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Abstract

Structural parameters of peptides and proteins in biomembranes can be directly measured by solid state NMR of selectively labeled
amino acids. The 19F nucleus is a promising label to overcome the low sensitivity of 2H, 13C or 15N, and to serve as a background-free
reporter group in biological compounds. To make the advantages of solid state 19F NMR fully available for structural studies of poly-
peptides, we have systematically measured the chemical shift anisotropies and relaxation properties of the most relevant aromatic and
aliphatic 19F-labeled amino acids. In this first part of two consecutive contributions, six different 19F-substituents on representative aro-
matic side chains were characterized as polycrystalline powders by static and MAS experiments. The data are also compared with results
on the same amino acids incorporated in synthetic peptides. The spectra show a wide variety of lineshapes, from which the principal
values of the CSA tensors were extracted. In addition, temperature-dependent T1 and T2 relaxation times were determined by 19F
NMR in the solid state, and isotropic chemical shifts and scalar couplings were obtained in solution.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

A serious limitation in solid state NMR studies of bio-
logical systems is the intrinsically low sensitivity of this
spectroscopic technique. In particular, the low gyromag-
netic ratio of most conventionally used isotope labels
(15N, 13C, and 2H) results in a poor signal-to-noise ratio,
and their dipolar interactions cover only a relatively short
distance range. To improve this situation, 19F is increas-
ingly being employed as an alternative reporter nucleus in
NMR studies of biopolymers (for reviews, see e.g. [1–5]).
Using this label, sensitivity enhancements of 1–2 orders
of magnitude are readily achieved [6], and distance ranges
of up to �14 Å (as opposed to �7 Å with conventional
labels) are possible [7–9]. Recent studies have demonstrated
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the feasibility of 19F NMR for biomembrane studies, sug-
gesting that any structural perturbations by 19F-substitu-
ents are not usually significant for aliphatic and aromatic
amino acids of similar size [6,10–18].

A wide variety of 19F-labeled amino acids can be incor-
porated into polypeptides by solid-phase peptide synthesis,
and some of them are even suitable for biosynthetic label-
ing in Escherichia coli (e.g. fluoro-tryptophan, fluoro-phen-
ylalanine, fluoro-tyrosine, fluoro-leucine, fluoro-histidine)
[19–38]. Selective 19F-labels in side chains are readily used
as highly sensitive probes to characterize the local confor-
mation and dynamics [39]. In those cases where the 19F-
label is attached to the polypeptide backbone in a well-
defined and rigid geometry, it is even possible to describe
the orientation and mobility of a given secondary structure
element in a lipid membrane [6,10–12,17,18,40–42]. In
order to make use of the advantages of 19F NMR, how-
ever, detailed knowledge of the NMR parameters of the
labels is necessary, which are in many cases not readily
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available. As a basis for further solid state 19F NMR stud-
ies in biological systems we have therefore recorded and
compiled the chemical shift anisotropies, the isotropic
chemical shifts, and the relaxation properties of the most
prominent polycrystalline 19F-labeled amino acids. Aro-
matic amino acids with a 19F-substituent on the ring are
discussed in the present contribution (Part I). This set of
data includes most of the amino acids that are suitable
for biosynthetic labeling. Part II then characterizes amino
acids containing aliphatic 19F-labels, with an emphasis on
CF3-groups [43].

The fluorine-labeled amino acids studied here, with
single 19F-substituents on phenyl- and indole-rings, are
illustrated in Fig. 1. Two derivatives of phenylalanine
(3F-Phe and 4F-Phe, with a fluorine label in the meta-
and para-position, respectively), and a tyrosine analogue
(4F-Tyr) were characterized. Another, more unusual phenyl-
substituted amino acid, 4-fluoro-phenylglycine (4F-Phg),
is of particular interest for distance measurements, since
the position of the 19F-label is fixed and geometrically
well-defined with respect to the peptide backbone. Further-
more, two tryptophan analogues (5F-Trp and 6F-Trp) are
included, which have found widespread use in biological
applications of 19F NMR [20,22,23,25,28,29,31,36,39].
2. Materials and methods

