.8:34.6:6.7:2.7. All values were corrected by a factor of 0.92.>* Theoretical J-values (HLA)* in
parentheses were weighted over the MD-histogram (HLAh) or were calculated from static Boltzmann-weighted
(HLA®®) structures, *simulated J-value for major conformer(s), “n.d.” = not determined.

Upon irradiation of H2, an rOe response at H4s (1.2 %) confirmed the preferred tetrahydropyran—2H3
conformation. Because the H3-C3-bond bisects the H-C-H bond angle of the two diastereotopic methylene
protons H4g and H4s in the °Hs-conformation, the resulting *H-"H-J-values were small to average.

However, the difference of approximately 1.5 Hz must clearly have resulted from a non-symmetrical
environment of the protons. In addition, at room temperature, the structure underwent significant molecular
motion resulting in non-symmetrical statistical angle distribution for H4g-H3 and H4s-H3. Upon irradiation of
H2, additional strong rOe responses were observed at the catechol protons H2’ and H6’, which indicated free
bond rotation of the catechol ring. From the J-resolved 'H-13c-HMmBC spectrum of 1b heteronuclear coupling
constants for diagnostic dihedral angles in the ’Hs-conformation were determined.

The error associated with the fitted values was * 0.5 Hz, which was determined from multiple
measurements of cross-peak volumes and quality of subsequent fitting. Values of 3Jus.c10 = 5.5 Hz (r2 = 0.995),
*Juas.co = 0.4 Hz (r* = 0.962), and *Juurc2 = 5.3 Hz (r* = 0.999) were measured (Suppl. Information). These
constitute precision of measurement and not necessarily accuracy. Unlike observed by us earlier for the
chromenylium core of anthocyanins,33 no deuterium exchange was observed for H6 and H8 in the chroman
system even after several months.

The structures of procyanidins feature several flavanoid units that are oxidatively connected between C4
(R-configuration) and C8. Procyanidin B1 (2) and B2 (3) have dimeric structures whereas procyanidin C1 (4) is a
trimer. The C4;-C8 linkage between two flavanoid units give rise to two theoretical rotamers, namely (P)-2 and
(M)-2 (atropisomers) (Figure 2).
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Figure 2. Top: Examples of atropisomers of procyanidin B1: [(P)-2] and [(M)-2]. The IUPAC nomenclature rules
are based on perpendicularly-offset reference planes between the tetrahydropyran ring and the resorcinol
ring. The nomenclature based on “M” (minus) and “P” (plus) is recommended rather than the R/S-
nomenclature, which potentially leads to confusion with centro-chiral structural moieties; center: Definition of
(M)- and (P)-helicity of flavan-3-ols'’ and its effect on the CD-absorption band L, at ~260-280 nm; bottom:
Definition of (M)- and (P)-helicity of 4-aryl-flavan-3-ols'’ and its effect on the CD-absorption band 'L, at ~220-
240 nm. The quadrant rule has been used to explain the CD spectra of procyanidins.'®*

Procyanidin B1 (2) was characterized by very broad spectral peaks that lacked fine-structure at room
temperature (Figure 3, top). At elevated temperatures (+40 °C), the line broadening became more significant.
This indicated that at room temperature the structure underwent conformational changes close to the
coalescence temperature on the NMR time scale. At low temperature (-15 °C) two distinct conformers of ratio
3:1, corresponding to an approximate difference in Gibbs Free Energy of AG = 0.65 kcal/mol, were frozen out.
The ratio appeared constant at different temperatures suggesting a process dependent on enthalpy with
minimal entropic penalty (Suppl. Material). In the tetrahydropyran ring A, all observed coupling constants
were less than 1 Hz and not well resolved, consistent with a *Hs-conformation. In ring B, small coupling
constants of 3JH45,H3 = 4.5 Hz (AB-mix, simulated) and 3JH4R,H3 = 5.9 Hz (AB-mix simulated) confirmed the
preferred opposite tetrahydropyran 3H, conformation.
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The minor solution geometry displayed identical J-values for the ring A, whereas ring B had undergone a
change from 3H, to *Hs with coupling constants of 3JH4R,H3 = 5.6 Hz and 3JH45,H3 = 8.9 Hz as well as ZJH4R,H45 =16.0
Hz in ring B. This finding is markedly different from previously published studies of the same compound in
water and in aqueous solution with low-alcohol content where the ’H; conformation of ring B was dominant
at 95:5.%” Apparently, the solvent plays a critical role in the solution conformation of the tetrahydropyran ring.
Therefore, previous studies of per-O-acetylated derivatives of 2 and, for that matter, any derivatized
procyanidin in CDCl; or other aprotic and/or non-polar solvents must be treated with caution when drawing
conclusions about the native procyanidin in whose structures free hydroxyl groups and solvent interactions
may play critical conformational roles.

