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ABSTRACT: DFT methods were employed to compute the C NMR chemical shift tensor (CST) parameters for crystals of YAF
peptides (Tyr-Ala-Phe) with different stereochemistry for the Ala residue. Tyr-D-Ala-Phe 1 crystallizes in the C2 space group while
Tyr- L-Ala-Phe crystallizes in either the P2,2,2 space group (2a) or the P65 space group (2b). PISEMA MAS measurements for
samples with a natural abundance of 'H and "C nuclei and *H QUADECHO experiments for samples with deuterium labeled aro-
matic rings were used to analyze the geometry and time scale of the molecular motion. At ambient temperature, the tyrosine ring of
sample 1 is rigid and the phenylalanine ring undergoes a m-jump, both rings in sample 2a are static, and both rings in sample 2b
undergo a fast regime exchange. The theoretical values of the CST were obtained for isolated molecules (IM) and clusters employ-
ing the ONIOM approach. The experimental PC §; parameters for all of the samples were measured via a 2D PASS sequence. Sig-
nificant scatter of the computed versus the experimental PC ST parameters was observed for 1 and 2b, while the observed corre-
lation was very good for 2a. In this report, we show that the quality of the °C ;/"°C §; correlations, when properly interpreted, can
be a source of important information about local molecular motions.

Introduction

The nuclear magnetic resonance (NMR) chemical shift (CS)
is one of the most important structural parameters that can be
obtained from the spectroscopic methods."? The CS is very
useful in structure analysis, because it provides insight into
the underlying mechanism of nuclear shielding including the
dependence on molecular conformational changes and intra-
(inter)molecular interactions, such as hydrogen bonding and
aromatic-aromatic interactions as well as the ionization
state.> The power of NMR spectroscopy is due to the ability
to use this technique with all kinds of materials including
gases, liquids, solids and semi-solids. For gas and solution-
state NMR, the assignment of chemical shifts to molecular
structures can be performed by employing one dimensional
and/or two-dimensional experiments, examination of empiri-
cal tables of chemical shifts or application of quantum me-
chanics (QM) methods, which are currently used to calculate
the CS for nuclei in a variety of molecules.** At the begin-
ning of development QM methods, the methods based on
semi-empirical, ab inito or DFT (density functional theory)
approaches have remained qualitative in their prediction of
experimental data.*” With recent progress in quantum me-
chanics calculations, the accuracy of computed nuclear
shielding parameters for gases and liquids with respect to
experimental data is excellent in many cases.® For the solid
matter, the assignment of CS parameters is more complex,
because the number of so-called “solid state effects”, such as
intermolecular contacts, molecular disorder, presence of

polymorphs, etc., play a significant role.” Another factor that
can greatly complicate calculation of the chemical shift pa-
rameters is the molecular dynamics in the solid state. Re-
cently, this problem was exhaustively discussed by several
authors.'” Dumez and Pickard, who employed well-defined
crystalline organic solids, have tested the influence of mo-
lecular motion on the quality of theoretical data using den-
sity functional theory calculations performed within the
plane-wave pseudopotential framework.'' In the cited work,
the influence of motional effects was assessed by averaging
over the vibrational modes or over snapshots taken from ab
initio molecular dynamics simulations. A similar approach
was recently applied by Vendruscolo and coworkers, who
showed that molecular motion has a great influence on the
accuracy of chemical shift calculations when using the gauge
including projector augmented wave (GIPAW) method,
which accounts for the periodic nature of the crystal struc-
ture.'? This effect was discussed for N-formyl-L-methionyl-
L-leucyl-L-phenylalanine-OMe (MLF), which is a relatively
rigid peptide system that has been very well characterized
experimentally by XRD and has been used to develop of
number of solid-state NMR techniques. The role of small-
amplitude motion, its influence on “C chemical shielding
tensors and quality of DFT calculations was recently re-
ported by Geppi and coworkers."?

