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13C, ¥N, ™N, 170, and®**Cl NMR parameters, including chemical shift tensors and quadrupolar tensors for
N,’0, and?®Cl, are calculated for the crystalline forms of various amino acids under periodic boundary
conditions and complemented by experiment where necessary:3Crehift tensors and*N electric field
gradient (EFG) tensors are in excellent agreement with experiment. Similarly,'$@&tMR spectra could

be precisely simulated using the calculation of the full chemical shift (CS) tensors and their relative orientation
with the EFG tensors. This study allows correlations to be found between hydrogen bonding in the crystal
structures and thEO NMR shielding parameters and th€l quadrupolar parameters, respectively. Calculations
using the two experimental structures fealanine have shown that, while the calculated isotropic chemical
shift values of3C and*N are relatively insensitive to small differences in the experimental structur&€Q@he

shift is markedly affected.

Introduction symmetry exhibit very smalCq values and could therefore be
investigated by slow MAS Similarly, perchlorate derivatives
showing smallCq values, because of the tetrahedral symmetry
of the anions, have been studied at high field under MAS.
contrast,3®Cl for covalently bonded chlorine in organic com-

A key experimental challenge for biomolecular chemistry is
to provide detailed information about the molecular bonding
arrangement and changes that occur upon ligaadeptor
interaction. Solid-state NMR is one nonperturbing approach . .
which can be used to study such interactions, since chemicalPOUNds typically shows very large quadrupolar interacti¢28
shift and quadrupolar coupling constants are known to be = Ce = 80 MHz) and has only been observed by nuclear
excellent probes for molecular conformation and intermolecular du@drupole resonance (NQR). Interestingly, intermedije
interactions. values are observed for chloride anions involved in some

170 is a particularly powerful probe, since its chemical shift norganic or organic structures. For chlorinated—&l—P
range covers almost 1000 ppm in organic molecules, compared®/Usters, Co values ranging from 5.8 to 7.8 MHz were
with ~250 ppm for3C, and it has a quadrupole momeht obs_ervecl,O yvh|le for_n-decylamm_omum chlorld_él, tris(sar-

5/,) so that the electric field gradient (EFG), which is very cosine)calcium chloridé and cocaine hydrochlondé,theCQ
sensitive to the molecular geometry of the investigated site, Values are 2.43, 4.30, and 5.02 MHz, respectively. A recent
strongly affects the solid-state NMR spectrum. Recently, the Study used several solid-state NMR techniques at 9.4 and 18.8
experimental determination 8f0 NMR tensors was reported T t0 €xamine boti*Cl and*'Cl in some organic hydrochlorides,

by Wu et al. in crystalline amidésnucleic acid basesand ~ among which were.-tyrosine-HCL.** In all these cases, the
potassium hydrogen dibenzodtend the EFG and isotropic ~ role of N—H---Cl hydrogen bonds is emphasized.
shifts in glutamateé’sand amino acids by Pike et alt appears Traditional quantum chemistry codes are able to calculate

that reliable solid-statt!O NMR magic-angle spinning (MAS)  NMR shielding parameters for isolated systems, and first-
and static spectra can be obtained at relatively high field on principles quantum-mechanical cluster calculations of shielding
170-enriched compounds and tH&D NMR tensors are highly ~ parameters have proven to be a useful tool in assigning
sensitive to the local intermolecular hydrogen-bonding interac- experimental®’O and3°Cl NMR spectra in small biological
tions. moleculest!* To calculate NMR parameters for an extended

Only a few3Cl solid-state NMR studies, mostly of inorganic  system, such as a molecular crystal, it is necessary to construct
materials, have been reported to date. Chloride salts with cubica cluster of molecules such that the site of interest has the same
local environment as in the full crystal. The main objectives of
l'—abmat?"e de Chimie de la Matie Condense this study are to evaluate the quality of first-principles calcula-
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their relative orientations in biomolecular solids and to try to
determine possible correlations between these NMR parameter
and intermolecular bonding Calculations use a recently devel-
oped methot® based on density functional theory (DFT) and
the plane-wave pseudopotential approach, which allows the
calculation of NMR parameters in periodic systems. This method
has already given very satisfactory results for the isotropic shifts
in glutamic acid polymorph¥ As these calculations are based
on the full crystal structures rather than a cluster, they provide
a direct link between the structural features and the NMR
parameters. Note that the NMR parameters of all the nuclei
present are determined simultaneously.

Calculations are particularly useful for quadrupolar nuclei,
because the combination of chemical shift and EFG makes line
assignment more certain, and because it is difficult to determine
the full tensors by analyzing static NMR spectra (five unknowns
plus three angles), particularly if more than one site is present.
In addition, calculations can provide the absolute orientation
of the EFG and CS tensors in the molecular frame. This paper
details the results of the complete NMR first-principles calcula-
tions of various amino acids complemented by the corresponding
experimental solid-state NMR study where necessary. Experi-
mental 7O isotropic chemical shifts and EFG parameters in
these samples have recently been repérted 17O static spectra
and their simulations, including the full CS tensors and their
relative orientation with the EFG tensors, as well as experimental
35C| spectra, are additionally presented here. This study allows
correlations to be found betweéf© NMR shielding parameters
or 3°Cl quadrupolar parameters and hydrogen bonding in the
crystal structures.

