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Abstract: Since experimental measurements of NMR chemical shifts provide time and ensemble averaged
values, we investigated how these effects should be included when chemical shifts are computed using
density functional theory (DFT). We measured the chemical shifts of the N-formyl-L-methionyl-L-leucyl-L-
phenylalanine-OMe (MLF) peptide in the solid state, and then used the X-ray structure to calculate the '*C
chemical shifts using the gauge including projector augmented wave (GIPAW) method, which accounts for
the periodic nature of the crystal structure, obtaining an overall accuracy of 4.2 ppm. In order to understand
the origin of the difference between experimental and calculated chemical shifts, we carried out first-principles
molecular dynamics simulations to characterize the molecular motion of the MLF peptide on the picosecond
time scale. We found that '3C chemical shifts experience very rapid fluctuations of more than 20 ppm that
are averaged out over less than 200 fs. Taking account of these fluctuations in the calculation of the chemical
shifts resulted in an accuracy of 3.3 ppm. To investigate the effects of averaging over longer time scales
we sampled the rotameric states populated by the MLF peptides in the solid state by performing a total of
5 us classical molecular dynamics simulations. By averaging the chemical shifts over these rotameric states,
we increased the accuracy of the chemical shift calculations to 3.0 ppm, with less than 1 ppm error in 10
out of 22 cases. These results suggests that better DFT-based predictions of chemical shifts of peptides
and proteins will be achieved by developing improved computational strategies capable of taking into account
the averaging process up to the millisecond time scale on which the chemical shift measurements report.

Introduction

As NMR chemical shifts are uniquely sensitive probes of the
chemical environment of atoms they are, at least in principle,
tk;2particularly well suited for characterizing the structure and
the dynamics of proteins.' > Since these NMR observables can

* Cavendish Laboratory, University of Cambridge.

* Max-Planck-Institute for Biophysical Chemistry.

§ Department of Chemistry, University of Cambridge.

* Massachusetts Institute of Technology.

""nstitute for Research in Biomedicine, Baldiri Reixac 10-12, 08028
Barcelona, Spain.

TICREA and Institute for Research in Biomedicine, Baldiri Reixac 10-
12, 08028 Barcelona, Spain.

# Department of Materials, University of Oxford, Parks Road, Oxford,
OX1 3PH, UK.

* Department of Physics & Astronomy, University College London,
Gower St, London, WCIE 6BT, UK.

* Materials Sciences Division, Lawrence Berkeley National Laboratory
and Department of Chemistry, University of California, Berkeley, Berkeley,
CA.

© University of Pittsburgh, Department of Structural Biology, Pittsburgh,
PA 15260.

(1) Szilagyi, L. Prog. Nucl. Magn. Reson. Spectrosc. 1995, 27, 325-443.
(2) Wishart, D. S.; Case, D. A. Methods Enzym. 2001, 338, 3-34.
(3) Oldfield, E. Annu. Rev. Phys. Chem. 2002, 53, 349-378.

10.1021/ja9062629 © 2010 American Chemical Society

be measured readily and with great accuracy there is a great
interest in the development of procedures to exploit the
information provided by chemical shifts for protein structure
determination.*” ' If the relationship between chemical shifts
and protein structures could be understood in better detail, in
the longer term it might become possible to address cases that
pose significant challenges for traditional methods of structure
determination, and for which chemical shifts are often the only
observables that can be measured with any degree of complete-
ness; these systems include proteins and protein complexes of
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large molecular weight, amyloid fibrils, membrane

proteins,”’]8 and non-native intermediate states.'”

A major role in the development of quantitative methods to
use chemical shifts in structural biology is played by ab initio
methods, which provide a detailed characterization of the variety
of factors that influence the chemical shifts and their accurate
computation from molecular structures. These calculations have
been used to study the structure of proteins in the last 20 years
and have been shown to have significant potential for structure
determination.>*™*?