The challenge for modern QM methodology is the correla-
tion of experimental and theoretical NMR chemical shift
parameters for solid-state systems with large amplitude mo-
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lecular motions. For several reasons, peptides appear to be
good candidates for such projects. It is well known that pep-
tides are relatively small biological entities (compared to
proteins or nucleic acids). In physiological environments,
they are flexible molecules with molecular flexibility en-
coded in their primary structure. Flexibility is required to
perform their natural biological functions and to control
processes, such as molecular recognition, ligand binding and
catalysis.

In this work, we present a detailed analysis of the structure
and molecular dynamics in the crystal lattice of YAF (Tyr-
Ala-Phe) peptides with varying alanine residue stereochemis-
try (L and D) and comparison of experimentally measured
chemical shift parameters with computed NMR data. Such
models can be further used for developing of more advanced
QM methodologies implementing large amplitude motions.

(C35)
(C36)
(C34)
C
(csn (C33)
(C32)
(C20) (C31) OH

(c21) N (C30)

H O

Scheme 1. Molecular structure and numbering system of
YAF.

(C22)

Tyr-D-Ala-Phe (Scheme 1) is a message sequence of deltor-
phin I (Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH,), deltorphin II
(Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH,), and dermorphin
(Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH,), which are opioid
peptides extracted from the skin of South American frogs.'
The presence of D-amino acid is crucial for biological activ-
ity. It is interesting to note that heptapeptides consisting of
L-alanine are not analgesics.”” Analysis of the influence of
stereochemistry on molecular packing, dynamics and bio-
logical functions of neuropeptides is still challenging not
only for theoretical chemistry (e.g., QM calculations) but
also for practical applications (e.g., design of new selective
pain killers).

Experimental

NMR

The solid-state magic angle spinning (MAS) experiments
were performed on a BRUKER Avance III 400 spectrometer
at a frequency of 100.613 MHz for “C equipped with a
MAS probe head using 4 mm ZrO, rotors. A sample of gly-
cine was used to set the Hartmann-Hahn condition, and gly-
cine was used as a secondary chemical shift reference
6=176.04 ppm from the external TMS."® The conventional
spectra were recorded with a proton 90° pulse length of 4 ps
and a contact time of 2 ms. The repetition delay was 6 s, and
the spectra width was 25 kHz. The FIDs were accumulated
using a time domain size of 2 K data points. The RAMP
shape pulse'’ was used during the cross-polarization and
TPPM decoupling'®. The spectral data were processed using
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the TOPSPIN program.'’ The 61.42 MHz *H NMR spectra
were recorded employing a quadrupole echo pulse sequence
without sample spinning and a 90° pulse length of 3 ps.

For the PISEMA MAS experiment®, the 'H effective field
strength was 50 kHz in all of the experiments, and the Pc
spin-lock field strengths was adjusted to the first-order side-
band condition, @;;c= @jperr + @, The spinning speed was 13
kHz and was regulated to + 3 Hz by a pneumatic control
unit. Recycle delays varied from 1.5 s to 4 s. The 2D
PISEMA MAS experiments incremented the SEMA contact
time at a step of 16.28 us. At a spinning speed of 13 kHz,
the dwell time for the evolution period was 19.23 us. The
maximum #; evolution time was typically approximately 1
ms. Only cosine-modulated data were collected. Thus, a real
Fourier transformation was performed on the #; data yielding
spectra with a symmetrized @, dimension and showing the
dipolar splittings. Because the #; time signal increases with
increasing SEMA contact time, the @, dimension was proc-
essed using the baseline correction mode “qfil” in the
TOPSPIN software, which subtracts a constant intensity
from the time signals prior to the Fourier transformation
yielding spectra free of a dominant zero-frequency peak giv-
ing the 'H-""C doublet.

A 5-z pulse 2D PASS scheme and 1000 Hz sample spinning
speeds were used in the 2D experiments. The z-pulse length
was 8 us. Sixteen #, increments using the timings described
by Levitt and co-workers were used in the 2D PASS experi-
ments.?' For each increment, 360 scans were accumulated.
Because the pulse positions in the #, set return to their origi-
nal positions after a full cycle and the #,-FID forms a full
echo, the 16-point experimental 7, data were replicated to
256 points. After the Fourier transformation in the direct
dimension, the 2D spectrum was sheared to align all side
bands with the center bands in the indirect dimension of the
2D spectrum. One-dimensional CSA spinning sideband pat-
terns were obtained from ¢, slices taken at the isotropic
chemical shifts in the #, dimension of the 2D spectrum. The
magnitudes of the principal elements of the CSA tensor were
obtained from the best-fit simulated spinning sideband pat-
tern. Simulations of the spinning CSA sideband spectra were
performed on a PC using the Topspin program.