In our study, several diagnostic nuclear Overhauser effect enhancements were observed in the structure of
2. Upon irradiation of H3®, an enhancement in the most deshielded aromatic region (H2’ [0.2 %]/6’® [1.3 %))
resulted (Figure 3, top). The same enhancement was observed after irradiation of H4" consistent with free
rotation of the catechol ring. The latter nOe also pointed to a preferred (M)-atropconformation in 2.
Irradiation of H3" resulted in nOe-enhancements at the H2’ [4.7 %]/6’* [4.2 %] resonances. Whether the half-
chair inversion in ring B of the minor solution geometry described above was the only conformational
difference or whether it went along with a change in atropconformation along the inter-flavanol C44z-C8-
linkage could not be confirmed. There has not been any convincing experimental evidence in the literature for
the contribution of atropisomers to the solution geometry of native procyanidins. Circumstantial evidence for
the presence of the (P)-rotamer in dimeric procyanidins with 2,3-cis-configuration in ring A was reported in the
literature from NMR/circular dichroism studies.>**” However, those studies relied on NMR integration of
signals at room temperature, which most certainly resulted in erroneous species abundance and possible
misinterpretation of CD-data.

Furthermore, had contributions from the (P)-atropisomer been of significance, separate sets of NMR-
signals should have been reported. Because circularly polarized light is “chiral” and interacts in diastereomeric
fashion with enantiomers (configurational or conformational), atropisomers of the same helicity can undergo
conformational changes elsewhere in the molecule affecting the CD spectrum significantly. This might be
especially important if the change in conformation occurs in a chrial entity such as the half-chair with multiple
stereogenic carbons. Half-chair helicity and aromatic quadrant rule for 4-aryl-flavan-3-ols have been
reviewed.'® The stereogenicity of (P)-/(M)-atrophelicity in combination with (P)/(M)-half-chair-helicity results
in eight (2°) possible diastereomeric conformers for dimeric procyanidins, each of which with an expected
characteristic NMR signature when frozen out. Contribution of (P)-/(M)-atropisomerism to the solution
geometry of 2 in methanol is questionable, especially because the rotational barrier around the inter-flavanol
bond is much higher (estimated 30-35 kcal/mol by single bond rotation) than the barrier to half-chair
inversion. Only two sets of NMR signals were observed in our experiment and all NMR signals were explained
by half-chair inversion in ring B alone. It would be a great coincidence if the NMR signature of the (M)-
atropisomer, including *Hs/>H, inversion, were to be completely isochronous with that of the (P)-atropisomer,
including 2H;,/3H2—inversion. All carbons were assigned with the help of 'H-B3c-HMQC and *H-C-HMBC
correlations. For compound 2, the HMBC correlations did not include the remarkable long-range correlations
over four bonds between H6/8 and C4 as observed in (-)-1b (Figure 1, Suppl. Material).
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Figure 3. Top: VT-NMR spectra of 2. The insets show spectral details of the major solution conformer (signal of
H4g,/s simulated with TopSpin 3.5 pI7 NMRSim 6.0 module) and of the minor conformer (bottom right). Below:
'H-13C-HMBC spectrum of 2. Carbon resonances in the tetrahydropyran rings were resolved whereas cross-
peaks from the aromatic rings were overlapped.
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Likewise, we analyzed procyanidin B2 (3). Compound 3 is a C3°-epimer of procyanidin B1. At room
temperature, the *H-NMR spectrum of 3 was broad and mainly featureless, very similar to 2. Lowering the
temperature to -15 °C improved the appearance of the peaks and allowed the determination of several
coupling constants (Figure 4). Two distinct structural species in solution were observed at a ratio of 5:1, which
corresponded to an approximate Gibbs free energy difference of AG = 0.95 kcal/mol. Also here, the ratio was
constant and did not change with temperature, which suggested that the conformational change was enthalpy
driven and nearly independent from entropic factors (Supplemental Material). In the major conformation, all
J-values in the tetrahydropyran ring A were less than 1 Hz and indicated preference for the 2Hs-conformation,
similar to 2. In ring B, the signals of the diastereotopic protons 4z and 45 were only slightly AB-mixed with J-
values of 4.6 Hz and < 1 Hz in their respective coupling to H3. Proton 3, in turn, was not entirely resolved with
an estimated coupling constant of ~3.7 Hz for both 313,45 and 313,2 in its triplet. Therefore, unlike compound 2
discussed above, ring B of 3 was in the ’H,-conformation. Diagnostic rO-enhancements at the aromatic
protons 2’° and 6’® upon irradiation of H4"* suggested that native 3 was present in solution as the (M)-
atropisomer as previously reported for native 3°° and its acetylated analog.*® *’ The minor solution
conformation of 3 appeared to display identical half-chair conformations in both rings and suggested that the
minor solution geometry was the result of inter-flavanol bond rotation. Whether the bond rotation caused the
formation of (M)-/(P)-atropisomer populations or whether the bond rotation was limited to H-bonded
conformations within the (M)-atropisomer space could not be determined. Incidentally, the per-O-acetylated
derivative of 3 had been investigated before in the literature with a (M)/(P)-atropisomer ratio of 1.5:1.0 based
on circular dichroism in methanol and acetonitrile at 27 °C.*’ Unfortunately, no data for native 3 and no data
at lower temperatures were reported. Based on the observed lack of temperature dependence of the
conformational equilibrium and according to our results at -15 °C in methanol, native 3 appeared significantly
biased in its conformational population ratio at 5:1. Even though methanol as a solvent is a hydrogen-bond
competitor, the overall geometry of the procyanidin structure might still allow for favorable hydrogen bonds
in native 3 that are absent in the acetylated analog. To the best of our knowledge, there has been no report of
a crystal structure for native 3 or any analog thereof.

