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Abstract: Ergopeptides, like ergocornine and α-ergocryptine, exist in an S- and in
an R-configuration. Kinetic experiments imply that certain configurations are preferred
depending on the solvent. The experimental methods are explained in this article.
Furthermore, computational methods are used to understand this configurational preference.
Standard quantum chemical methods can predict the favored configurations by using
minimum energy calculations on the potential energy landscape. However, the explicit
role of the solvent is not revealed by this type of methods. In order to better understand
its influence, classical mechanical molecular simulations are applied. It appears from our
research that “folding” the ergopeptide molecules into an intermediate state (between the
S- and the R-configuration) is mechanically hindered for the preferred configurations.
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1. Introduction

Ergopeptides are alkaloids which can be found in fungi like Claviceps purpurea. When consumed
in larger doses this causes ergotism, inducing a type of gangrene especially in the extremities [1].
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Clinically they are also used in the treatment of certain cases of neurological disorders like Migraine
and Parkinson’s disease [2]. In the creation of ergopeptides a tripeptide structure is connected to a
ergoline ring with the aid of several enzymes [3].

We examine two chemical agents of the group of ergopeptides, ergocornine and α-ergocryptine which
differ in their residues R1 and R2 (cf. Figure 1). For both ergopeptides, two stereoisomers (R and S)
exist related to the absolute configuration of the CX as sketched in Figure 1. The chirality of the CX

determines the toxicity of the two ergotamines ergocornine and α-ergocryptine. The R-epimer is toxic
whereas the S-epimer is inactive. We give a possible explanation for the different chemical and physical
behavior of the compounds by taking advantage of quantum chemical as well as of classical simulation
methods. Our investigations are supplemented by results from laboratory experiments which confirm
the simulated details.

Figure 1. Basic structure of the ergotalkaloid. Correct substitution of R1 and R2 yield the
ergopeptides ergocornine and α-ergocryptine (see Figure 2).
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Figure 2. The left column shows the substitutions for R1, the right column shows the
substitutions for R2.
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2. Quantum Chemical and Classical Simulation of Ergopeptides

We performed molecular simulations of the two chemical agents. In order to calculate the Gibbs
free energy differences ∆G between R and S, the total transition path of one epimer into another
has to be incorporated into a model Hamiltonian [4–6]. This can only be done by considering the
full quantum-chemical nature of the underlying process. With an alternative procedure, derived by
Weber et al. [7], we get a more qualitative picture of the free energy difference.

In order to interconvert between the R- and S-epimer, the molecule has to attain a certain intermediate
conformation, in which bond breaking and epimerisation can take place. This state IT is denoted as an
enol-intermediate. For a “normal” keto-enol tautomerism (e.g., acetone) the enol form is obviously
not a transition state. In the case of ergopeptides, two keto forms (R- and S-epimer) exist, which
can be converted into each other. In our opinion, it is therefore valid to regard the enol form as an
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intermediate state. It is known from literature, that the chemical equilibrium of “normal” keto-enol
tautomers can shift but usually, the keto form is heavily favored. In HPLC (High-performance liquid
chromatography) measurements of ergopeptides, the enol form could never been observed. An enol
form would be separated (if present) from the R- and S-epimer due to conformational differences. That
experimental finding could be interpreted as a transition state of the enol form. However, since this state
has a potential minimum we consider the enol as an intermediate (see Figure 3).

Figure 3. Different stereoisomeric forms of R- and S-α-ergocryptin and the intermediate IT
(R top, IT middle, S bottom).
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For a better understanding of the molecule’s behavior its conformational space has to be examined [8].
Since molecular dynamics (MD) simulations are known for trapping effects, the molecules underwent
a high-temperature Hybrid Monte-Carlo (HMC) [9] simulation phase in order to overcome energetic
barriers [10]. After parameterization of all molecules according to the Merck molecular force field [11]
(MMFF), five Markov chains with 100,000 states each were generated applying the HMC method at an
artificially high temperature of 1200 K in order to efficiently sample the conformational space. Each
HMC step included 30 MD steps with a 1.3 fs step size. Convergence of the simulation was checked
according to Gelman and Rubin [12] on the basis of the five Markov chains. Afterwards, all geometries
were minimized with the conjugate gradient method [13,14] and the lowest energy geometry was chosen
as an estimate for the global minimum conformation. As described in Durmaz et al. [15], this strategy
seems to provide realistic global minima conformations for small molecules. This conformer was then
parameterized according to the general Amber force field [16] (GAFF) using Antechamber from the
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AmberTools v1.4 package [17]. Charges were assigned with the am1bcc method [18,19] approximating
restrained electrostatic potential charges [20]. Each ergopeptide molecule was placed in a box filled with
different solvents. To ascertain the influence of the solvent we studied simulations with two different
types of solvent, i.e., water [21] and acetonitrile [22].