OM Calculations

The quantum chemical calculations were performed using
Gaussian09.” For the calculations, the scf=tight keyword
was employed (i.e., convergence to 10°® for the energy and to
10 for the density matrix). An ultrafine grid with 75 radial
shells and 302 angular points has been employed. The calcu-
lations were performed without any symmetry restrictions.

DFT calculations for the Isolated Molecules (IMs) of 1, 2a
and 2b. The starting structures for the geometry optimiza-
tions were the X-ray geometries (CCDC codes 222456,
720511 and 720512).>** The B3LYP*? method has been
used with the Pople 6-311G** basis set”*** for optimiza-
tion of the proton positions only. All of the calculations were
performed for a single in vacuo molecule. The optimized
geometries were used to calculate the nuclear magnetic
shielding by means of DFT using the gauge including atomic
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orbitals (GIAO) method.” We used the hybrid functional
PBE(’"” with the 6-311++G** basis set.

DFT calculations for clusters of 1, 2a and 2b employing the
ONIOM approach.®® To reduce the computational time, the
ONIOM method as programmed in the Gaussian 2009 com-
puter program was employed for calculation of the clusters.
ONIOM divides the system into three segments, which can
be treated at different levels of calculational complexity.
Therefore, one can treat the critical part of the system at a
high level, while the less critical parts of the system might be
calculated at a medium or low level. For this study, we used
two ONIOM levels (i.e., high and low). The part of the sys-
tem treated with the high level included molecules from the
independent part of the unit cell (one molecule of YAF for
the 1 and 2a structures and two molecules of YAF for the 2b
structure). The part of system treated with the low level in-
cluded molecules of the YAF peptide that exhibit short co
ntacts to atoms from the high-level part of the system (short
contacts observed in the X-ray structures). The clusters em-
ployed for the calculations are presented in the supplemen-
tary materials. For optimization of the proton coordinates we
used a two layer ONIOM with the DFT hybrid functional
B3LYP and the 6-311 basis set for the high layer and a mo-
lecular mechanics methods with an universal force field
(UFF).** For the GIAO NMR calculations of all of the cases,
we used the B3LYP functional and the 6-3114++G** basis
sets as the high layer and UFF molecular modeling as the
low layer.

NMR chemical shifts. The choice of the reference compound
can partially eliminate systematic errors in the DFT calcula-
tions of the chemical shifts®. In this study, one reference
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compound could not be selected for all molecular structures.
Therefore, we have calculated the chemical shifts using the
equation §; = Agg — o; where Agr is the scaling factor deter-
mined from correlation between the experimental ;, and the
theoretical Gy, parameter and minimization of the RMSD
value. The same Agp value was used to recalculate o; onto J;
parameters. Linearization was performed separately for each
of the three molecules in this study.

Results and Discussion

i) Assignment of isotropic chemical shifts to molecular
structure of 1, 2a and 2b by means of GIAO DFT calcula-
tions.

The X-ray data for Tyr-D-Ala-Phe (1) and two forms of Tyr-
L-Ala-Phe (2a and 2b) have been previously reported.”**
Figure 1 shows the molecular structure of the peptides, the
unit cells are displayed in Figure 2.

For sample 1, the crystal system is monoclinic with a space
group of C2. The unit cell contains four molecules with lat-
tice parameters of a=23.091(5) A, b= 5.4940(10) A and ¢ =
17.510(4) A.