The CD-spectra of native 2 and 3 in methanol displayed large positive absorption 'L,-bands as predicted by
the aromatic quadrant rule and (P)-*Hs-helicity of ring A (Supplemental Material).'® In addition, the *L,-band of
2 was slightly positive, consistent with dominant but not exclusive (M)->H,-conformation in ring B whereas the
!Lp,-band in the spectrum of 3 was negative, which matched the more abundant (P)-*Hs-conformation in ring B
(Supplemental Material).

Procyanidin C1 is a (4g,8)-linked trimer of (-)-epicatechin and was also characterized by broad featureless
NMR signals at rt that became sharp upon cooling to -15 °C (Figure 5).

The 'H-"*C-HMBC confirmed the 4,8-linkage. However, unlike 1, 2, and 3 above, long-range correlations
between H3 and H6 were absent (Supplemental Material). Ring C preferred the 2H; conformation because of
small coupling constants between H3 and both diastereotopic protons 4z and 4s (1.5 Hz and 4.5 Hz,
respectively). Rings A and B were in the *Hs-conformation as well with small coupling constants between H2,
H3, and H4. At least two minor solution geometries at a ratio of ~16:2:1 (AG = 1.3 kcal/mol and 1.7 kcal/mol)
relative to the major conformation were observed. The minor conformations did not appear to include half-
chair ring inversion based on coupling constant analysis and were possibly atropisomers with respect to one or
both inter-flavanol linkages. There was insufficient abundance of the minor species to allow unambiguous
conformational analysis by NMR. For the major solution geometry, diagnostic nO-enhancements were
observed at H2’® and H6’® upon irradiation of H2®, which was consistent with free rotation of the catechol
rings as observed previously in 2 and 3 (Figure 5, top). In addition, a weaker enhancement was recorded at
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H6’*. When the two protons 3 in ring A and B were irradiated simultaneously, the analogous enhancements at
H2'* and H6™* as well as H2’® and H6’® were observed. Aside from the catechol protons of A and B, weak
enhancement was also observed for H2’® and H6’, which was interesting.
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Figure 4. VT-NMR spectra of 3. At low temperature and independent from temperature, two distinct
conformers of ratio 5:1, corresponding to an approximate difference in Gibbs Free Energy of AG = 0.95
kcal/mol, were frozen out. Small coupling constants of 3./|-|4a,|-|3 = 4.6 Hz and 31H4b,H3 < 1 Hz confirmed the 2H3
conformation in ring B. The minor conformer was not unambiguously established, but appeared to have the
same conformation in ring B as the major conformer (3JH4a,H3 =n. det. and 3JH4b,H3 < 1 Hz) (arrows).
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Figure 5. VT-NMR spectra of 4. At low temperature (slow exchange regime) at least three different distinct
conformers of ratio 16:2:1, corresponding to an approximate difference in Gibbs Free Energy of AG = 1.3
kcal/mol and 1.7 kcal/mol, were frozen out. Small coupling constants of 3JH4R/5C,H3C = 3.2 Hz and 3JH2C,H3C =53
Hz confirmed the tetrahydropyran 2Hs conformation, like ring B in 3 and unlike ring B in 2 (vide supra).