Experimental Section

The 1’0O-enriched amino acids were those used by Pike et
al® Typical enrichment was 1020%. Most of the NMR
experiments were carried out on a Chemagnetics Infinity 600
spectrometer at a frequency of 81.345 MHz ¥& and 58.80
MHz for 35Cl with some additional’O static spectra being
acquired at a magnetic field of 8.45 T and a frequency of 48.8
MHz. The MAS experiments udea 4 mmprobe spinning at
~16 kHz. A spin—echo was used with the echo spacing set to
the rotation period. Static experiments were carried out in the
same probe with a similar{65 1s) echo spacing. Typical pulse
lengths were 0.9s and 1.8us for 17O and 1.2us and 2.4us
for 35CI. The recycle delay fot’O was typically 2 s, and it was
0.5 s for3Cl. The 17O spectra were referenced to water at 0
ppm and®*Cl to solid NaCl taken as 0 ppm.

The shapes of thé’O static spectra were simulated using
the SIMPSONprogrant” using the theoretically calculated Euler
angles and shift tensor with the experimentally determined EFG
at the CCR center of UPMC using an RS/6000 Regatta Power
4 (1.1 GHz) compute’>Cl spectra were fitted using ti2MFIT
programt8

Computational Method

The calculations were performed within KohB8ham DFT
using the PARATEC cod¥. The PBE generalized gradient
approximatiof® was used, and the valence electrons were
described by norm-conserving pseudopotertiaisthe Klein-
man-Bylande?? form. The core definition for O, N, and C is
1<, and it is 1822 for Cl. The core radii are 1.6 au for C,
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Figure 1. Schematic representation of the amino acids studied:
L-alanine, L-tyrosine hydrochloride, glycine hydrochloride;valine
hydrochloride,L-alanine hydrochloride,-tyrosine, andx-glycine.

as an infinite periodic system using periodic boundary condi-
tions. The NMR calculations were performed for the experi-
mental geometries determined by neutron diffraction for the
different amino acidst-alanine?® L-tyrosine hydrochloridé?
glycine hydrochloridé® L-valine hydrochloridé$ L-alanine
hydrochlorid€?’ L-tyrosine?* and a-glycine28 The correspond-
ing structures are presented in Figure! calculations on
L-glutamic acid hydrochloride have been previously reported
by Yates et at®

The integrals over the first Brillouin zone are performed using
a Monkhorst-Pack 2x 2 x 2 k-point gric?® for the charge
density and electric field gradient calculation and a 4 x 4
k-point grid for the chemical shift tensor calculation. It should
be noted that increasing the size of the MonkheRsack grid
and the plane-wave cutoff energy level gives practically identical
NMR parameters: chemical shift values and quadrupolar
coupling constants vary less than 0.1 ppm and 0.01 MHz,
respectively. The calculations have been performed at the IDRIS
supercomputer center of the CNRS using a parallel IBM Power4
(1.3 GHz) computer: The calculation of the EFG and the CS
tensor requires 1 and 2 h, respectively, on 16 processors.

The shielding tensor is computed using the GIPRW
approach, which permits the reproduction of the results of a
fully converged all-electron calculation, while EFG tensors are
computed using a PAW approach. The isotropic chemical shift
diso is defined asdiso = —[0 — 0] where o is the isotropic
shielding (one-third of the trace of the NMR shielding tensor)
and o™ is the isotropic shielding of the same nucleus in a
reference system. In our calculations, absolute shielding tensors

1.45 au for N, 1.5 au for O, and 1.9 a.u for Cl. The wave are obtained. To fix thé’O scale,o"®" was chosen in such a
functions are expanded on a plane-wave basis set with a kineticway that the sum of all calculatedis, for a series of Si@
energy cutoff of 80 Ry. The crystalline structure is described polymorphs coincides with the corresponding sum of experi-
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(a)

Figure 2. (a) Orientation of the magnetic fieldo,Bn the quadrupolar PAS. (b) Euler angles relating EFG and CS tensors.

mental values® The resultingo™' for 170 is 261.5 ppm. Similarly, fot3C, o'¢f was fixed so that the average sum of experimental
and calculated chemical shifts in phenylphosphonic@ddincide, which leads to™(*3C) = 170.9 ppm. Since few’N data were
available, an external referencing corresponding to solid nitromethams chosen iso(1°N) = 0

ppm) and gives™(15N) = —154.3 ppm. Similarly, only a feW’PCl spectra have been recorded, so an external reference corresponding
to crystalline NaCP was chosend(so(3*Cl) = 0 ppm), which givesi™(3°Cl) = 972.2 ppm.