Sample 2a crystallizes in the orthorhombic system with
P2,2,2 space group. The unit cell contains four molecules,
and its lattice parameters are as follow; a = 8.653(2) A, b=
5.5238 (1) A and ¢ = 39.737(8) A. Sample 2b crystallizes in
the hexagonal system with P6s space group. The unit cell
contains twelve molecules, and its size is much larger com-
pared to 2a; a = 11.946(2) A, b = 11.946(2) A and ¢ =
54.991(11) A.

A) B)

C)

A)
Lo, L A~ i et
AL A DR AN S
B 3
it “#?*’#*‘\%W‘i’*ﬁ‘jﬁ*{{
e Y T Ny A
P F S TR 13}—** i

Figure 2. Unit cells containing A) four molecules of tripeptide 1, B) four molecules of tripeptide 2a and C) twelve molecules

of tripeptide 2b.
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The *C CP/MAS spectra of 1, 2a and 2b recorded with a
spinning rate of 8§ kHz at ambient temperature are shown in
Figure 3. It is worthy to note that for sample 2b two crysta-
lographically nonequivalent molecules in the asymmetric
unit of the crystal structure are magnetically equivalent. Due
to this effect and molecular dynamics for 2b we observed
spectra as in case of samples with one molecule in the
asymmetric unit. The assignment of the "°C isotropic signals
was performed via theoretical calculations. Many methods
are currently available for computing NMR parameters. In
most of the commonly used approaches, GIAO (gauge-
including atomic orbitals) with DFT (density functional the-
ory) hybrid functionals are employed.36 In the absence of
dynamical disorder, this strategy can be expected to predict
the tensor components within ten ppm from their experimen-
tal counterparts.’” Since ab-initio and DFT calculations for
large complexes are still very time consuming, the proper
choice of the method and the basis set is crucial to maintain-
ing a balance between the quality of results and the cost.
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Figure 3. °C CP/MAS spectra of A) 1, B) 2a, and C) 2b struc-
tures.

In the current project, in order to have a full set of data for
the 1, 2a, and 2b samples we performed DFT GIAO compu-
tations for isolated molecules (IMs) and appropriate clusters
(ONIOM approach) employing our previously reported strat-
egy.*® The calculated NMR shielding parameters are attached
as supporting data.

Fig. 4 shows plots of the isotropic values of the °C chemical
shifts as a function of the computed shielding parameters.

From inspection of the data, a good correlation between the
experimental and calculated data is observed. By comparing
the slope and fitting quality (R?) of the correlation functions,
it may be concluded that both methods yielded acceptable
results. For sample 1 and 2b, the intercepts for the clusters
(ONIOM approach) are comparable, while for 2a, the inter-
cept was lower compared to the IM calculations. For
ONIOM, their values are in the range of 184.8-187.4 ppm.
For the IM approach, the intercepts are in the range of 185.6-
204.1 ppm. In particular, this value is overestimated for
sample 2a (Figure 4b).

ii) °C 2D PASS analysis of the CST parameters for 1 and 2.
Correlation of experimental and calculated data.

Chemical shift tensor (CST) parameters can be obtained
from analysis of the static line shape of "°C nuclei. Static
CST principal component measurements can be only used
with simple molecules or simple labeling schemes because
of spectral overlap and also suffer from sensitivity issues in
natural abundance systems, while 1D CP/MAS methods also
suffer from similar limitations. This drives the need for 2D
NMR techniques in the more complex molecules. 2D NMR
methods can be employed to assign the values of the princi-
pal elements BC §; (i = 11, 22, 33) of the chemical shift
tensor (CST) that define the line shape. There are several
approaches that allow the separation of the isotropic and
anisotropic ];ortlons of the spectra for heavy overlapped sys-
tems.””**"** In this work we employed the 2D PASS se-
quence for analysis of “C spectra.”’ This technique offers
good sensitivity compared to other methods and does not
require hardware modifications or a special probe head.