2.1. Amino acids

The amino acids and their abbreviations are summa-
rized in Fig. 1 (for stereoisomers see Table 1). 4F-Phe
and 4F-Phg were purchased from Fluka, 3F-Tyr and
5F-Trp (racemic mixture) from Lancaster, and 6F-Trp
(racemic mixture) from Acros. 5F-L-Trp and 6F-L-Trp
was provided by T. A. Cross (Tallahassee, USA) and
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Fig. 1. Structures of the 19F-labeled amino acids carrying a single fluorine su
phenylalanine (3F-Phe), 3-fluoro-tyrosine (3F-Tyr), 4-fluoro-phenylglycine (4F
Shown are the L-stereoisomers.
3F-Phe was a gift from T. Asakura (Tokyo, Japan). All
polycrystalline 19F-labeled amino acids were used as
obtained from the suppliers.
2.2. NMR measurements

Most 19F NMR solid state NMR spectra were recorded
at 20 �C on a wide bore Bruker Avance spectrometer (Bru-
ker BioSpin GmbH, Rheinstetten, Germany) operating at a
19F resonance frequency of 564.7 MHz. A double tuned
(19F/1H) Bruker 4 mm MAS probe was used with 19F 90�
pulses of 2 ls and 1H-decoupling of 40 kHz. Static spectra
were acquired using a Hahn echo sequence with an echo
delay of 25 ls. Magic angle spinning NMR spectra were
obtained at 12.5 kHz spinning speed, using a single pulse
excitation following saturation by a 90� pulse train. The
19F NMR relaxation measurements and spectra shown in
Fig. 3 were performed at 470.3 MHz 19F resonance fre-
quency on a Varian Unity Inova spectrometer (Varian
Inc., Palo Alto, CA) equipped with an Oxford Instruments
wide bore magnet. Here, a double-tuned (1H/19F) static
flat-coil probe from Doty Scientific (Columbia, SC, USA)
was used with proton-decoupling up to 40 kHz and 19F
90� pulse lengths between 2 and 3 ls. (Note, that due to
the proximity of the 19F and 1H resonance frequencies
the hardware requirements for high power 1H-decoupling
are demanding, and the relatively moderate decoupling lev-
els achieved here are hence not reaching the values often
employed in e.g. 13C NMR) The T1 values were mostly
determined by inversion recovery (only in the case of very
long T1 by saturation recovery), and the T2 data was
acquired using a Hahn echo experiment. Relaxation times
were measured in the temperature range from �60 to
+60 �C with an accuracy of ±2 �C. Liquid state 19F
NMR spectra were collected at 470 MHz on a Varian Ino-
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bstituent on an aromatic ring: 4-fluoro-phenylalanine (4F-Phe), 3-fluoro-
-Phg), 5-fluoro-tryptophan (5F-Trp), and 6-fluoro-tryptophan (6F-Trp).
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va widebore spectrometer using a 5 mm liquid state probe,
or at 376 MHz on a Bruker standard bore DMX spectrom-
eter. All 19F NMR spectra are referenced with CFCl3 set to
0 ppm (using in the solid state NMR experiments as sec-
ondary standard 100 mM NaF at 25 �C, set to
�119.5 ppm).
2.3. Data analysis

The principal values of the 19F chemical shift tensors
were obtained from the intensities of the spinning side-
bands using the Herzfeld–Berger algorithm [44], as imple-
mented in the program ‘‘HBA’’, version 1.2 (Klaus
Eichele, R.E. Wasylishen, Dalhousie University and Uni-
versität Tübingen). Two or three spinning sidebands on
either side of the center band were used, which Hodgkinson
and Emsley [45] have found to be optimal for a reliable
determination of the CSA tensor principal values. The
spinning sideband intensities and positions were deter-
mined by fitting the experimental NMR spectra with simu-
lated lines using Lorentzian or Gaussian functions. The
tabulated chemical shift values were derived from the fits
with Gaussian lines. Alternative fits using Lorentzian lines
gave deviations below 0.5 ppm whenever three or more
sidebands could be fitted on each side of the isotropic line.
The error inherent in the spectral signal-to-noise and other
imperfections will add to this, hence we estimate the overall
error of the reported chemical shift values to be of the
order of ±2 ppm. For the lineshape simulations we
employed the Origin data processing package version 7
(OriginLab Coop., Northampton, MA), extended by the
ONMR module (www.nmrtools.com). Some spectra con-
sisted of several sideband families originating from differ-
ent polymorphic contributions, which were fitted by a
superposition of an appropriate number of sideband
patterns.