One aspect that can complicate the comparison between
calculated and experimental chemical shifts is that the latter
represent ensemble and time averages, whereas theoretical
calculations are most readily performed by considering just one
particular configuration of the system at a given time. Since
peptides and proteins undergo significant structural fluctuations
at biologically relevant temperatures, it is expected that their
instantaneous chemical shifts will also fluctuate significantly.
The effects of conformational averaging, as well as those due
to the presence of the periodicity of the solid-phase environment,
have been investigated in the literature for a variety of
systems.>*~** In particular, the introduction of a method capable
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of describing the bulk behavior of condensed phases through
the use of periodic boundary conditions has recently enabled
the analysis of the effects of conformational averaging on proton
chemical shifts of ice and liquid water* by extracting confor-
mations from trajectories generated by the Car—Parrinello
molecular dynamics simulations. This type of study has been
extended by, among others, Sebastiani and Parrinello,*® who
reported fluctuations up to 10 ppm for proton chemical shifts
in water, and more recently by Dumez and Pickard,*® who
showed that motional averaging is an essential component of
chemical shift calculations in organic solids.

In this work, we present a comparison of experimental
measurements of chemical shifts with the results of molecular
dynamics simulations combined with NMR chemical shift
calculations with a treatment of the periodic boundary conditions
for the N-formyl-L-methionyl-L-leucyl-L-phenylalanine-OMe
(MLF) peptide in the crystal state.*’” The MLF peptide is a
system that is very well characterized experimentally as it has
been used to develop solid-state NMR techniques.*®* ~° In order
to assess the influence of structural fluctuations on the chemical
shielding parameters in the MLF crystal, we considered an
ensemble of configurations extracted from a 2 ps first-principles
molecular dynamics simulation, together with another ensemble
of configurations derived from 5 us classical molecular dynamics
simulations. Our results indicate that a promising approach to
predict chemical shifts in peptides and proteins is to use a
combination of classical molecular dynamics simulations and
DFT calculations in order to take into account the configurational
averaging that takes place over the chemical shift time scale.

Methods

NMR Measurements. Unlabeled MLF peptides (Bachem;
Torrance, CA) were crystallized by slow evaporation from benzene,
according to the procedure reported by Gavuzzo et al.*’ The
resulting crystals were dried in vacuo and packed into a 4 mm MAS
rotor (Varian Inc., Fort Collins, CO). One-dimensional (1D) *C
and "N CP spectra were obtained using home-built spectrometers
operating at 500 and 380 MHz 'H frequencies (courtesy of D.J.
Ruben, Francis Bitter Magnet Laboratory, MIT). Measurements
were done at room temperature, using triple channel ("H/"*C/'*N)
probes and an 8—10 kHz MAS rate.”® The '*C and "N chemical
shifts were referenced to dilute aqueous 2,2-dimethyl-2-silapentane-
5-sulfonic acid (DSS) and liquid NHs, respectively, via external
and indirect referencing using the adamantane '*C signals.”' >
Since the peptide was unlabeled, no 2D assignment experiments
were performed. Table 2 lists the measured chemical shifts along
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Figure 1. (a) N-Formyl-L-methionyl-L-leucyl-L-phenylalanine-OMe (MLF) unit cell, comprising four molecules. (b) Schematic representation of the MLF

peptide.

with their likely assignments based on analogy with previous
measurements on the closely related N-formyl-Met-Leu-Phe-OH
peptide. >4

First-Principles Calculations. All electronic structure calcula-
tions were performed within the plane wave-pseudopotential
implementation of density functional theory (DFT)> and use the
Perdew—Burke—Ernzerhof (PBE) generalized gradient approxima-
tion to exchange and correlation terms.>® This exchange-correlation
potential allows an accurate evaluation of the NMR parameters to
be made.”’

Geometry Optimization. As a starting point for the calculations,
we considered a crystal structure of the MLF peptide*’ (CDS
Refcode: SEYJEL, Figure 1). MLF crystallizes in the orthorhom-
bic system space group P2,2,2;, with unit-cell parameters: a =
21.727 A, b = 21.836 A, ¢ = 5.133A, Z = 4. As the positions
of hydrogen atoms reported by X-ray diffraction are considerably
less accurate than the corresponding positions of heavy atoms,
we performed a partial geometry optimization, allowing only
the position of the hydrogen atoms to move; we used the
CASTEP code,’®>° keeping the heavy nuclei fixed and allowing
the hydrogen atoms to relax. The calculations used ultrasoft
pseudopotentials,®® and the basis set included plane waves up
to a maximum energy of 29 Ry with one k-point (1/4,1/4,1/4).
The energy tolerance was set to 1 x 1073 eV.