Diagonalization of the symmetrical part of the calculated shielding tensor provides its principal compbnRedts, and d33
defined agd33 — disol = [011 — Oisol = 022 — isol @aNdJiso = Y3(d11 + d22 + d33). Similarly, the principal componenig, Vyy,
andV; of the EFG tensor defined &¥,] > [V« = |Vyy| are obtained by diagonalization of the tensor. The quadrupolar interaction
can then be characterized by the quadrupolar coupling corStareind the asymmetry parametgs defined as

Co=eQV,/handng = (Vy, = VIV,

It is worth noticing that the program outputs both tensors in the crystal axis system. Absolute orientation in the molecular frame of
the shielding and EFG tensors as well as their relative orientation can therefore be obtained. The relative orientation between the
two tensors using three Euler angles @, y) was therefore extracted from the first-principles calculations. The transformation
matrix R(a, 5, v) was used to deduce the new directional cosines of the CS tensor with respect to the EFG system is written as

COSy cOSf coso. — siny sina. COSy COSp sina. + siny cosa —sin cosy
R(a, B, v) =|—siny cosf coso. — cosy sina.  —siny cosp sina. + cosy cosa.  sing siny
sin cosa sinf sina cosp
R11 RZl R31
=Ry Ry Rey
R13 R23 R33

In the quadrupolar PAS (principal axis system), the frequency contribution of the CS tensor can be expressed-agy(d11X'2
+ 022 4+ 5332'2) with

X' =Ry;cos¢ sinf + R;,sin¢ sind + R, ;cod
Y = R,;€08¢ sin6 + R,,sin¢ sin6 + R,;cos6
Z' = Ry, €0s¢ sin 6 + Ry,sin¢ sin 6 + Ry;cos6

where6 and¢ describe the orientation of the static magnetic fiBidn the quadrupolar PAS (Figure 2a). The Euler angtess(
y) describing the relative orientation of the CS tensors with respect to the EFG systems (Figure 2b) could therefore be extracted.
With our convention, the set of Euler angles (3, v) corresponds to the following input in ttf®MPSONprogram:

Quadrupole 0 0 O
Shift o fy

Results and Discussion (MQ) experiments by Pike et &lThe static spectrum at this
) | Its. 17 ) h field is relatively featureless. The isotropic chemical shift values,

th Experlmentzidlljgsl\l/lj/;ss. Olet\/ItR ?\Ip'\jgraFlgtjre 3s g\’\;s ‘ qguadrupolar coupling constants, and asymmetry parameters

€ experimenta and static spectrarecorded at - oy iracted from the fit of the MAS spectra far-alanine,
14.1 T of L-alanine and glycineHCI. For glycine, the MAS - . .

. L-valine—HCI, glycine—HCI, andL-tyrosine-HCI are reported

spectrum clearly shows two signals, one centered near 300 PPM roble 1
from the G=0 oxygen, the other centered near 150 ppm from ’
the OH oxygerf,while the static spectrum is much more difficult 35C| NMR SpectraFigure 4 shows the experiment&Cl
to interpret. For-alanine, even the MAS spectrum shows two MAS and static NMR spectra recorded at 14.1 T of glyeine
overlapping lines, which were resolved and assigned by a HCI, L-tyrosine-HCI, L-valine—HCI, andL-glutamic acid-HClI,
combination of double rotation (DOR) and multiple quantum showing well-defined shapes dominated by second-order qua-
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Figure 3. Experimental’O MAS and static NMR spectra recorded at  Figure 4. 35CI NMR experimental and fittéd (a) static spectra of
14.1 T ofL-alanine and glycineHCI. glycine—HCI and L-valine—HCI and (b) MAS spectra of-glutamic
. . acid—HCI andL-tyrosine-HCI (*additionnal signal due to an unknown
TABLE 1: Experimental and Calculated *’O Isotopic impurity).
Chemical Shift Vz_alues,Ccf, and o Parameters for
L-Alanine, L-Alanine—HCI, L-Valine—HCI, Glycine—HCI, TABLE 2: Experimental and Calculated 35Cl Isotopic
and L-Tyrosine—HCI Chemical Shift Values,Cq and 5q Parameters for
Siso (PPM) Co (MH2) Mo L-Tyrosine—HCI, Glycine—HCI, L-Valine—HCl,
(+1ppm)  (+0.1 MHz) (+0.1) L-Alanine—HCI, and L-Glutamic Acid —HCI?
sample site exptl calcd exptl caled exptl calcc diso(+1ppm)  Co(+0.1MHz)  15o(+0.1)
L-alanine O1 2840 2923 7.86 820 0.28 0.29 sample exptl calcc  exptl  caled exptl calcd
02 2605 2744 6.53 6.90 0.70 0.67 L-tyro—HClI 95 97 23 3.3 0.7 0.48
L-alanine-HCI O1 327.8 3222 831 8.24 0.0 0.05 gly—HCI 117 108 6.5 8.46 0.6 0.81
) 02 176.7 1819 729 7.89 0.20 0.21 L-val—HCI 114 105 6.0 8.14 0.5 0.54
L-valine—HClI O1 351.0 3387 840 8.67 0.03 0.04 L-ala—HClI 99 8.42 0.60