Molecular Modeling

(-)-Epicatechin (1b) has been modeled before in PCMODEL (GMMX search) based on NMR data.®® We
confirmed that in the AMBER force field, the half-chair of 1b preferred the *Hs-conformation exclusively
(Supplemental Material). The catechol ring showed significant rotation, which resulted in conformations with
sub-3A distances between H2 and H2’/H6’ consistent with the observed rO-enhancements.

To confirm the obtained results from MD-simulation, we chose the four most frequent conformations of
1b from the MD-trajectory and minimized them at progressively higher level of theory. A total of four
conformations with relative energies of 0.00 kcal/mol, +0.45 kcal/mol, +0.96 kcal/mol, and +1.24 kcal/mol
were identified. The lowest-energy structure of 1b with 2Hs-conformation displayed static dihedral angles for
H4z-H3 and H4s-H3 of ~-75° and ~+42° respectively. The minimized structure with the inverted 3H,-
conformation was found to be 0.96 kcal/mol less stable than the 2H3—conformation, well within the range of
thermal energy available at room temperature. The dihedral angles for H4z-H3 and H4s-H3 were ~-170° and ~-
53° respectively. From the four conformations, the equilibrium concentrations of both half-chairs were
calculated at a ratio of 82:18 according to Boltzmann statistics. However, the experiment had revealed only
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one NMR signal set at room temperature, which suggested that the half-chair inversion was fast at -15 °C.
Therefore, the notion of non-symmetrical gauche angles for the two angles as described above was valid.

For each of the lowest energy structures NMR-GIAO calculations were carried out and the obtained 'H-1H-
and lH—13C—coupling constants (Fermi contact only) were weighted to result in theoretical J-values (Table 1).
Initial calculations at the MO05-2x/6-31G**(u+1s)-level resulted in poor agreement with the experiment.
However, when we used the B3LYP/6-311G**(d,p)(u+1s)-method, a much better fit for Boltzmann-weighted
'H-"H-couplings including correction factors®* (Table 1) and 1H—13C—couplings without corrections were
obtained. For the latter, values of *Jus.ci0 = 5.3 Hz, *Juas.co = 1.3 Hz, and *Juarcy = 5.0 Hz were calculated, in
excellent agreement with the experiment. Overall, our approach to the theoretical modeling of 1b was
validated by the results and provided a protocol for the modeling of oligomers 2, 3, and 4.

From the MD-trajectory of compound 2, a total of four low-energy structures were identified and
minimized at progressively higher level of theory. Their relative energies were 0.00, +0.45, +0.70, and +0.90
kcal/mol. The first two structures differed only in the relative orientation of the catechol rings and had ’H,-
conformation in ring A and 3H,-conformation in ring B. The latter was inverted to a 2H,-conformation in the
third and fourth structure whose overall geometries were only different by catechol ring rotation. The three
dihedral angles H3-C3-C4-H4g/s (rings A + B) and C3"-c4"-c8%-c9® were indicators of any changes in the half-
chair conformation in rings A and B as well as of rotational changes between the two flavanol units. The 2D-
Ramachandran plot of the MD-trajectory showed that the dihedral angle H3-C3-C4-H4 (ring A, *Hs) displayed a
value around -83° and minor contributions from near anti-periplanar alignment from the other half-chair (5:1)
(Figure 6).
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Figure 6. Ramachandran plot and 2D-histogram projections for two diagnostic dihedral angles describing the
half-chair in ring A (green, o) and B (red, A) versus the dihedral angle C3"C4"C8°C9® between the flavanol units
in 2 (left) and 3 (right) at 258 K. No significant inter-flavanol bond rotation from (M) to (P) was observed
(Supplemental Material) in either 2 or 3 although two distinct populations around -80° and -110° were visible
for 3 at low temperature.
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The corresponding angle in the 3H,-conformation of ring B, i.e. H3-C3-C4-H4s, was centered around +75°
with minor contributions at +170° from the opposite chair (~99:1). In comparison to the exclusive
experimental *Hs-conformation in ring A and an experimental >H,:*Hs-ratio of 3:1 in ring B, only the general
conformational preference of the half-chairs was modeled correctly for both rings in 2 by the MD-simulation.
However, ring A appeared to undergo more interconversion during MD than the experiment suggested,
whereas ring B was more rigid than observed experimentally. This appeared to be a consequence of non-ideal
force field parametrization.