First-Principles Molecular Dynamics Simulations. First-
principles molecular dynamics simulations were carried out using
the CASTEP code.*®° For the geometry optimization calculations
we used the ultrasoft pseudopotentials®® and a basis set that included
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plane waves up to a maximum energy of 29 Ry with one k-point,
(1/4,1/4,1/4). In the molecular dynamics simulations we used the
velocity Verlet algorithm for integration of the equation of motion.
Electrons were kept on the Born—Oppenheimer surface by means
of explicit electronic minimization after each time step.>>>® We
used the canonical (NVT) ensemble with a Nosé —Hoover thermo-
stat®" at 300 K. During the molecular dynamics simulation no
symmetry constraints were imposed, and the unit cell was allowed
to vary; therefore, each molecule inside the unit cell behaves
independently, and they were labeled as A, B, C, and D, as shown
in Figure 1.

Classical Molecular Dynamics Simulations. Classical molec-
ular dynamics simulations were carried out in the NPT ensemble
with the GROMACS4°* simulation software. Simulations were
carried out using periodic boundary conditions, and the simulation
box was constructed by replicating the crystal unit cell five times
in the z direction. Interactions between atoms in the simulation cell
were described by the OPLS all-atom force field.®*** Electrostatic
interactions were calculated with a cutoff length of 1.0 nm; long-
range electrostatic interactions were computed with the particle-
mesh Ewald®>°® method with 0.12 nm grid spacing and fourth-
order B-spline interpolation. Short-range repulsive and attractive
dispersion interactions were described by a Lennard-Jones porten-
tial, using a cutoff length of 1.0 nm. Tha P-LINCS®’ algorithm
was used to constrain bond lengths and angles using a time step of
2 fs. The simulation temperature was maintained at 300 K by
weakly coupling the peptides to an external bath using a velocity-
scaling thermostat.®® To keep the pressure in the simulation box at
1 atm, the system was weakly coupled to a Berendsen barostat.®®
Structures were saved for analysis with a frequency of 10 ps.
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Table 1. Comparison between the Backbone ¢ and v Dihedral
Angles in the Unit Cell in the PR and TR Structures of the MLF
Peptide

Y ¢
Leu Met Phe Leu Met
PR —49.3° 151.3° —155.6° —67.5° —146.0°
TR — 50.4° 157.2° — 150.4° —175.4° —145.8°

Four independent simulations, two of 500 ns and two of 2 us,
were carried out after energy minimization and a short (1 ns)
equilibration of the crystal structure. The overall length of the
cumulated trajectory is 5 us, leading to an extensive sampling of
the configurational space of the MLF peptide. By analyzing these
trajectories we identified a set of four side-chain dihedral angles
(31 and y3 of methionine and y; and y, of leucine) that undergo the
largest number of rotameric transitions. By using these dihedral
angles for structure classification, we obtained a list of the 10 most
populated conformers of the MLF peptide and their associated
statistical weights (Table S2, Supporting Information); these
conformers covered more than 90% of all the structures observed
during the simulations. A representative structure of each of the
10 states was then chosen for the chemical shift calculations. In
order to verify the significance of the statistical weights of the 10
conformers selected, we carried out a further 350 ns molecular
dynamics simulation using the AMBER99SB force field;’® this
simulation resulted in the same 10 most populated conformers,
although with slightly different statistical weights.

NMR Chemical Shieldings. NMR chemical shieldings were
calculated with the gauge including projector augmented wave
method (GIPAW).”! The calculations used Troullier—Martins’?
norm-conserving pseudopotential and plane waves up to a maximum
energy of 70 Ry. The integral over the Brillouin zone was sampled
at the (1/4,1/4,1/4) point. Since a first-principles calculation gives
the absolute chemical shielding tensor, &(r), in order to compare
the calculated isotropic chemical shielding, o0i,(r) = Tr[6(r)]/3,
to the isotropic chemical shift measured in an NMR experiment
we referenced the calculated values as 0j, = —[0 — O], Where
the value o, = 169.5 ppm was taken from an earlier work on
molecular crystals.”® In our calculations we neglected quantum zero-
point vibrational effects by assuming that they are of the same order
of magnitude (0.5 ppm’*) as in the reference compound.