The chemical shift tensors were characterized by their
three principal values d11, d22, d33, using the convention
d11 > d22 > d33, by their isotropic chemical shift dis-

o = (d11 + d22 + d33)/3, by their anisotropy defined as
D = d11 � diso if jd11 � disoj > |d33 � diso| and D = d33 � diso

otherwise, as well as their asymmetry g = jd22 � d33j/jd11 �
Table 1
19F NMR parameters of aromatic amino acids with 19F-substituents, measure

Substance Chirality diso (ppm)

4F-Phe L �115.76
D/L �115.67

3F-Phe Unknown �113.33
3F-Tyr D/L �136.70
4F-Phg D/L �112.55
5F-Trp L �124.91

D/L �124.82
6F-Trp L �122.18

D/L �121.70

a Data acquired on a 400 MHz spectrometer did not provide the necessary r
disoj if jd11 � diso j > jd33 � disoj and g=jd22 � d11j/jd33 �
disoj otherwise.
3. Results and discussion

3.1. Liquid state NMR

A list of all amino acids that have been characterized
here is compiled in Table 1, together with their 19F NMR
parameters obtained in aqueous solution. The isotropic
chemical shift values (diso), J-coupling constants, and the
types of multiplet were determined. Even though 19F is
known for its large chemical shift dispersion, the shifts of
the aromatic amino acids studied here cover a moderate
range from �112 to �125 ppm (relative to CFCl3), in
agreement with literature values on related aromatic com-
pounds [46,47]. The chemical shifts of a single fluorine sub-
stituent on the phenyl rings of 3F-Phe, 4F-Phe or 4F-Phg
were found to be around �112 to �116 ppm and did not
show a strong variation. Whether fluorine is substituted
in the meta- or para-position has only a minor influence
on the observed chemical shift. In the case of tyrosine,
where the phenyl ring carries an additional hydroxyl group,
the resonance is shifted to �137 ppm. Fluorine substituents
on the indole side chain of tryptophan resonated between
�121 and �124 ppm.
3.2. 19F CSA tensors of polycrystalline powders

Solid state 19F NMR spectra of the fluorinated amino
acids as polycrystalline powders were recorded in a static
mode as well as by magic angle spinning at 12.5 kHz (see
Figs. 2 and 3 for representative spectra). Repeatedly, the
static 19F NMR spectra did not exhibit any typical powder
patterns that would have been expected for a single chem-
ical shift tensor. Instead, the distorted lineshapes contained
several tensor contributions originating from different crys-
tal forms present in the same powder sample. Without hav-
ing to re-crystallize the polymorphic samples into a
uniform crystal modification, it was possible to separate
the different spectral components using MAS 19F NMR.
To achieve the necessary resolution whilst maintaining
enough spinning sidebands for extracting the chemical shift
d in aqueous solution (�0.01 mg/ml, room temperature)

1J (Hz) 2J (Hz) Type of spectrum

8.5 4.5 Triplet of triplets
Not resolveda

9.8 6.8 Triplet of doublets
8.8 3.6 Doublet of doublets
8.8 4.5 Triplet of triplets
9.6 4.6 Triplet of doublets

Not resolveda

Not resolveda

9.4 5.3 Triplet of doublets

esolution, all other data was obtained on a 500 MHz spectrometer.

http://www.nmrtools.com
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Fig. 2. Chemical shift parameters were obtained from 19F NMR MAS spectra (12.5 kHz, 564.7 MHz resonance frequency). This way, multiple spectral
components arising from different crystal forms in the polymorphic samples could be distinguished, as illustrated here for 4F-Phe in the pure L-form (a and
b) and the racemic D/L-mixture (c and d). The relative intensities were determined by best-fit analysis of the lines, as shown for the centerband (indicated by