Exclusive preference for the (M)-atrop rotamer was in agreement with the experimental observations
described above. Interestingly, the conformation of the dihedral angle between the two flavanoid units (C3*-
c4”-c8%-c9®) did not display any significant temperature dependence (Figure 6, bottom). As an additional
control experiment, we generated the MD-trajectory of 2 in the (P)-atrop conformation. No interconversion to
(M)-2 was observed and the lowest energy conformer identified was +3.81 kcal/mol higher in energy than the
lowest energy conformer of (M)-2 (Suppl. Material).

The distance histograms between H3® and H2’/6’%, between H3/4" and H2’/6®, and between H3" and
H2’/6"* were constructed (Figure 7, top two rows) and supported the experimentally observed rO-
enhancements (Figure 3) with significant sub-3A distances. While the general trends observed in MD-
simulation agreed with the experiment, an accurate and quantitative description of the solution geometry,
however, was not achieved. However, overall dominance of the (M)-atroprotamer was correctly reflected in
the MD-trajectory and was consistent with our nOe-data.
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Figure 7. Distance histograms from MD-simulation of the most stable conformer of 2 (top two rows) and 3
(bottom two rows) at 258 K (-15 °C) were consistent with rO-enhancement for proton pairs with significant
populations of distances less than 3 A.
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The General AMBER Force Field (GAFF) parameters including explicit solvent molecules were not optimal
for the procyanidin system and will require adjustment to reflect the NMR data quantitatively. It is important
to point out that GAFF has been used in previous attempts at molecular modeling of polyphenols.***?
Quantitative results, therefore, have to be treated cautiously.

Whereas NMR spectroscopy has been used to investigate the structure of procyanidins in solution, X-Ray
crystallography has provided insight into the solid state structure. One paper in the literature describes the X-
Ray single crystal structure of (P)-2 (ring A: ’Hs, ring B: ’H,;) whose hydroxyl groups as sources of intra-
molecular hydrogen bonding were acetylated altering the structure of native 2."> Therefore, statements about
native 2 in the crystalline state can only be made tentatively and by analogy only. Direct comparison to the
solution geometry of native (M)-2 is not strictly possible because specific inter-molecular packing forces in the
solid state apparently do allow inter-flavanol bond rotation to occur. In solution, however, this might be not
possible. The circular dichroism behavior of acetylated 2 has also been described in the literature.*” The
measurements were made at 27 °C and NMR data were collected at 200 MHz. A strong ~20:1 preference for
the (M)-rotamer was reported. However, because of chemical modification and non-natural solvent (CDCls),
no inference can be made for native 2 in aqueous or strongly polar medium such as methanol.

In light of low-temperature measurements at high field and molecular modeling described above, we
propose that the minor solution geometry of native 2 in methanol is the consequence of half-chair inversion in
ring B rather than change in helicity around the inter-flavanol linkage (Table 2). Both conformations display
inter-flavanol (M)-helicity (Figure 8). It is reasonable to assume that the conformational behavior of 2 in water
is similar compared to that in methanol.

Table 2. Energy differences, helicities (Figure 3) and Boltzman populations for conformations at the M05-2x/6-
31G**-level of theory with thermal correction (258 K) for 2-4.

H, *H, (M) (P) AG Abundance

[kcal/mol] [%]

1b (1) + - 0.00 55.9
1b (1) + . +0.45 26.1
1b (I11) - + +0.96 11.1
1b (1V) - + +1.24 6.9
2 (1) A B A-B - 0.00 50.2

2(N) A B A-B - +0.45 23.5

2 (1) A, B - A-B - +0.70 15.4
2(1v) A, B - A-B - +0.90 11.0
3(1) A, B - A-B - 0.00 46.8

3 (1) A, B - A-B - +0.23 31.7

3 (1) A, B - A-B - +0.78 12.5
3(1V) A, B - A-B - +0.98 8.9
a() A, B, C - A-B, B-C - 0.00 53.8

a (1) A, B, C - A-B, B-C - +0.25 34.6

a4 () A, B, C - A-B, B-C - +1.22 6.7
4(1v) A, B, C - A-B, B-C - +1.76 2.7
4 (V) A, B, C - A-B, B-C - +2.19 1.3

4 (VI) A, B, C - A-B, B-C - +2.22 1.2
4 (V) A,B,C - A-B, B-C - +2.63 0.6
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Figure 8. The lowest-energy conformation of (M)-2 (A: *Hs, B: 3H,) (left) and the third-lowest conformation
(M)-2 at +0.70 kcal/mol (A: (M)->H,, B: (P)-*Hs) (right) at the MO05-2x/6-31G**-level of theory with thermal
correction (258 K) (Table 2). The energy difference of AG = 0.70 kcal/mol was in excellent agreement with the
experimental frozen conformer ratio of 3:1 (Figure 4).