In our previous papers, we reported °C &; parameters for the
aromatic and carbonyl atoms of samples 1 and 2 analyzing
2D PASS spectra recorded at 2 kHz spinning rate.””* Be-
cause the anisotropy of aliphatic carbons is much lower
compared to the aromatic and carbonyl carbons, the spinning
rate must be in the range of 1.0 — 1.5 kHz to obtain sufficient
number of spinning sidebands for simulation. Figure 5 dis-
plays the 2D PASS spectrum of 2a measured with a sample
rotation 1 kHz. A similar procedure was employed to study 1
and 2b. The spectrum exhibits a complex pattern under slow
sample spinning. Using proper data shearing (Figure 5B), it
is possible to separate the spinning sidebands for each car-
bon and to use a calculational procedure to establish the Pc
0;; parameters

A i B) a0
140 1401
E‘ 1004 E' 100 4
[=% (=%
= =
© 504 Y 601
- ONIOM . ONIOM
2 R? = 0.9908 201 R'= 09914
-20 =20
0 50 100 150 200 0 50
5 [ppm]

100

5 [ppm]

C) e
140
E‘ 100
o
a
® g0 4
ONIOM
20 1 e
R =08956
=20
150 200 0 50 100 150 200
3 [ppm]

Figure 4. Correlation of the experimental isotropic chemical shift values (8) as a function of the calculated isotropic nuclear shielding (o)
using IM (blue) and ONIOM (green) data for A) sample 1, B) sample 2a and C) sample 2b.
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Figure 5. 2D PASS spectra for 2a recorded with a spinning rate
of 1000 Hz (A) and the aliphatic part of spectrum after data
shearing (B).

It is clear from such a presentation that the F2 projection
corresponds to the infinite spinning speed spectrum,

The Journal of Physical Chemistry

whereas F1 represents CSA. For fitting of the spinning side-
band pattern of the F1 spectra, we have employed a previ-
ously published protocol.”** The values of the selected °C
0; parameters for 1 and 2 are presented in Table 1.

Figure 6 shows the correlation between the experimental and
calculated shielding parameters obtained employing the DFT
GIAO approach for the IMs and clusters (samples 1, 2a, 2b).
In contrast to the plots shown in Figure 4, the correlation of
the CST parameters was poor, especially for samples 1 and
2b. The scattering of the experimental points is apparent, and
the values of the R® parameters for both methods are lower
compared to correlations of the isotropic values. For sample
2a (Figure 6C and Figure 6D), a comparable analysis of the
plots indicates a slightly better correlation for the cluster
calculation. For ONIOM, the R?is equal to 0.9877 while, for
IM, it is equal to 0.9867. It is interesting to note that, for this
sample cluster molecule, correlates well in the region of the
0y, parameters, which are very sensitive to intermolecular
contacts (e.g., hydrogen bonding with contribution of C=0
peptide groups).*

Table 1. Experimental “C aliphatic NMR chemical shift tensor parameters [in ppm] for the molecular crystals of 1, 2a and 2b.
Values of CST parameters for aromatic and carbonyl groups are reported in previously published work (ref. 23 and ref. 24).

Structure Atom Siso S S 833 (o K
1 C-11 54.1 69 55 38 31 0.09
C-12 37.8 53 39 21 32 0.11
C-21 48.2 69 47 29 40 -0.09
C-22 20.3 41 14 6 35 -0.54
C-31 54.1 69 55 38 31 0.09
C-32 34.8 47 38 19 28 0.34
2a C-11 534 71 58 31 40 0.31
C-12 36.6 45 39 26 19 0.38
C-21 54.0 71 57 31 40 0.31
C-22 19.2 31 19 7 24 -0.02
C-31 54.5 71 59 34 37 0.37
C-32 37.5 51 40 21 30 0.28
2b C-11 57.7 70 63 41 29 0.54
C-12 36.1 53 38 17 35 0.20
C-21 48.3 64 54 27 36 0.45
C-22 21.2 42 21 1 41 -0.03
C-31 54.3 68 55 41 27 0.06
C-32 423 58 46 23 36 0.3

* Span is expressed as: Q = 8;; — 833" Skew is expressed as: k = (8 — 8;,)/Q

5
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Figure 6. Correlation of experimental chemical shift tensor values (8;) and calculated nuclear shielding parameters (c;) of the YAF pep-
tides using IM A) 1, C) 2a and E) 2b as well as ONIOM B) 1, D) 2a and F) 2b.