*) of the L-enantiomer (b) and the racemic mixture (d), using Gaussian (b) or Lorentzian (d) functions (dashed: experimental data; solid: individual fitted
lines; grey: sum of fitted lines).
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tensor values, the use of a high-field magnet (14.1 T) was
essential. As an example, Fig. 2 shows the MAS spectra
of 4F-Phe both as a pure L-enantiomer and a racemic
D/L-mixture (a and c, respectively), in which multiple sets
of MAS sideband patterns are sufficiently resolved (b and
d). The sideband intensities could thus be analyzed to
determine the CSA tensor principal components using the
Herzfeld–Berger algorithm [44]. The principal values d11,
d22, d33 determined this way for every polymorphic constit-
uent, as well as the isotropic chemical shift diso, the anisot-
ropy D, and the asymmetry g as defined in Section 2, are
compiled in Table 2.

The isotropic chemical shift values determined in the
solid state and in aqueous solution tend to be very similar
within a couple of ppm most of the time, but in a few cases
were found to differ by up to 10 ppm. For other isotopes a
closer agreement between NMR in the solid state and in
solution is usually observed, but the 19F nucleus is known
to be particularly sensitive towards its local environment
[47]. The three lone pairs of electrons on the aromatic
19F-substituent are strongly affected by the local packing
in a crystalline environment, by the polarity and type of
solvent, by hydrogen-bonding effects, and by temperature.

The isotropic chemical shift values of the 19F-substitu-
ents on phenyl side chains are found to be centred around
diso = �110 ppm, with the exception of tyrosine, where the
additional OH-group moves the value to diso = �135 ppm,
in good agreement with the data in aqueous solution. Large
spectral widths were observed for these amino acids, char-
acterized by an anisotropy D ranging from 55 to 75 ppm.
Their CSA tensors are highly asymmetric with g between
0.48 and 0.97. The range of chemical shift parameters
within any polymorphic crystal modifications of 4F-Phe,
3F-Phe or 4F-Phg was found to be of a similar extent as
the differences between these amino acids themselves, indi-
cating a significant influence of the crystal environment on
the chemical shift. As found for the isotropic chemical
shifts, also the anisotropy and asymmetry of 4F-Tyr are
influenced by the OH-group, and the anisotropy of
D = �75 ppm, as well as the significantly lower asymmetry
of g = 0.48 are clearly different from the other phenyl-
derivatives.

In 5F- and 6F-Trp, isotropic chemical shift values
around diso = �120 ppm were observed, each being about
2 ppm higher than the value in aqueous solution. All aniso-
tropies D amount to around 50 ppm. For the value of g,
however, a remarkable difference between the analogues
substituted in 5- and 6-position is found. The 5F-Trp ana-
logues display a very small asymmetry g � 0 (for the crystal
form used for the MAS experiments, see below), while both
analogues labeled in the 6-position are characterized by a
high asymmetry around g � 0.7. In both cases of 6F-Trp
the MAS spectra consist of two components, which over-
lapped and could not be resolved by line-fitting. Therefore
the error associated with these principal tensor values is
considerably larger than for the other amino acids. Still,
the static spectra of 6F-Trp (data not shown) clearly con-
firmed the large asymmetry of the CSA tensors.

3.3. Influence of the external environment on the 19F

chemical shift

The considerable dependency of fluorine chemical shifts
on the local molecular environment raises the question as
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Fig. 3. 19F NMR spectra of polycrystalline racemic 5F-Trp re-crystallized
from different solvents, namely ethanol (a), methanol (b), and water (c).
The spectrum (d) of lyophilized gramicidin A labeled with 5F-Trp in
position 13 exemplifies the well-defined lineshapes that were generally
observed for lyophilized peptides.
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to what extent the parameters obtained from pure amino
acids can be applied to peptides and proteins. In order to
analyze biological 19F NMR samples on the basis of the
chemical shifts obtained here from the pure amino acids,
the differences within any polycrystalline amino acid and
with respect to the corresponding polypeptide side chain
should be sufficiently small. To address these two issues,
we examined the 19F chemical shifts of various tryptophan
preparations in more detail, and we compared the param-
eters of pure amino acids with those of several 19F-labeled
peptides.