Compound 3 was subjected to the same MD-simulation protocol. Analogous to 2, the helicity of 3 did not
deviate from (M) throughout the simulation at 258 K (Figure 6, top right). However, unlike 2, the MD-
trajectory of the inter-flavanol dihedral angle in 3 was distinctly split into two sub-populations at around -60°
and -110° at 258 K whereas at 300 K the populations merged into one (Figure 6, bottom). This was presumably
due to steric demand of the B-catechol ring, which was displayed pseudo-axially in 2 compared to 3. Even
though methanol is commonly known as a “hydrogen-bond competitor”, it appeared that in the case of 3,
hindered inter-flavanol bond rotation made conformational (M) sub-populations stabilized by multiple H-
bonds possible. Circumstantial evidence from the static energy-minimized structures suggested that this effect
might not have been operational in 2 where the altered configuration at C3® and opposite *H,-half-chair did
reduced the number of favorable H-bonds. We found that among the four structures of 2, the number of H-
bonds decreased from five H-bonds in the most stable conformation to four in the second conformation and
to three in the two less stable conformations (Supplemental Material). On the other hand, in 3 the intra-
molecular H-bond number stayed constant at four for all conformations (Supplemental Material). Ring A in 3,
whose configuration was the same as ring A in 2, displayed a greater extent of half-chair interconversion
(59:41). As such, half-chair interconversion observed during MD-simulation did not accurately reflect the
experimental data. However, ring B in 3 did not deviate from its Hs-conformation (Figure 6, top right)
consistent with the experiment.

As an additional control experiment, we generated the MD-trajectory of 3 in the (P)-atrop conformation.
Similar to 2, no transition to the (M)-conformer was observed. The lowest energy (P)-3 conformer identified
was +3.40 kcal/mol higher in energy than the lowest energy conformer of (M)-3 (Supplemental Material).

We propose that the minor solution geometry of 3 in methanol is not a consequence of inter-flavanol
bond rotation leading to (M)- and (P)-atropisomer populations, but rather of a limited rotation leading to two
hydrogen-bonded sub-populations within the (M)-atropisomer space.
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Figure 9. The lowest-energy conformation of 3 (left) and the third-lowest conformation (right) at the M05-
2x/6-31G**-level of theory (Table 2). The energy difference of AG = 0.78 kcal/mol corresponded well to the
experimental frozen conformer ratio of 5:1 (Figure 4). Distance histograms from MD-simulation at 258 K (-15
°C) were consistent with rOe experiments (strong enhancement for distances less than 3 A) (Figure 7).

Next, we investigated compound 4 whose experimental NMR data and nO-enhancements described
above indicated (M)-atrop conformation for both inter-flavanol linkages. No significant half-chair
interconversion for ring A, B, or C was observed. Like in 2 and in 3, inter-flavanol bond rotation was restricted
to the (M)-atrop space for both A-B and B-C ring linkages in 4 (Figure 10, top). However, two distinct
conformational families in the (M)-atrop space around -81° (major) and -60° (minor) were observed for each
of the two inter-flavanol linkages (Figure 10, center). When the MD-trajectory was filtered with angular limits
for the A-B-linkage (-65° < A-B < -55°), the other linkage, B-C, only existed in the major conformation (Figure
10, bottom). Analogously, when the data was filtered with angular limits for the B-C-linkage, the A-B-linkage
was only observed in the major conformation as well. This implied that change of inter-flavanol linkage
conformation was exclusive to one such linkage at a time and that out of 2 x 2 = 4 possible conformations only
three were accessible. This was consistent with the three sets of NMR signals at low temperature as described
above.

A total of seven conformations within 5 kcal/mol of the global minimum were identified for 4 with relative
energies of 0.00 (1), +0.25 (I1), +1.22 (lll), +1.76 (IV), +2.19 (V), +2.22 (VI), and +2.63 kcal/mol (VII) (Table 2 and
Suppl. Material). The two lowest energy conformations were of the same dihedral angle value for both inter-
flavanol linkages and only differed in the rotation of the catechol in ring A. They accounted for ~88 % of all
structures. In the third conformation (+1.22 kcal/mol), the inter-flavanol linkage A-B, defined by c3"ca”cgBeo®,
had changed by about 20° (from -80.3° to -59.6°) and in the fourth conformation (+1.76 kcal/mol), the linkage
B-C, defined by €3°c4%c8°C9%, had changed by about 20° (from -81.2° to -63.7°) (Figure 11, top). Proximity of
Lewis basic oxygens and OH-groups resulted in multiple hydrogen bonds. Like in 2 and 3, the limited rotation
about the inter-flavanol linkage made intra-molecular H-bonds possible.