The plot of the experimental and calculated span values
(Q =8,; — 333) for all of the studied samples is displayed in
Figure 7. For an ideal correlation, the slope is equal to 1
(represented by solid line in Figures). For sample 1 and 2b,
both DFT GIAO calculations (IM, ONIOM) provide a simi-
lar set of data. It is apparent that the experimental span val-
ues for the phenyl ring of 1 represented by C34, C35 and
C37, C38 as well C33, C36 carbons do not fit the calculated
data (Figure 7A). The correlation for 2a (Figure 7B) is much
better, and the scattering of the experimental data points is
not considerable. In contrast, the distribution of the experi-
mental points, for sample 2b shown in Figure 7C, is signifi-
cant. The most spread out points represent aromatic rings of
the phenylalanine and tyrosine. It has to be stressed that, for
the other carbons in the side groups and main skeleton, the
correlation of Q.,, and Q. is relatively good.

To visualize the supra effect, we compared the static C line

shapes sketched with the §; parameters obtained from the 2D
PASS experiment with the line shapes drawn using the cal-

6

culated o; shielding parameters obtained from the ONIOM
method (Figure 8).

The left, middle and right column of Figure 8 represent YAF
1, 2a and 2b, respectively. The solid black lines represent the
experimental spectra, and the red broken lines display the
calculated spectra. It is apparent from analysis of the static
line shapes that, for sample 1, the correlation for the tyrosine
ring is good, while that for the phenylalanine ring the, calcu-
lated line shape is dramatically different compared to the
experimental spectrum (Figure 8B). For the other aliphatic
signals, the correlation between the experimental and calcu-
lated spectra is acceptable even though the calculated o
values appear to be underestimated for the CH carbons. For
sample 2a (middle column), there is good correlation be-
tween the experimental and calculated line shapes, both in
aromatic and aliphatic regions. In contrast, for sample 2b
(right column), only the aliphatic carbons correlate well,
while there is no correlation for the aromatic groups (i.e.,
tyrosine (Figure 8K) and phenylalanine (Figure 8L) rings).
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ology for A) sample 1, B) sample 2a and C) sample 2b. Blue diamonds represents IM data and the green triangles represent the ONIOM

data. Solid lines indicate ideal correlation with a slope equal to 1.
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Figure 8. Correlation static experimental and computed CSA line shape for sample 1 (left column), 2a (middle column) and 2b (right col-

umn). Black solid line - experimental, red dashed line - theory.

Our study clearly proves that the lack of correlation in some
cases does not indicate weakness of the theoretical approach
but is related to the nature of the systems under investiga-
tion. The discrepancy between the experimental and calcu-
lated °C CST parameters for selected groups of carbon sig-
nals suggests that there is a variation in the flexibility of the
side chains and rigid backbone of the studied peptides. This
problem is discussed in detail in the following sections.

iii) PISEMA MAS study of the molecular dynamics.

The preliminary results regarding the distinct dynamics of
the YAF peptides were obtained using dipolar recoupling
experiments, which are well suited for simultaneously meas-
uring motional averaging at multiple sites in bio-
molecules.****" In the two-dimensional (2D) experiments,
the separated local field sequences can reintroduce dipolar
anisotropic interactions and correlate them to the isotropic
chemical shifts.*® The Lee—-Goldburg cross-polarization

ACS Paragon Plus Environment


http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-681.jpg&w=486&h=136
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-681.jpg&w=486&h=136
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-683.jpg&w=344&h=362
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-683.jpg&w=344&h=362
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-683.jpg&w=344&h=362
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-683.jpg&w=344&h=362
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-683.jpg&w=344&h=362
http://pubs.acs.org/action/showImage?doi=10.1021/jp2111567&iName=master.img-683.jpg&w=344&h=362

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

The Journal of Physical Chemistry

(LGCP)**! and polarization inversion spin exchange at the
magic angle (PISEMA)> pulse sequences were recently used
to correlate the motional average anisotropic dipolar interac-
tions with high-resolution chemical shift dimensions during
MAS in the 2D approach. For analysis of the effect of mo-
lecular motion on the line shape of the dipolar spectra, we
have employed a modified sequence of PISEMA MAS as
reported by Dvinskikh et al.”