Results

Relaxation of the Structure. We generated a “totally relaxed”
(TR) structure by performing a geometry optimization starting
with the “proton-relaxed” (PR) structure of the MLF peptide
and allowing all the atoms and the unit cell parameters to relax
while keeping the group symmetry fixed; after relaxation the
new unit-cell parameters were a = 21.949 A, b=22146 A, ¢
=5.195 A. For comparison the parameters before the minimiza-
tion were a = 21.727 A, b = 21.836 A, ¢ = 5.133 A; we verified
that the a, 3, and y parameters did not change significantly.
The most significant conformational changes between the PR
and the TR configurations were found along the peptide
backbone. In order to compare these structural changes we report
in Table 1 the ¢ and 1 torsion angles of the three amino acids
inside the unit cell of the MLF crystal; we found small
differences of up to 6° (for ¥ in Met). The corresponding *C
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chemical shifts changes upon relaxation of the crystal structure
are presented in Table 2. The major differences (about 5 ppm)
are observed in the carbonyl carbon for both Met (C-6) and
Phe (C-21) residues.

Time Averaging on the Picosecond Time Scale. In order to
analyze the effects of time averaging on the picosecond time
scale on the chemical shieldings we generated an ab initio
molecular dynamics trajectory of 2 ps with a time step of 2 fs.
In order to illustrate the fluctuations of the structure that take
place during this time, the length of selected covalent bonds
along the trajectory is shown in Figure 2; these covalent bonds
were found to fluctuate with different amplitudes but a similar
period of about 20 fs. The effects of these fluctuations on the
calculated chemical shifts are illustrated in Figure 3 for C,
atoms. The time series of the '*C, chemical shifts are shown
for Met (Figure 3a), Leu (Figure 3b), and Phe (Figure 3c). Our
results show that there are significant fluctuations in the C,
chemical shifts (up to 20 ppm), which take place with a similar
period of that of the bond length vibration, but also that the
effects of these fluctuations are averaged out within 200 fs, as
can be inferred from the convergence of the overall average
values of the chemical shifts presented in Figure 3d. The
resulting time-averaged chemical shieldings are reported in
Table 2.

For reference, we also calculated the chemical shift anisotropy
components 1, O, and 033 (Table S1, Supporting Information),
which represent the main components of the symmetric part of
the diagonalized chemical shielding tensor. The orientation of
these three components is determined by the electronic structure
of the molecule, therefore offering, at least in principle,
information about the molecular structure of the MLF peptide.

Comparison of the Behavior of the Four MLF Molecules
in the Unit Cell. The results of the ab initio molecular dynamics
simulations that we carried out indicate that there are sizable
differences in the instantaneous chemical shifts of the four MLF
molecules present in the unit cell of the crystal, but also that
the time averages of the chemical shifts of equivalent atoms
are very similar. For example, the average chemical shift values
of the C, atoms of the four Phe residues in the unit cell are all
within 1.1 ppm, with individual standard deviations of about 4
ppm (Figures 3 and 4). These results show that the four different
molecules present in the unit cell of the crystal explore similar
regions of the conformational space and, therefore, that the
simulations that we have carried out are sufficiently converged
to allow chemical shifts to be computed with confidence.

Crystal Packing. In order to estimate the effects of crystal
packing and long-range interactions on the chemical shifts
calculations we extracted a series of conformations of a single
MLF molecule at 50 fs intervals from the 2 ps ab initio
molecular dynamics trajectory of the crystal structure, calculated
the time-averaged chemical shifts, and compared them with
those calculated for the same molecule in the intact crystal
(Figure 5). The chemical environment of every amino acid can
be accurately represented by considering the four molecules
inside the unit cell, and since intermolecular interactions in the
solid state are absent in the isolated molecule, by carrying out
this comparison we determined which chemical shifts of the
peptide are most affected by intermolecular interactions. The
results indicate that crystal packing can modify substantially
the average chemical shifts. For example, the chemical shift of
Leu-carbonyl C-12 (Figure 5b) is altered by 3.6 ppm since the
crystal packing involves the presence of hydrogen bonds
between carbonyl carbon atoms and amide groups in the
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Table 2. Comparison between the Experimental and Calculated Chemical Shifts for the MLF Peptide?®
amino acid atom type atom ref EXP APR ATR AMD AcMD BMRB BMRB SD