After having set up the molecular systems with periodic boundary conditions each consisting of one
ergopeptide surrounded by solvent molecules using the Gromacs v4.5.4 simulation package [23–25],
the MD simulation was performed in three major steps: Initially, the system underwent a steepest descent
energy minimization phase with either 7000 steps or less if the maximum force acting on any atom
yielded a value below 30 kJ mol−1 nm−1. During a subsequent 200 ps equilibration phase, all but
the solvent atoms were positionally restrained and the pressure was coupled weakly in accordance with
Berendsen’s algorithm [26]. The production run yielded a 500 ps trajectory without position restraints
but with constraints on all bonds according to the LINCS approach [27] which allows to increase the
discretized time step to 2 fs. The simulation temperature was coupled to 298 K by stochastically
rescaling atomic velocities [28]. Energies related to van der Waals and electronic interactions between
the ergopeptide and solvent molecules were computed on the basis of smooth particle mesh Ewald
summation [29] for the coulomb potential with a cutoff value of 10 Å and a van der Waals cutoff set
to 14 Å, respectively.

Exact potential energies were calculated using the B3LYP-based Density Functional Theory (DFT)
approach employing the 6-311G basis set as implemented in GAUSSIAN03 program [30]. Frequency
calculations were carried out at the same level of theory in order to confirm that the optimized structures
were at the minimum of the potential energy surface.

According to the quantum chemical calculations, the S-epimer of ergocornine is 0.02 a. u. or
12.55 kJ mol−1 lower in energy than the R-epimer (cf. Table 1). This observation strongly confirms
experimental results as presented in Section 3 where the S-epimer only slightly dominates the
equilibrium distribution with a fraction of about 60%. This difference is still more pronounced than
in case of α-ergocryptine where the experiment reveals about equal fractions of both epimers. In
accordance with that observation, the potential energy differnce of α-ergocryptine epimers computed
quantum-chemically amounts to 0.01 a.u. or 6.31 kJ mol−1 only. Or, in other words, the preference
for one certain epimer (which is the S-form) is more distinctive in case of ergocornine regarding
experimental as well as computational results. From our current point of view, the pure treatment of
potential energies is partially suitable for a concise interpretation of the experimental data. Section 3
describes in more detail how the rate and equilibrium constants (Equation (4)) were derived from the
measured data depicted as spots in Figure 4. Equilibrium constants K close to 1 are associated with
similar fractions of the epimers at chemical equilibrium. On the basis of the simulation data, no
equilibrium constants have been calculated since we do not have any structural information about the
real transition state and, thus, no value of the activation energy.
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Table 1. The minimum of the quantum chemical potential energy Emin of the epimers α-
ergocryptine and ergocornine in the implicit solvent water expressed using atomic units.

Epimers Energy in a.u.

R-α-ergocryptine −1893.9465
R-ergocornine −1854.6201
S-α-ergocryptine −1893.9364
S-ergocornine −1854.6401
I-α-ergocryptine −1893.9113
I-ergocornine −1854.5965

Figure 4. Change in ratio of R-epimer to sum of both epimers in a 1:4 (volume fraction)
acetonitrile water mixture containing 10 mM ammonium carbamate.

Solvent effects were included by employing classical MD simulations with an explicit treatment of
water and acetonitrile molecules, respectively, as described above. For both solvents, Table 2 shows
the time-averaged torsional angles φ along with their variances spanned by the nitrogen atom, the keto
carbon, the carbon atom CX and its adjacent sp2-hybridized ring carbon (see Figure 1). Using these
torsional angles and taking the enol form as a basis for the epimerization process, we estimated the
conformational distance of both R and S-epimer to the intermediate enol form as sketched in Figure 3.
Theoretically, this torsional angle is supposed to have about φ ≈ 180◦ (or, alternatively, φ ≈ 0◦), however,
in our simulations, φ ≈ 170◦ every pairwise combination of a solvent with an ergo peptide except for
α-ergocryptine in acetonitrile. In all other (regular) cases, the R-epimer has a smaller torsional distance
(about 30–40◦) to the enol form than the S-epimer (about 65◦). In addition, the torsional variances of the
R-epimers, in particular in case of ergocornine, are significantly larger than those of the S-epimers.
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Table 2. The dihedral angle φ is defined by the three chemical bond vectors, consisting
of the following four atoms: the nitrogen atom, the keto carbon, the carbon atom CX and
its adjacent sp2-hybridized ring carbon (cf. Figure 1). The mean angle φ and its variance
Var(φ) are determined once in each of the solvents water and acetonitrile (ACN).