Specifically, upon rotation of the A-B-linkage in (lll), one additional H-bond between the catechol OH-
group on C3’® and the OH-group on C3* was observed. However, the additional H-bond only partially offset
the energy expense associated with rotation of the A-B-linkage. Analogously, rotation of the B-C-linkage in
conformation (1V) reduced the distance between the catechol OH-group on €3’ and the OH-group on C3®. In
none of the structures identified by us did the half-chair conformation deviate from 2H3. All half-chairs were
stabilized by H-bonds between the respective OH-group on C3 and the endocyclic oxygen. The lowest four
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structures were calculated at a theoretical abundance of 87.4:6.7:2.7 in good agreement with the 16:2:1 ratio
determined by NMR.
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Figure 10. Top: Ramachandran plot and 2D-histogram projections for two diagnostic dihedral angles describing
the half-chair in ring A (green, o) and B (red, A) (left) and ring B (green, o) and C (red, A) (right) versus the
inter-flavanol dihedral angles C3*Cc4*c8%C9® and C3%c4®C8“C9¢ between the flavanol units in 4 at 258 K,
respectively. Center: MD-histograms of inter-flavanol linkages at 300 K and 258 K. Bottom: Filtered MD-
histograms of inter-flavanol linkages with angular limits on the respective inter-flavanol linkage.

Proton-proton distance analysis supported the experimentally observed nO-enhancements (Figure 11,
bottom). Despite higher molecular mass and greater structural complexity of 4, the catechol rings displayed
free rotation in all three epicatechin units. Populations with significant contributions of inter-proton distances
of less than 3 A were present for H3"-H2"*/H6"" for H3B-H2’®/H6’®, and for H3“-H2’“/HE’C (Figure 11, bottom).
In addition, a small percentage of conformations in the MD-trajectory resulted in H3B-H2’¢/HE’C distances
close to 3 A, which provided the structural rationale for weak nO-enhancements at H2'C/H6’C (Figure 5 inset)
rather than dipolar through-space coupling to H3".
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Figure 11. The lowest-energy conformations of 4. Top left: conformation (l) with dihedral angle A-B/B-C at -
80.3°/-81.2°; top center: conformation (l11) at -59.6°/-81.1°; top, right: conformation (IV) at -82.4°/-63.7° at the
MO05-2x/6-31G**-level of theory (Table 2). The energy difference of AG = +1.22 kcal/mol and AG = +1.76
kcal/mol corresponded well to the experimental frozen conformer ratio of ~16:2:1. Bottom: Selected 'H-1H-
distance histograms from MD-simulation of 4 at 258 K (-15 °C).

Conclusions

The (M)-atropconformation dominated all inter-flavanol linkages in procyanidin B1, B2, and C1. No credible
evidence for (M)—>(P) rotation at estimated barriers of 30-35 kcal/mol was collected either experimentally or
computationally. Rather, minor conformational isomers present in the NMR spectra at -15 °C were identified
as half-chair conformers (B1) and rotamer sub-families of the (M)-atropspace (B2 and C1). Nevertheless, the
results of this research do not contradict any previously reported structural information about these three
procyanidins in solution, such as circular dichroism studies. On the other hand, the results in solution from our
study contrast in some cases with structural details in the solid state reported by others where apparently
atroprotamers with opposite inter-flavanol helicity are accessible. The energetic reasons for such
conformational changes reported in the literature are not clear and must be a direct consequence of crystal
packing forces and sterics or, as in the case of protein-bound structures reported by others, a consequence of
specific interactions within the protein binding pocket. Future rigorous thermodynamic studies of polyphenol-
protein binding will be important to find a rationale for these observations.

Experimental Section

NMR Analysis

NMR samples (Procyanidin B1, B2, C1: Sigma-Aldrich) were dissolved into methanol-d; (Cambridge Isotope
Company, Massachusetts, USA) in high-precision NMR glass tubes (5mm OD) and spectra were recorded at rt
or at -15 °C on a JEOL ECA-600MHz instrument with a dual-channel normal-geometry probe. All samples were
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shimmed at rt with spinning initially. Cooling was done with boiloff from liquid nitrogen (30 L Dewar). To
conserve coolant, all sample at low temperature were analyzed without spinning. Shimming was adjusted
manually at progressively lower temperatures to ascertain optimal line shape and resolution.