Figure 9 shows the 2D PISEMA MAS spectra for sample 1
and 2a recorded with a spinning rate of 13 kHz at ambient
temperature. The 'H effective field strength, ® g, Was held
constant, while the °C spin-lock field strength was matched
using Oipesr = M3c = no; (n= 1, -1). The SEMA contact time
was incremented asynchronously with rotation to yield the
heteronuclear dipolar dimension of the 2D experiment. The
"C spin isotropic chemical shift was detected in the second
dimension of the experiment.

140 135 130 125 120 115 ppm 55 50 45 40 35 30 25 20 ppm

Figure 9. 2D PISEMA MAS overlapped spectra for sample 1
(red color) and 2a (blue color) in the aromatic (left) and ali-
phatic regions (right). 1D projection represents sample 2a.

Figure 10 shows the F1 slices for the selected carbon atoms
of 1 and 2 with labeled splitting between the singularities of
the doublets. These doublets reflect the dipolar coupling
between the proton and carbon. For 13C-IH, the 1 distance
was equal to 1.09 A, § the dipolar coupling constant for the
rigid-limit is 22.7 kHz according to the following equation.

ﬂohz ViV

3
47 1

o=—

The experimental values of the splitting shown in Figure 10
are smaller lower compared to the calculated coupling, be-
cause O is reduced by a scaling factor (sf). As previously
demonstrated , the dipolar sf in the PISEMA experiment is
very sensitive to the amplitudes of the two RF spin-lock
fields as well as the mismatch parameter A = ®.y - ;5. The
discrepancy between the predicted and measured & values
was exhaustively discussed by Fu et al.* For the PISEMA
MAS, the exact Hartmann—Hahn matching condition yields a
maximum scaling factor of 0.584 (cos 54.7°). In the case of a
mismatch, the scaling factor can be much lower. For the
rigid system, the expected value of & is ca. 13.0 kHz (22.7
kHz -0.584). Fast molecular motion can reduce the principal
component of the dipolar tensor by a factor (S), which is
known as the order parameter. The S ranges from 0.5 to 1.
The latter value represents a rigid system.

-8-
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Figure 10. Projection along F1 for selected carbon atoms of A)
1, B) 2a and C) 2b with labeled splitting between the singulari-
ties of doublets.

The order parameters related to the dynamic models, includ-
ing diffusion in a cone and the three-site hop for aliphatic
groups as well two-site jumping or diffusion in a flattened
cone that is typical for dynamics of phenyl rings, have been
reported.”* Inspection of the splitting values shown in Fig-
ure 10 clearly indicate distinct molecular motion of aromatic
groups. For sample 1, the tyrosine ring is rigid, while the
phenylalanine ring undergoes fast molecular motion (split-
ting equal to 13.1 kHz and 4.1 kHz). For YAF 2a, both aro-
matic rings are rigid, while for 2b, both rings are mobile
(splitting equal to 4.1 kHz). In addition, the values for the
aliphatic carbons are comparable, which shows that the main
skeleton of peptides is rather rigid. The methyl groups for all
three samples are undergoing fast molecular motion even
though they exhibit slightly different splitting equal to 6.2
kHz (1), 6.2 kHz (2a) and 7.1 kHz (2b).

iv) ’H NMR study of the molecular motion of the phenyl
rings for selectively labeled 1 and 2 YAF.