_ 02 181.0 1813 7.35 7.68 0.21 0.24 L-glu—HCI* 104 99 3.7 5.26 0.6 0.6
glycine-HCI Ol 333.0 3312 840 862 0.0 0.00 .
02 1780 181.3 7.60 7.77 025 0.25 a*| -Glutamic acid-HCI calculated by J. R. Yates et #l.
L-tyrosine-HClI O1 327.0 319.3 822 847 00 0.01 . .
02 183.0 1857 7.35 7.46 019 020 JABLE3: Experimental 3% and Calc.ulated 13C Chemlcal
O3 830 905 856 860 065 0.8 Shift Tensor Components forL-Alanine, a-Glycine, and
L-Tyrosine?|

Siso(PPM) 11 (ppm) S22 (PPM) 33 (ppm)
sample  site exptl calcd exptl calcd exptl calcd exptl calcd
239 244 184 184 106 105

drupolar interaction, characteristic of intermediate asymmetry
parameters. The isotropic chemical shift values, quadrupolar

coupling constants, and asymmetry parameters extracted fromt-alanine C1 176.8 178
C2 50 492 63 66 56 55 30 26

the fit of these spectra are reported in Table 2. The parameters C3 198 137 31 26 19 15 7 1

obtained for_-tyrosine- HCI are consistent with those previ- )

ously reported? The variation in chemical shifts for the different a-glycine ((;:; 1}?‘5 137;69 26416 25‘;37 %9 gg ;26 igo

compounds appears relatively small (less than 12 ppm) com- ) ' '

pared to the total known chemical shift range for chlorine, 1500 “%resine Cczl 15765'78 15255’ %3;8 %O ég“ éfo ige 3%5?3

ppm3* as already observed for other organic hydrochlorides. c3 37 352 51 43 38 39 21 23
First-Principles Calculations. 13C CS TensorOne of the C4 1239 1255 222 225 137 138 13 12

benefits of the calculation is that the NMR parameters of all C5-9 131 1335 212 217 144 148 38 45

C6—-8 118.3 1174 179 186 143 141 27 21

the nuclei present in the structure are determined simultaneously. C7 1558 1590 245 238 156 169 66 70

Although thel’O experimental data available for amino acids

are somewhat limited!*C chemical shift tensor components 3 0iso = Y3(011 + 022 + 033); 1033 — Oisol = 011 — Oisol = [022 —
have been experimentally measured for all of tféms an Oisal-

initial check of the validity of our approach, the values for

L-alanine,L-tyrosine, anda-glycine are indicated in Table 3  respectively, as shown in Figure 5. The precision obtained for
and compared with those obtained by the calculations. There isthe shielding tensors is comparable to that recently reported for
an excellent agreement between éyanddis, calculated values  L-alanine andu-glycine by Grant et ai® using an embedded
and the experimental data for all carbon sites, the correlationsion method and is slightly better than the results obtained for
exhibiting slopes of 1.02R = 0.99) and 1.00R = 0.99), the carboxyl carbon atoms inalanine andx-glycine using an
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Figure 6. Calculated orientations of tHéC CS tensors of the atom
in the molecular frame of-alanine, and.-tyrosine.
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Figure 5. Comparison between experimental and calculatézl
isotropic chemical shift values (a) and CS tensor componeéqn}tf)
for L-alanine,L-tyrosine, andx-glycine.

ONIOM method calculatiod? The absolute orientation in the
molecular frame of thé*C CS tensors is also given for each of
the carbon sites. It is interesting to notice that the tensor
components)1; andd,, of the carboxyl G atom are included

in the plane defined by both;&0; and G—O, bonds (Figure

6). Moreover,01; lies approximately along the bisector of the
O—C—0 angle as already reported for glycitfe.

Figure 7. Calculated orientations of thEN EFG tensors of the N
atom in the molecular frame afalanine, and -tyrosine.

Nitrogen EFG and CS Tensor$N EFG tensor components
have been experimentally measured foglycine’®4° and values fora-glycine and the isotropic shift far-alanine, but
L-alanine?'4% and the correspondin@q and 5o values are comparison with other experimental data would be useful to
reported in the top section of Table 4 with the corresponding determine the accuracy of the calculations.
calculated values (using the experimental v the quad- 170 CS and EFG TensorsThe calculated values of the
rupole momentQ = 2.04 x 103° m?). There is a good isotropic chemical shift, quadrupolar coupling constant (using
agreement between experiment and calculation, with the valuesthe experimental valdé of the quadrupole momei@ = 2.55
being within~0.1 MHz. The accuracy obtained is somewhat x 10-3°m?2), and asymmetry parameter are reported in Table 1
better, particularly for the asymmetry parameter, than the together with the experimental values. To the best of our
calculations that used the cluster appro#tiThe absolute knowledge,’O calculations using the cluster approach have
orientation in the molecular frame of the EFG tensors calculated not been reported on these amino acids. The correlation between
for L-alanine and -tyrosine is presented in Figure 7. It shows the calculated and experimentdD isotropic chemical shift
that, in both cases, the largest componénties nearly along values is good with a slope of 0.9R & 0.99) as shown in
the C—N bond, while the smallest componejy is almost Figure 8a. While the calculations reproduce the experimental
perpendicular to the NCC plane, as already experimentally 1O Cq values within 0.5 MHz and give good agreementsfor
observed for-glycine 38 they systematically slightly overestimaig values (Figure 8b)