Met C in Nter-COH 1 162.1 3.7 2.0 0.1 —0.8
Met Cc 2 53.0 42 6.0 33 1.0 56.2 23
Met ct 3 41.0 3.5 4.8 4.4 —=0.7 33.1 2.8
Met (o4 4 32.8 0.0 3.5 2.6 0.9 32.1 2.2
Met Cce 5 16.4 4.8 5.0 2.5 0.0 17.4 3.6
Met c° 6 175.8 6.3 1.0 0.4 0.0 176.2 4.2
Leu Cc* 7 59.4 2.8 5.3 3.1 2.7 55.6 2.2
Leu ct 8 41.0 32 5.1 34 2.5 42.3 2.3
Leu Cco 10 26.9 5.5 6.3 6.0 4.9 24.7 2.6
Leu Co 11 20.9 8.9 9.1 8.4 7.1 24.2 2.6
Leu ce 12 177.6 0.5 -0.3 -1.9 —=3.6 177.0 2.1
Phe (O 13 55.7 1.5 3.9 2.6 —0.8 58.1 2.7
Phe c? 14 37.2 2.8 4.1 2.2 2.5 39.9 2.7
Phe (o2 15 139.0 —2.6 1.4 —0.5 —2.6 137.3 18.7
Phe (el 16 132.0* 3.8 1.8 —-0.2 0.1 130.9 6.2
Phe Cca 17 130.4* 39 2.6 1.2 —6.0 129.9 6.7
Phe (e 18 129.8* 1.4 0.3 —2.6 —1.7 128.5 6.9
Phe C2 19 131.3* 2.2 0.8 —-1.2 —0.8 130.0 6.6
Phe C 20 134.0%* —-04 2.3 —-1.7 —0.1 130.9 5.8
Phe ce 21 175.0 1.3 —4.2 -39 =59 175.5 2.4
Phe C in Cter-Me 22 55.7 3.6 4.5 2.9 1.7

rmsd (ppm) 33 3.8 4.2 3.0

“(EXP) experimental '*C chemical shifts; (PR) chemical shifts from the proton relaxed structure; (TR) chemical shifts from the totally relaxed
structure; (MD) chemical shifts averaged over conformations obtained from a 2 ps first-principles molecular dynamics simulation; (¢cMD) chemical shifts
averaged over conformations obtained from Sus classical molecular dynamics simulations; A represents the difference between EXP and calculated

chemical shifts.

Average (BMRB) and standard deviation (BMRB SD) values for each atom type are reported from the BMRB (http:/

www.bmrb.wisc.edu/) database. Chemical shifts of aromatic carbon atoms of Phe that were not assigned are indicated by a *. The average RMSD (in
ppm) between the experimental and calculated chemical shifts is reported in the last row.
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Figure 2. Bond length vibrations during the first-principles molecular
dynamics simulations of the MLF peptide carried out in this work: C'= O
(black), C'—C, (red), N—H (green), C,—N (blue), and Co—Cp (yellow).

“c”direction of the crystal. Other carbon atoms with large
differences are (Figure 5c) 3.1 ppm for C-22 (C-terminus of
the peptide), 2.8 ppm for C-10 (C”), 2.6 ppm for C-5 (C” in
Met), 2.4 ppm for C-16 (aromatic ring), and 2.0 ppm for C-1
(formyl terminus). These differences can be also understood
from the crystal configuration visualized in Figure 1, which
shows crystal packing interactions between C-16 and C-16, and
between C-22, C-1, and C-5.

Comparison with Experimental Chemical Shifts. In this work
we considered four types of chemical shift calculation (Table
2). In the first (PR), we used the “proton-relaxed” structures, in
which the positions of the hydrogen atoms were optimized
before the calculation of the chemical shifts. In the second (TR),
we used the “totally-relaxed” structures, in which the positions
of all the atoms were optimized before the calculations of the
chemical shifts. In the third (MD), the chemical shifts were
calculated as time-averages over an ab initio molecular dynamics

trajectory of 2 ps. In the fourth (¢cMD), the chemical shifts were
calculated as time averages over classical molecular dynamics
simulations of an overall duration of 5 us.