As noted above, a polycrystalline sample often exhibited
several different CSA tensors, and the variations within one
sample sometimes even exceeded the differences between
different amino acids. As a first attempt to reduce the influ-
ence of crystal packing on the chemical shift and to imitate
a more homogeneous environment, some of the 19F-labeled
amino acids were lyophilized. This procedure did not
improve the spectra but instead yielded featureless line-
shapes, reflecting an even more diverse molecular environ-
ment in a lyophilisate (but see below that lyophilized
peptide samples yielded well-defined CSA tensors). A better
approach to generate homogeneous samples was to re-crys-
tallize the amino acids from different solvents. Fig. 3 shows
that the 19F NMR spectra of 5F-D/L-Trp re-crystallized
from ethanol, methanol, and water differ considerably. In
particular the samples from ethanol and methanol
(Fig. 3a and b) display a pronounced hump on the low-field
side, suggesting a component with g � 1 in addition to the
previously characterized tensor pattern with g � 0 seen by
MAS. Only the lineshape of the material re-crystallized
from H2O (Fig. 3c) shows a single contribution with the
same low asymmetry as found by MAS, and it also closely
resembles the spectrum of 5F-Trp incorporated in the
lyophilized peptide gramicidin A [39] (Fig. 3d). The corre-
sponding chemical shift tensor values also compare fairly
well with other studies on polycrystalline 5F-Trp
(d11 = �73.9 ppm, d22 = �150.1 ppm, d33 = �155.4 ppm,
D=52.6 ppm, g = 0.10) [48] and single crystals of 5F-Trp
(d11 = �75.6 ppm, d22 = �139.8 ppm, d33 = �159.4 ppm,
D = 49.3 ppm, g = 0.40) [49], except for the lower asymme-
try encountered in our study. It thus appears that different
crystal forms within the same polycrystalline powder are
responsible for the multi-component lineshapes, which
would be consistent with a previous report that phenylala-
nine forms different morphologies when re-crystallized
from H2O or methanol/H2O mixtures [50]. Another possi-
ble explanation for the pronounced deviations from a sim-
ple powder pattern (Fig. 3a and b) could be differential
motional averaging of the 5F-Trp molecules in their crystal
sites, which, however, would be in disagreement with recent
observations on crystalline 5F-Trp by other groups [49,51].
Dipolar couplings between 19F nuclei that are in close spa-
tial proximity in the lattice could also be responsible for the
observed unusual lineshapes. However, they seem unlikely
since we found that co-crystallization of 5F-D/L-Trp with
unlabeled Trp at a molar ratio of 1:10 did not change the
distorted lineshapes.

Next, consider the non-natural amino acid 4F-L-Phg,
which has also been incorporated as a 19F NMR label into
several different polypeptides [10,12,40]. In all these peptide
samples, the static spectra had exhibited well-defined tensor
lineshapes from which the principal CSA chemical shift
values could be readily extracted by fitting (data not
shown). This behaviour is in stark contrast to the results
from the polycrystalline state described here. Nonetheless
it is now possible to compare the 19F NMR parameters
determined for polycrystalline 4F-Phg (Table 2) with the
data of a single 4F-Phg label incorporated in the fusogenic
peptide B18 at eight different positions, and in the antimi-
crobial peptide Gramicidin S at two different sites (Table 3)
[10,12,40]. To eliminate motional averaging effects we
acquired the spectra on immobilized peptides, namely
lyophilized B18 and gramicidin S embedded in DMPC
membranes in the gel-state. The chemical shift values in
these 10 different polypeptides are found to be quite similar
within 3 ppm (see Table 3). On the other hand, for the



Table 2
Solid state 19F NMR parameters of polycrystalline amino acids, extracted from MAS spectra at 20 �C by Herzfeld–Berger analysis

Substance Chirality d11 (ppm) d22 (ppm) d33 (ppm) diso (ppm) D (ppm) g T1 (s) T2 (ls)

4F-Phe L �51.9 �118.4 �162.0 �110.8 58.9 0.74 352 ± 12a 33.8 ± 0.8
�41.6 �124.5 �171.4 �112.5 70.9 0.66

D/L �48.4 �114.2 �164.0 �108.9 60.5 0.82 75.5 ± 3.0 40.6 ± 7.2
�56.7 �120.9 �163.8 �113.8 57.1 0.75

3F-Phe Unknown �54.7 �115.2 �156.5 �108.8 54.1 0.76 91 ± 11 39.4 ± 3.8
�55.7 �121.3 �158.4 �111.8 56.1 0.66
�57.6 �123.4 �159.6 �113.5 55.9 0.65