The 1N chemical shift tensor components have, to our by about 4% as already observetf for 17O. To obtain
knowledge, only been measured farglycine3¢ They are information about thé’0O CS and EFG tensors, static experi-
reported in the bottom section of Table 4 together with the ments were carried out at two different magnetic fields, 8.4 and
experimental isotropic shift for-alaning® and the calculated  14.1 T, onL-alanine, glycine-HCI, andL-valine—HCI. Figure
tensor values foa-glycine, L-alanine, and-tyrosine. There is 9 shows the corresponding experimental spectra exhibiting
a satisfying agreement between experimental and calculatednumerous discontinuities that are difficult to interpret. It is very
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350] TABLE 5: Calculated 7O CS Tensors and Relative
- ]~ y=1362+095x Orientation with EFG Tensors for L-Alanine,
E 3001 R=0.99 L-Alanine—HCI, L-Valine—HCI, Glycine—HCI,
= ] L-Tyrosine—HCI, L-Tyrosine, and a-Glycine
o ]
—§ 2507 . diso o1 022 033 (} é Y
o 1 (@ sample _site(ppm) (ppm) (Ppm) (ppm) () () )
o 2003 L-alanine Ol 292.3 507.7 3682 3.0 40-90 95
S ] A  L-dlanine 02 274.4 4493 3140 60 —30 -95 -95
& 150 ®  L-valineHCl L-alanine-HCI O1 322.2 559.3 435.8-27.9 -20 115 -70
o 1 D glycineHCl 02 1819 844 127 3345-65 85 —175
=, 1003 i L-tyrosine.HCI L-val—HCl O1 3387 5929 454.9-31.8 60 90 10
5 L-alanine Hcl 02 1885 541 829 4285 80 55100
s S | glycine-HCI ~ O1 333.0 589 431 —32 55 90 40
' ' ' ' ' ' 02 1780 84 107 343 85-105 —80
50 100 150 200 250 300 350 L-tyro—HCI ~ O1 319.3 552.9 443.4-375 150 —90 80
Exp. 70 isotropic CS values (ppm) 02 1857 789 131.1 347.2-90 —115 175
O3 905 1314 854 547-89 108 103
957 - 068 +095x L—tyrosine Ol 294.8 5185 3534 121 146-90 95
9 Y R=0.98 02 2735 4521 3122 56.3-150 —-90 85
= ] ' 03 850 1429 803 318 75 110-85
T .5 ®) a—glycine Ol 297.6 507.7 340.5 445 35-90 —90
A 02 282.6 471.5 3415 349 40-90 90
8 7] i
Q ] L-alanine to what was observed previously for the CS tensor of the C
§ 757 L-valineHCl carbon atoms, none of tHé0 tensor components appear in the
7_ glycine.HCI plane defined by both £<O; and G—O, bonds. It can
] L-tyrosine.HCI nonetheless be noticed that thg component of the OEFG
65 7 L-alanine HCl tensor is approximately aligned with thq=€0; bond.
6,,,,,,! Impact of Crystallographic Data on the 17O Calculations.
6 65 7 75 8 85 9 95 L-Alanine has had its structure determined by both neétron
Exp. 70 ¢, (MHz) and X-ray* diffraction, and calculations for both structures were

Figure 8. Comparison between experimental and calculatéal
isotropic chemical shift values (a) andO quadrupolar coupling
constants (b) for the different oxygen sites #alanine, glycine-HClI,
L-tyrosine-HCI, L-alanine-HCI, andL-valine-HCI.

difficult to determine five unknowns (extent of the CS tensor relatively insensitive to structure and close to experiment in both
and relative orientation between CS and EFG tensor) from cases, being slightly better with the X-ray structure, while the

parameters to small variations in the structure.
The corresponding3C, >N, and’0O NMR parameters are