'H-Spectra: Collected with 32 scans and 16k data points, zero-filled to 64k, prior to Fourier transformation. All
Bc-chemical shifts were determined from indirect-detect experiments (HMQC). *H-'H-COSY spectra: Collected
with 4 scans and 256 data points in the F1l-dimension for a total of 1024 scans. ‘H-*C-HMQC spectra:
Collected with 32 scans and 256 data points in the F1-dimension for a total of 8192 scans. The F2-data was
zero-filled to 2k and the F1-data was zero-filled to 1k.

NMR-Simulations

'H-NMR-Simulations were carried out with the NMRSim 6.0 module included in the TopSpin 3.5 pl7 software
package (Bruker). For a given spin system, the module solves the Liouville equation, which describes the time-
dependent development of spin density during a given NMR pulse sequence. The spin systems were defined
by chemical shifts, estimated T;-relaxation times (typically 0.3-0.4 s for aliphatic protons). Proton-proton
coupling constants were adjusted iteratively to resemble the experimental spectrum.

Molecular modeling

The lowest conformer for molecular dynamic simulations was obtained from an exhaustive dihedral search
using Spartan 14. Molecular dynamic simulations were performed using Amber14,” with the GAFF force
field.>®*? The structure was first minimized for 2000 cycles and then heated from 0 K to 300 K in 500 ps. The
structure was then cooled from 300K to 258 K in 500 ps. The MD simulation trajectories were 500 ns in length
at a constant pressure using isotropic position scaling with sampling of the molecular coordinates every 1 ps.
Long-range electrostatic interactions were treated using the particle mesh Ewald summation over 8 A. Bonds
containing hydrogen were constrained to their equilibrium lengths using the SHAKE algorithm. The explicit
methanol solvent model was used to solvate the polyphenol with periodic boundary conditions giving a cubic
box extending 10 A from each side of the molecule (total number of water molecules in box: 1b: 308, 2: 395, 3:
399, 4: 574. Trajectory analyses were carried out with VMD (Visual Molecular Dynamics).* The trajectories of
specific dihedral angles were then extracted and the data plotted as histograms. For structures in which
multiple dihedral angles were investigated, each angle’s total MD-trajectory was analyzed in form of a
histogram to establish the conformational space.

Atomic Charge Generation

In the absence of preexisting atomic charges, they were derived using the two-stage RESP fit protocol, as
established by Cornell et al.* After an initial RESP fit based on Gaussian esp calculations (using the
undocumented iop(6/33=2) option and pop=chelpg) and the espgen and respgen utilities of AmberTools16, a
50 ns MD simulation was run with the initial atomic charges.”® Then, 100 representative geometries were
extracted from the MD trajectory and optimized at the HF/6-31G* level of theory, followed by a second RESP
fit as described above which was averaged across all 100 conformers to give final values for the atomic
charges.

Quantum Mechanical Calculations

Computations were performed using the Gaussian09 software package.’® Geometries were optimized at the
HF/6-31G* level and then the M05-2X/6-31G* level of theory using tight optimization criteria on ultrafine
integration grid and used implicit PCM solvent correction for methanol. The M05-2X Minnesota functional was
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chosen for this study, as it was found by Csonka et al. and others to give better energetics than the commonly
used Becke three-parameter Lee—Yang—Parr (B3LYP) functional, provided a higher density DFT grid was
used.*”*? Additionally, Bally et al. found that reoptimization of geometry optimizations performed using the 6-
31G* basis set with larger basis sets generally changed calculated coupling constants very little (rms change
below 0.15 Hz) and if the ‘mixed’ option is invoked, geometry reoptimization was found to have even less of
an effect.®® The inclusion of diffuse functions (+) did not give notably better results, but increased time
requirement more than 3-fold. Thus, 6-31G* was chosen as the basis set for the current study as a good
compromise between accuracy and computational expense. In their study, Bally et al. also found no
improvement upon adding implicit solvent model, however as this might not be the case with methanol and
polyphenols, implicit PCM solvent correction was included.®* Fermi contact value calculations were performed
using GIAO-NMR calculations (FConly, mixed) at the B3LYP/6-311G**(d,p)[u+1s] level of theory and implicit
PCM solvent correction for methanol. The use of ‘FCOnly’ calculates only the Fermi contact term, saving
significant computation time over the ‘spinspin’ option. As others have found, this is often the preferred
option because the spin—orbit terms are negligible or cancel out for 3JCH, thus leaving the Fermi contact term
as the only relevant contribution.>* *° A correction factor of 0.92 was used for all */.y as recommended by
Bally et al
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