The comparison of the four sets of calculated chemical shifts
with the experimental ones is presented in Table 2. The accuracy
of these calculations is comparable, giving coefficients of
correlations between experimental and calculated chemical shifts
of 0.9991 (PR), 0.9997 (TR), 0.9997 (MD), and 0.9998 (cMD).
The differences obtained between the experimental chemical
shifts and the calculated ones, which e.g. in the MD case range
from 0.1 ppm to 8.4 ppm and are on average of 3.3 ppm, can
be attributed, at least in part, to the intrinsic inaccuracies of
current DFT methods. In addition, our results suggest that an
averaging over time scales longer than 2 ps is required to
estimate the chemical shifts with accuracy. Indeed, chemical
shifts are sensitive to dynamics over the millisecond time scale,
and it is well-known that protein crystals exhibit significant
backbone and side-chain motions over such periods. For
example, we observe that the MD chemical shifts of the two
Leu C° atoms are different by 6.0 ppm and 8.4 ppm, respec-
tively, from the corresponding experimental values, suggesting
that a rotation of the two methyl groups around the y, angle
may be responsible for these differences.

In order to establish whether these differences may be
attributed to side-chain dynamics on a time scale longer than 2
ps, which have indeed been observed experimentally in the solid
state for the MLF peptide,*® we carried out classical molecular
dynamics (cMD) simulations to generate alternative side-chain
rotameric states. By performing an overall sampling of 5 us
we observed that four side-chain dihedral angles (y; and y3 of
methionine and y; and y, of leucine) exhibited the most
significant dynamics. By grouping the conformations generated
during the trajectories according to the values of the dihedral
angles we identified the 10 most populated rotameric states,
which together accounted for over 90% of the conformations
(Table S2, Supporting Information). Since the time span of the

J. AM. CHEM. SOC. = VOL. 132, NO. 17, 2010 5997



ARTICLES

De Gortari et al.

— Met_C2 — Leu C7
— Met_C24 — Leu_C29
— Met_C46 — Leu_C51
— Met_C68 — Leu_C73
B
o
=
= [ | | |
m 40 1 1 L 1
= 0 0.5 1 L5 2
Q
GE, 70 _ d) ' [ ' [ ' I " | — Average Met
6 65— | Average Leu
L Average Phe
Q
® 60 = _
55
—— Phe_C13 50
—— Phe_C35 45
—— Phe_C57 L
— Phe C79 40 1 | 1 | 1 | 1 40 1 | 1 | 1 | 1
- 0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (ps)

Figure 3. Effects of time-averaging on the '*C chemical shifts of the MLF peptide. (a—c) Time series of the '*C chemical shifts for the four individual
molecules in the unit cell; the labeling of the atoms (Leu C51, Phe C79, etc.) refers to correspondent atoms of inequivalent molecules of the simulation cell

used. (d) Time series of the average '*C chemical shifts over the four molecules in the unit cell and of the overall average.
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Phe-C57, (d) Phe-C79. The chemical shifts were calculated for snapshots extracted every 50 fs from a 2 ps trajectory; blue vertical lines indicate the average

values.

classical molecular dynamics simulations that we performed
allowed us to estimate the statistical weights of each conformer,
we selected one representative structure for each of the 10
rotameric states, calculated the corresponding chemical shifts,
and averaged their values according to their statistical weights
(Table 3 and Table S2, Supporting Information). By following
this procedure we reduced the average rmsd to 3.0 ppm. These
results provide an initial indication that averaging procedures
that take account of the presence of alternative conformers can

5998 J. AM. CHEM. SOC. = VOL. 132, NO. 17, 2010

improve the agreement between the experimental and the

calculated chemical shifts.

Although the averaging procedure that we introduced im-

proved the agreement between experimental and calculated
chemical shifts in most cases (with 10 C atoms having errors
<1 ppm in the cMD case, while only four C atoms have errors
<1 ppm in the MD case, see Table 2), for four atoms (Leu C°1,
Leu C%, Phe C?!, and Phe C?), the discrepancies were still above
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Figure 5. Effects of crystal packing on the chemical shifts of the MLF
peptide. We report the comparison between the '3C chemical shifts of an
isolated (gas phase, blue pluses) and the corresponding time-averaged values
for a molecule in the crystal (red squares) calculated from the simulations
that we carried out in this work. Numbering correspond to Figure 1: (a)
aromatic carbon atoms; (b) carbonyl carbon atoms; (c) all other carbon
atoms.