The calculated®C and®N isotropic chemical shift values are

analyzing static spectra for multisite samples, even at two shift tensor components are also similar. The calcul&®dCq

magnetic fields. Single-crystal NMR experiment would be the and#q values do not change much between the structures, with

best technique to precisely determine the tensors, but large singlea very good agreement fgg, and an overestimation fdq as

crystals, especially’O-labeled ones, are difficult to obtain.
Combining calculations with experimental data appears to be chemical shift values. Examination of the shift tensor (Table
an efficient and elegant way to establish the orientation of the 6) shows that all components of the CS are larger with the X-ray
structure; the calculation with the neutron structure gives an
isotropic shift about 10 ppm too high compared with experiment,
orientation of the CS tensors with respect to the EFG systemsand this difference is significantly larger when the X-ray
structure is being used around 18 ppm. Bond distances and
values are reported in Table 5. The calculated spectra using theséydrogen bond lengths in both structures are reported in Table

170 EFG and CS tensdrand helps to confirm the assignment.
The calculated Euler angles,(, y) describing the relative

for the different oxygen sites as well as the corresponding

discussed previously. The main differences concernte

parameters (Figure 9) show a very satisfying agreement at both7. The main differences in the structure concern theHCand

fields with experimental data. Moreover, absolute orientation N—H bond lengths as well as the hydrogen bonding distances.
in the molecular frame (Figure 10) of tHéO CS and EFG
tensors can be calculated for each of the oxygen sites. Contraryshift values are very sensitive to the proton position in these

This strongly suggests that the calculat&d isotropic chemical

TABLE 4: Nitrogen NMR Parameters for L-Alanine, a-Glycine, and L-Tyrosine

Experimenta®“°and CalculatedN Cq andzq Values

Cq (MHz) Q
sample exptl calcd exptl calcd

a-glycine 1170 1188 1.28 0.5%° 0.54% 0.53

L-alanine 1.1# 1.208 1.25 0.24° 0.26%® 0.26

L-tyrosine 1.10 0.36

Experimental ¢-glycine®® andL-alaniné® and Calculated®N Chemical Shift Tensor Components
diso (PPM) 011 (ppm) 022 (ppm) 933 (ppm)

sample exptl calcd exptl calcd exptl calcd exptl calcd
a-glycine —346.3 —345.3 —337.6 —330.5 —346.0 —350.1 —355.4 —355.2
L-alanine —337.1 —340.1 —329.3 —340.5 —350.4
L-tyrosine —342.9 —328.6 —339.9 —360.3

performed to determine the sensitivity of the calculated NMR

summarized and compared with experimental data in Table 6.
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Figure 9. Experimental and calculated*’O static NMR spectra for-alanine, glycine-HCI, andL-valine-HCI recorded at (a) 14.1 T and (b) 8.4
T. The calculated ©line is plain, the calculated Qine is dashed, and the global calculated spectrum is indicated in a bold plain line.

TABLE 6: Experimental and Calculated 3C, 15N, and 17O Isotropic Chemical Shift Values, Chemical Shift Tensor
Components, as well a3’0 Quadrupolar Parameters in L-Alanine?

diso (PPM) 011 (ppm) 922 (ppm) d33 (Ppm)
exptl calcd (a) calcd (b) calcd (a) calcd (b) calcd (a) calcd (b) calcd (a) calcd (b)
C1l 176.8 178.0 181.1 244 246.7 184 189.8 105 106.7
Cc2 50.0 49.0 51.6 66 67 55 58 26 29.5
C3 19.8 13.7 17.4 26 30 15 16.7 1 5
N —337.1 —340.1 —336.2 —329.3 —-324.1 —340.5 —336.6 —350.4 —347.8
diso (PPM) Co 9
exptl calcd (a) calcd (b) exptl calcd (a) calcd (b) exptl calcd (a) calcd (b)
o1 284.0 292.3 300.6 7.86 8.20 8.48 0.28 0.29 0.31
02 260.5 274.4 280.9 6.53 6.90 6.83 0.70 0.67 0.73
011 (ppm) 022 (ppm) 033 (PPm)
calcd (a) calcd (b) calcd (a) calcd (b) calcd (a) calcd (b)
o1 507.7 515.6 368.2 380.6 3.0 5.6
02 449.3 457.4 314.0 322.6 60 62.8
a Calculations are performed using both neutron diffractio®®@)d X-ray“ (b) structures for-alanine.
TABLE 7: Bond Distances (A) in L-Alanine
Cl1-01 C1-02 C1-C2 C2-N C2-C3 N—H1 N—H2 N—H3
X-ray* 1.248 1.267 1.535 1.488 1.526 1.044 1.018 1.082
neutrorf® 1.242 1.258 1.531 1.487 1.524 1.029 1.031 1.047
difference 0.006 0.009 0.004 0.001 0.002 0.015 —0.013 0.035
C2-H4 C3-H5 C3-H6 C3-H7 O1:--H2—-N 02---H3—N 02---H4—N
X-ray* 1.125 1.086 1.118 1.082 1.827 1.722 1.832
neutrorf® 1.093 1.081 1.082 1.081 1.861 1.78 1.828
difference 0.032 0.005 0.036 0.001 —0.034 —0.058 0.004

samples. It should however be noticed that a strong linear were relaxed using DFT, which changed the chemical shift by