Ergotalkaloid
Water ACN

φ Var(φ) φ Var(φ)

R-α-ergocryptine 139.7 9.7 142.7 8.3
R-ergocornine 134.3 16.7 129.8 21.1
S-α-ergocryptine 105.9 6.2 76.1 6.0
S-ergocornine 105.7 6.5 106.5 6.3
I-α-ergocryptine 169.6 7.9 103.5 4.3
I-ergocornine 168.0 8.8 170.0 7.5

These results reveal a preference of the transition from the R to the S epimer due to sterical reasons
whereas the opposite transition appears to be disadvantaged. The R-epimer is supposed to epimerize
easier since it is much closer to a flat (i.e., the intermediate) structure and due to a higher variance
regarding the crucial torsional angle. Moreover, the geometries of the conformations showed that the
spatial arrangement of the IT-epimer is similar to the geometry of the R-epimer. Thus, the S-epimer has
to undergo a more complex spatial rearrangement in order to yield the IT-epimer than the R-epimer does.

3. Laboratory Experiments

3.1. Experimental Procedure

For both peptide ergot alkaloids, ergocornine and α-ergocryptine, the epimerization kinetcs as well as
the ratio of R- and S-epimers at thermodynamic equilibrium have been investigated experimentally. Both
compounds were dissolved in two different solvent mixtures containing (i) acetonitrile:water +10 mM
ammonium carbamate (1:4, v:v) [31] and (ii) acetonitrile:water +200 mg/L−1 ammonium carbamate
(1:1, v:v) [32] which has been proved suitable for the extraction of ergot alkaloids from rye flour or as
solvent for storage of sample extracts. The ergot alkaloid content of both epimers was measured over
a time period of 173 h at 39 equally distributed sampling points for each solvent mixture (Figure 4)
using high performance liquid chromatography (HPLC) combined with a fluorescence detector exciting
at 330 nm wave length and emitting at 415 nm. For further details of the experimental setup, please refer
to the Section 3.3.

3.2. Standard Kinetic Analysis

The data gained from the experimental measurements allowed the calculation of the reaction rate
constants k and k′ for forward and backward reaction, respectively, of the epimerization

R-epimer
k


k′

S-epimer (1)
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At the beginning of the reaction (t = 0), only the R-epimer A was present in the solvent mixture and no
S-epimer B, [A]+ [B] = [A0], leading to the differential equation for the epimerization reaction:

dA
dt

=−k[A]+ k′([A0]− [A]) =−(k+ k′)[A]+ k′[A0] (2)

The solution for the differential equation is

[A] =
k′+ ke−(k+k′)t

k+ k′
[A0] (3)

The reaction rate constants k and k′ were determined iteratively. Afterwards, the equilibrium constant K
was calculated by

K =
[B]∞
[A]∞

=
k
k′

(4)

Table 3 shows the experimental results. For every pairwise combination of an ergot alkaloid with a
solvent mixture, the equilibrium is shifted towards the S-epimer, K > 1.

Table 3. Kinetic parameters for α-ergocryptine and ergocornine in solvent mixtures i, ii.