In this section, we report further study of the motion of the
phenylalanine and tyrosine rings in the crystal lattice utiliz-
ing solid-state *H NMR spectroscopy. Selectively °H labeled
YAF models used in our study are shown in Scheme 2.
Solid-state “H NMR spectroscopy of the deuterium-labeled
samples provided detailed information on the molecular mo-
tion in the frequency range of 10° to 10° Hz as well as the
characteristics of the motion, such as free rotation or a 180°
flipping motion of the phenyl ring about a symmetry axis.>

The molecular motion of the phenyl rings of the Phe residues
in the solids has been extensively studied by *H NMR spec-
troscopy for amino acids, polypeptides, and proteins.’*"***
Hiraoki and coworkers exploring the phenyl ring dynamics
of poly(L-phenylalanine) as a function of temperature and
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echo delay time have revealed that the n-flipping motion is
characterized by a fairly broad distribution of correlation
times and strongly dependent on the temperature.”” Kamihira
et al. have reported detailed analysis of the molecular dy-
namics of enkephalin, one of the best-characterized opioid
peptides.”’ These observations suggest that the degree of
motion in the aromatic rings of the phenylalanine and tyro-
sine residues strongly depends on the environment of the
enkephalin molecules, such as the crystalline packing and
the state of the bound solvents.

Figure 11 shows the static "H NMR spectra for sample 1
(upper row, Figure 11 A), 2a (middle row, Figure 11 B) and
2b (bottom row, Figure 11 C) recorded using a quadrupolar
echo pulse sequence with temperatures, as indicated in Fig-
ure 11. The experimental spectra for the samples with the
deuterium labeled phenylalanine ring are shown in column I,
while the experimental spectra for the samples with the la-
beled tyrosine ring are shown in column III. Column II and
IV show the simulated spectra with the established values of
the correlation times (t.) and geometry of the molecular mo-
tion. For fitting experimental line shapes for peptides 2a and
2b, a combination of two subspectra with different correla-
tion times (t.) was employed.
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Scheme 2. Selectively “H labeled YAF models used in our
project A) Tyr-d4-Ala-Phe and B) Tyr-Ala-Phe-ds.
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Figure 11. Experimental (column I and IIT) and simulated (column II and IV) *H spectra for samples 1, 2a and 2b. The spectra were simu-

lated using the EXPRESS 1.0% application performed in the MATLAB

R2010b environment and the NMR-WEBLAB V4.3.2 software®.

The line shape was apodized by Lorentzian function with line broadening equal to 2 kHz.
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We assumed that, in the unit cell containing a number of
molecules, some of them could undergo dynamic processes
on different time scales. Such phenomenon was experimen-
tally illustrated by Torchia and coworkers,** who analyzed
the deuterium spectra of methionine to reveal different mo-
lecular motions for the two molecules in the asymmetric unit
of the crystal lattice.

It is important to note that “H results are in excellent agree-
ment with the PISEMA experiments performed at ambient
temperature. Variable temperature “H measurements prove
that the tyrosine and phenylalanine rings in samples 2a and
2b became more mobile with increasing temperature. In con-
trast, the aromatic rings of sample 1 preserve their dynamics
regime (static tyrosine and m-jumping phenylalanine) in a
large range of temperatures.

Conclusions

The X-ray coordinates are often used for structure assign-
ment of the chemical shift parameters by employing theoreti-
cal methods. With recent progress in QM methodology, the
correlations between experimental data and theoretical calcu-
lations are generally excellent, which is due to the fact that
modern algorithms take into consideration a number of
structural parameters (e.g., intra- and intermolecular interac-
tions, m-m stacking, lattice periodicity, etc.), which has an
influence on the quality of the computed results. Therefore,
in the light of recent achievements, there is no surprise that
the theoretical data, which did not perfectly fit the experi-
mental results, might be a source of frustration for research-
ers. In our work we show that in some cases scattering of
data should be no matter of worries but rather considered as
a source of important structural information.

In this project, we have tested DFT methodology for isolated
molecules (IMs) and clusters employing rigid and flexible
peptide models with large-scale amplitude motions in the
crystal lattice. For rigid system, ONIOM is slightly better
than IM in its ability to reproduce experimental chemical
shift parameters, especially for those centers that contributed
to intra- and/or intermolecular contacts. Both methods are
not able to reproduce the shielding parameters for systems
under a dynamic regime.

Finally, we wish to highlight the attractiveness of YAF pep-
tides as testing samples for development of solid-state NMR
methodologies and, in particular, for those sequences that are
sensitive to large scale molecular dynamics in the solid state
as well as challenging samples for theoretical calculation of
NMR shielding.
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