correlation of the'’O isotropic chemical shift values with the
C=0 bond length exhibiting a slope ef—1200 ppm/A was
experimentally observed for amino acftighe small difference

less than 1 ppm.
Hydrogen-Bonding Effect. Hydrogen-bonding interactions
in the different amino acids studied are reported in Table 8,

in the G=0 bond lengths between both structures could while the corresponding’O chemical shift parameters are
therefore also induce a significant change in the correspondingsummarized in Tables 5 and 6. Obviously, the=@;---H
diso Values. The positions of the proton in the X-ray structure hydrogen bond lengths are longer in the hydrochloride samples,
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TABLE 8: Summary of Crystal Structure Data Including TABLE 9: Calculated 3°Cl CS Tensors and Relative
O---H Hydrogen Bonding in the Amino Acids Studied Orientation with EFG Tensors for Glycine—HCI,
L-Tyrosine—HCI, L-Valine—HCI, and L-Alanine—HCI

compound  crystal form space group site  hydrogen bonding  ref

- - Oi ) ) ) a B Y
L-alanine orthorombic P2:2;2; 01 Op-+-H—N (1.861A) 23 0 - 22 % ° 0 o
AN G sample _(ppm) (ppm)_(ppm) (pm) () () ()
Op+-Ha—N (1.828 A) L-tyro—HCl 97 57 87 148 40 75 35
L-tyrosine orthorombic P212;2; O1 Op--H11—0, (1.689 A) 24 gly—HClI 108 162 114 48 —45 5 40
02 Or+-Ha—N (1.853 A) L-val-HCl 105 181 107 27 —20 —175 180
a-glycine monoclinic  P2i/n 01 O+*H;—N (1.728 A) 28 L-ala—HClI 99 61 97 139 10 90 —15

_ . 02 Op++Hy—N (1.832 A)
glycine-HCl ~ monoclinic  P2/c Ol Op+-He—N (2222 A) 25 TABLE 10: 35CI Experimental® and Calculated Nuclear

L-valine-HCI monoclinic ~ P2; O1 Or+-Hs—N (2.455A) 26 Quadrupole Frequency of Various Carbon—Chlorine
L-alanine-HCI orthorombic P2;2;2; O1 Op+-H;—N (2.078 &) 27 Compoundg5—47
L-tyrosine-HCI monoclinic P2 O1 Op+Ho—N (2.420A) 24
03 Oy++H12—0,(1.609 A) 35Cl nuclear quadrupole frequency

] ) . ) ) ] sample site calcd exptl
whllg the isotropic chemical shift values are higher. More O—CCifs Cl#1 33.49 36.23
precisely, it seems that there are correlations between the Cl#2 33.82
C=0;-+-H bond length and tensor components (Figure Bi); p-(OH).CCl*¢  Cl#1 35.27 36.74
022, and diso increase linearly, whiledss decreases linearly Cl#2 35.61 36.96
with the G=0---H—N hydrogen bond length. Such a tend-  P-O2CeCls* Cl#1 35.64 36.79

Cl#2 36.17 36.86

ency showing an increase of tldgs with the hydrogen bond
strength has already been observed fer@--H—N?! and ) o
C—O-+-H—0? hydrogen bonds. The dependence of all CS tensor ~20%. In an effort to determine the cause of thls d!screpangy,
components on the hydrogen bond distan@@ ++N) has also the EFG of some covalently bonded chlorine in organic
been reported for the carbonyl tensors in anfidesere the ~ compounds (observed by NQRwas calculated. The values
three CS tensor components changed linearly wi@--N). (Table 10) were found to be in satisfying agreement with
35C| CS and EFG Tensordhe calculated isotropic chemical ~ &Xperiment (i.e., within-4% in most cases). Thus, the difference
shift values, quadrupolar coupling constants, and asymmetryi" Cq for the amino acids is possibly due to H or mobility effects
parameters are reported in Table 2, while the calculated cSOf the anion that are not taken into account in the calcula-
tensors and relative orientation with EFG tensors for glyeine  tons.
HCI, L-tyrosine-HClI, L-valine-HCI, andL-alanine-HCI are Hydrogen-Bonding EffecThe experimental values @k, are
reported in Table 9. The span of the CS ter@o+ |011— 033 very similar (~6.3 MHz) for glycine-HClI, L-alanine-HCI, and
is between 78 and 157 ppm, with the calculated value of 91 L-valine-HCI and are almost three times bigger than that
ppm for L-tyrosine-HCI being consistent with previously observed for-tyrosine-HCI (2.3 MHz).L-Glutamic acid-HCI
reported value®? It should be noticed that the calculat€g exhibits an intermediate value (3.7 MHz). Previously reported
values reported in Table 2 are systematically overestimated bystudies indicate the impact of the length of the-& contacts
on theCq valuest®!*and the same approach was adopted for
L-alanine i 522 a better understanding of ti#&Cl spectra. The Gi-H bond
lengths in the different amino acids are reported in Table 11
and show the presence of one short-®—0 contact (2 A)
and two relatively short GI-H—N contacts €2.3 A) in
glycine—HCI, L-alanine-HCI, L-valine—HCI, and L-glutamic
acid—HCI, while a Ct--H—0 short contact (2 A) and only one