Solvent Mixture Ergot Alkaloid k,103 h−1 k’,103h−1 K R2 Fit-Function

i
α-ergo-cryptine 15.67 ± 0.16 14.75 ± 0.22 1.06 ± 0.02 0.9982

ergo-cornine 31.54 ± 0.31 16.70 ± 0.23 1.89 ± 0.03 0.9983

ii α-ergo-cryptine 1.64 ± 0.01 0.58 ± 0.07 2.83 ± 0.34 0.9997
ergo-cornine 3.70 ± 0.07 2.20 ± 0.25 1.68 ± 0.19 0.9959

The best least-squares fit to the measurement points sketched in Figure 4 was achieved when taking a
first order kinetics as a basis (Equations (2) and (3)). This is a valid approach if we bear in mind that the
hydrogen for the enol form of the respective oxygen may originate either from the epimer itself which
provides several polar hydrogens among unpolar ones, from the HPLC additive ammonium carbamate or
from the solvent, or from some combination. Due to the excellent fit of an first order rate equation to the
measurements, we tend to exclude ammonium carbamate as well as a second ergot alkaloid molecule.
Since the solvent is ubiquitary, its concentration is not decisive for the tautomerism and epimerism
process supporting a first order kinetics model. Hence, it must be considered as a hydrogen donator just
as the affected ergot alkaloid itself due also to a internal mechanism supporting the first order model.

3.3. Experimental Setting

All solvents were of high-performance liquid chromatography gradient grade. Ammonium
carbamate (ABCR, Karlsruhe, Germany), ammonium formate (Sigma-Aldrich, Steinheim, Germany)
and ammonium carbonate (Merck, Darmstadt, Germany) were of analytical reagent grade. Ultrapure
water was obtained from a Seralpur PRO 90CN system (Seral, Ransbach-Baumbach, Germany). Ergot
alkaloids were obtained from Alfarma s.r.o. (Cerošice, Czech Republic). For all experiments both
epimers of ergocornine and α-ergocryptine were dissolved and diluted in acetonitrile resulting in stock
solutions with a content of 500 µg kg−1, respectively. All solutions were prepared gravimetrically.
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Aliquots of these solutions (R-epimers only) were evaporated to dryness and redissolved in solvent
mixtures i, ii, respectively (see Table 3). Quantification of both epimeric forms was done via an external
six-point calibration curve. Instrumental measurements were performed using an Agilent 1200 Series
HPLC equipped with a degasser, binary pump, column oven (thermostatic at 30 ◦C), diode array detector,
and fluorescence detector set at λ = 330 nm (excitation) and λ = 415 nm (emission). A Phenomenex
Gemini C18 column (2.1 × 150 mm, 3 µm particle size) was used including a Gemini C18 guard
column (4 × 2 mm, 3 µm particle size). The chromatographic parameters were as follows: solvent
A: water modified with 200 mg L−1 ammonium carbonate and solvent B: acetonitrile. The flow rate
was 0.3 mL min−1. The following linear gradient was used: 15% to 36% B 0–4 min, 46% to 60% B
4–20 min, 60% to 100% B 20–22 min, 100% B 22–30 min, and 15% B for 10 min (re-equilibration).
The total runtime was 40 min. The injection volume was 10 µL. For determination of kinetic parameters
k and k′ Origin 8.5 software (OriginLab Corporation, Northampton, MA, USA) was used.

4. Conclusions

We examined the epimerization process of two peptide ergot alkaloids, ergocornine and α-ergocryptine,
using quantum chemical and classical simulation methods and compared the results to experimental
kinetcs and the equilibrium distribution of R and S-epimers.

According to the quantum chemical calculations, the preference for the S-epimer is more distinctive in
case of ergocornine regarding confirming experimental results. The smaller potential energy difference
between R and S in case of α-ergocryptine supports the balanced distribution of its epimers.

From the classical explicit solvent simulations of both epimers and of an intermediate state that we
assumed to be an enol form, we extracted a geometrical observable regarding the torsional angle distance
of the epimers from the intermediate state. For ergocornine, this observable’s average and variance is in
good qualitative agreement with the experimentally measured equilibrium distribution since we expect a
higher sterical hindrance for the epimerization given a larger torsional distance. For α-ergocryptine, the
computational result does not correlate with the experimental observation.

Even today and despite the available computational power and the sophisticated mathematical and
algorithmic models, we observe a couple of discrepancies between simulational and experimental results.
There are many possible sources of errors such as the choice of a suitable basis set for quantum chemical
calculations or empirical force fields that are fit to certain molecular systems on the computational side
and the model-based least-squares fit on the experimental side.
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Section 3: (laboratory experiments: standard kinetic analysis); Weber: Section 2. (geometric results);
Koch: Section 1. (introduction).



Computation 2014, 2 110

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. Richards, I.S. Principles and Practice of Toxicology in Public Health; Jones & Bartlett: Sudbury,
MA, USA, 2008; p. 64.
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