Table 3. RMSD (in ppm) between Experimental and Calculated
Chemical Shifts for the PR and TR Structures, the MD and cMD
Averages, and the 10 Representative Structures (S01—S10)
Obtained from the Classical Molecular Dynamics Simulations (see
also Table S2, Supporting Information)

structure RMSD
S03 2.6
S07 2.9
S02 2.9
S09 2.9
S10 3.0
S05 3.0
S04 3.0
cMD 3.0
S08 3.1
S06 3.2
S01 3.2
MD 3.3
PR 3.8
TR 4.2

4 ppm. We discuss these cases in order to associate these
differences with specific conformational properties.

Leu C°'2, The significant dynamics exhibited by Leu C°' and
Leu C* (Figure 6) is associated to large differences between
experimental and calculated chemical shifts probably because
of a combination of an insufficient sampling of the states
considered in the averaging and inaccuracies in the force field
used. It is interesting to note that our analysis indicates (Table
S2, Supporting Information) that the Leu trans state, which
has the largest population in the cMD trajectory (Figure S1,
Supporting Information), is associated with higher chemical
shift values for Leu C°' and lower ones for Leu C°2. By
contrast, the Leu gauche™ state has opposite values, i.e. lower
chemical shift values for Leu C°' and higher ones for Leu
co2,

Phe C°. Contrary to Leu C%2, Phe C? does not show high
mobility (Figure 6). We found that in this case the discrepancy
AcMD between experimental and calculated chemical shifts is
influenced by the conformation of the neighboring Met side
chain. We analyzed the distances Met S—Phe O and Met C—Phe
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Figure 6. Relationship between the root-mean-square (rms) fluctuations
and the difference (AcMD) between experimental and calculated (cMD)
chemical shifts. The four atoms for which AcMD > 4 ppm after the
averaging over the classical molecular dynamics trajectory (see Table 2)
are indicated.
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Figure 7. Correlation between the difference (AcMD) between experi-
mental and calculated Phe C=0 chemical shifts and Met S—Phe O (blue
circles) and Met C,—Phe O (black squares) distances. (a and b) illustrate
the extreme cases highlighted in (c). Data obtained from the four
molecules within the unit cell of the 10 most representative structures
of the 5 us cMD trajectory.

O, and found a correlation between them and the chemical shift
discrepancy (Figure 7). As noted above, the 5 us cMD
simulations that we carried out can provide only an incomplete
description of the dynamics of certain side-chain rotamers. For
the Met side chain this seems indeed to be the case; as for Phe
C? there is a good agreement between theory and experiment
(1.3 ppm) for the proton-relaxed (PR) case.

Phe C?. In the case of Phe C?, we initially considered
whether the chemical shift discrepancy AcMD could be
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attributed to w—u interactions by looking at relative inter-
molecular distances between two Phe rings in the crystal.
However, this interaction is never lost along the cMD
trajectory, as distances between the Phe rings remain ap-
proximately constant. Similarly, also the consideration of
variable ring current contributions using the classical point-
dipole model of Pople did not provide significant results. In
order to explain the deviations AcMD between the calculated
chemical shifts and the experimental ones (Table 2), we
considered the intermolecular distance C:'—O (C-terminus,
AME) (Figure S2), finding that the difference between
experimental and calculated chemical shifts tends to zero
when this distance approaches 3.2 A which, however, was
outside the range (3.4—4.2 A) sampled during the cMD
trajectory (Figure S2, Supporting Information).

Conclusions

We have presented the results of a comparison between
experimental and calculated chemical shifts of the MLF peptide
in the solid state. In order to investigate the effects of time
averaging on the chemical shift values we have used first-
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principles calculations of the chemical shifts to obtain averages
over conformations obtained by first-principles molecular
dynamics simulations spanning 2 ps. Our results show that the
BC chemical shifts exhibit large fluctuations of up to 20 ppm,
which are averaged out over about 200 fs. We have also
presented evidence that the agreement between experimental
and calculated chemical shifts can be further improved by
averaging over structures obtained from classical molecular
dynamics simulations that sample the conformational space
explored on the microsecond time scale.
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