] .
504 5, -
L]

4804

400 —: rsz/z.‘///ﬂ

320—:W

glycine-HCl

Cale. 0 €S tensor components (ppm)

240  Biso
160
80
)

* 33
0 L XY
:\4.\’1

T T
17 18 1.9 2 21 22 23 24
€=0-H-N bond length (&)

Figure 11. Calculated*’O CS tensor components vs=O©---H—N
hydrogen bond length (in A) for amino acids studied. Results for both
structural determinations (X-ray and neutron diffraction) for alanine
Figure 10. Calculated orientations of tHéO CS tensorsd;) and EFG are shown. Equations of the linear correlatiahg:(y = 203.9+ 53.2;
tensors Vi) in the molecular frame of-alanine, glycine-HCI, and R = 0.89), 011 (y = 336.3+ 100.6¢; R = 0.86), 02, (y = 130.2+
L-valine—HCI. 131.6¢ R = 0.96), 033 (y = 198.1— 96.0¢; R = 0.89).

L-valine-HCI
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TABLE 11: CI---H Hydrogen Bonding in the Studied NMR parameters (chemical shift value, chemical shift anisot-
Hydrochloride Amino Acids ropy, quadrupolar coupling constant, and asymmetry parameter)
compound hydrogen bonding ref on all the nuclei present (i.€:3C, 1N, 15N, 170, and®*Cl) and
glycine—HCI Cl--H1—0, (2.008 A) o5 appears therefore as a very powerful tool to assign all kinds of

Cl--Hs—N (2.123 A) NMR spectra in small biomolecules.
Cl:++Hs—N (2.159 A) As previously observed in other biomolecules, tf@ NMR
Cl---He—N (2.592 /;\Z\) chemical shift tensors of amino acids appear to be very sensitive
. Cl-+-H;—C (2.661 to the local intermolecular hydrogen-bonding interactians;
L-tyrosine-HCI Cl-+-H11— 05 (2.077 A) 24 _ - ; ; :
Cl--Hy—N (2.378 A) 022, anddiso Values increase linearly, whiliss decreases linearly
Cle-Ho—N (2.471 A) with the C=0---H—N hydrogen bond lengths. The different
Cl-++Hs—N (2.505 A dii values as well as the relative orientation of #® EFG and
( )
_ Cl-+-Hs—C3 (2.661 A) CS tensors were obtained from first-principles calculations, and
L-valine-HCl Cl--H1—0, (1.989 A) 26 the resulting calculatetO static spectra at two different fields

Cl--*Hs—N (2.159 A)

Cl--Hs—N (2.263 A) show an excellent agreement with experimental data. Since thg
Cl-+-Hs—N (2.355 A) calculation method used gives the NMR parameters of all nuclei
Cl:++Hs—C3 (2.875 A) present,3C, 1N, and 3*Cl NMR values could also be
Cl---H,—C4 (2.875 A) compared with experimental values and exhibit a very satisfac-
L-alanine-HCI Cle+H;1 =0, (2.042 A) 27 tory agreement as well. The influence of the-&# hydrogen
g::z:m g:ggg é; bonding on the**Cl Cq values could also be investigated and
Cl+-H,—N (2.732 A) shows a consistent increase of the chlorine quadrupolar coupling
I-glutamic acid Cl-*H,—04(2.073 A) constants with the number of short-€H contacts.
Cl-++Hs—N (2.107 A) The importance of the hydrogen bonding on the NMR
Cl--Hs—N (2.137 A) parameters was emphasized by investigating the impact of the

Cle+H1o~C4 (3.005 A) crystallographic data on th€O calculations. Calculatedis,

relatively short Ct-H—N contact 2.3 A) is present in values appear to be very sensitive to the proton position in these
L-tyrosine-HCl, as illustrated in Figure 135C| spectra appear samples, with a better agreement with experimental data being

therefore as a good probe of the hydrogen-bonding environment obtained for structures determined by neutron diffraction. This
with the Cq value seeming to increase with the number of short suggests that the limiting factor in the calculations may be the
Cl---H contacts. This assumption is reinforced by analyzing aCcuracy of the structure.

more precisely the case ofglutamic acid-HCI. The observed This study confirms the usefulness 50 and*Cl solid-
Co value is indeed smaller than in glycineiCl, L-alanine- state. NMR experiments in studying hydrogen bonding in

HCI. and L-valine—HCI: and it can be noted in these three Piological systems. Combining experimental data with first-
samples that a fourth intermediately short-@i—N contact principles calculations is a very efficient and elegant way to

(<2.8 A) is present, while it does not appear iglutamic acie- extract the full CS and EFG tensors in these systems and to
HCI (Table 11). determine the sensitivity of the NMR parameters to the bonding

state.
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