3F-Tyr D/L �79.9 �115.7 �209.7 �135.1 �74.6 0.48 14.9 ± 0.7a 25.4 ± 5.4

4F-Phg L �46.6 �109.3 �168.8 �108.2 61.6 0.97 7.68 ± 0.3 37.8 ± 3.2
�51.6 �117.5 �162.7 �110.6 59.0 0.77
�55.4 �125.8 �161.7 �114.3 58.9 0.61

D/L �53.1 �118.7 �165.0 �112.2 59.2 0.78 36.6 ± 4.7 23.6 ± 1.2

5F-Trp L �70.9 �146.8 �148.7 �122.1 51.2 0.04 133.6 ± 4.5 37.6 ± 0.8
D/L �77.5 �148.2 �148.2 �124.6 47.1 0.00 27.5 ± 1.2 42.0 ± 1.1

6F-Trp L �66.9 �127.5 �162.6 �119.0 52.1 0.67 52.3 ± 5.4 31.4 ± 5.2
D/L �67.7 �125.7 �163.9 �119.1 51.4 0.74 104.8 ± 6.3 26.7 ± 1.7

a Obtained at 0 �C.

Table 3
CSA values of 4F-Phg and 5F-Trp incorporated in various polypeptides, lyophilized or reconstituted in DMPC membranes in the gel-state (5 �C)

Peptide Label Position Condition d11 (ppm) d22 (ppm) d33 (ppm) diso (ppm) D (ppm) g

B18 [12] 4F-Phg Averagea Lyophilized �60.1 �124.3 �155.3 �113.2 53.1 0.58
Gramicidin S[10,40] 4F-Phg Leu3/3 0 membrane-bound �65.5 �126.5 �153.0 �115.0 49.5 0.54
Gramicidin A[39,52] 5F-Trp Trp13 Lyophilized �85 �143 �160 �129 44.0 0.38
Gramicidin A[39,52] 5F-Trp Trp13 Membrane-bound �80.0 �141.5 �156.5 �126.0 46.0 0.33
Gramicidin A[39,52] 5F-Trp Trp15 Membrane-bound �81.0 �141.0 �157.5 �126.5 45.5 0.36
GB1[53,54] 5F-Trp Trp43 Aqueous solution – – – �124.2 – –
GB1[54] 5F-Trp Trp43 Lyophilized �82.7 �140.2 �151.8 �124.9 42.2 0.27

a The 19F NMR chemical shift parameters of B18 labeled in positions 103, 105, 106, 107, 110, 116, 117, 118 have been averaged, as the respective values
are all within 3 ppm from each other.
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polycrystalline amino acid the isotropic chemical shift diso

occurs over range of 7 ppm centred around 111 ppm,
depending on the local crystalline environment, and the
principal CSA values vary up to 16 ppm (see Table 2). This
observation suggests that the environment of a lyophilized
or membrane-embedded peptide is more homogeneous
compared to a densely packed aromatic crystal. Table 3
also shows that the anisotropy D is reduced by about
15% in the peptides compared to the polycrystalline amino
acid, due to some residual mobility in the peptide samples.

Since tryptophan plays an important role in anchoring
membrane proteins at the polar/apolar interface of the
lipid bilayer, its side chain conformation has been charac-
terized in detail, e.g. in the peptide gramicidin A [39,52].
Fluorine-labeled tryptophan can also be conveniently
incorporated biosynthetically into proteins for 19F
NMR, as demonstrated e.g. with the soluble protein
GB1 [53,54]. Table 3 compares the chemical shift param-
eters of 5F-Trp in such biological samples, either in the
lyophilized form or embedded in gel-state DMPC mem-
branes (a representative powder spectrum was shown in
Fig. 3d) The chemical shift values in the different polypep-
tide preparations show a similar variability as in the poly-
crystalline amino acid, with diso occurring near �125 ppm
over a 7 ppm range. As noted above, the molecular
motions in a polypeptide are not completely suppressed
by lyophilization or in a gel-state membrane, giving rise
to somewhat reduced anisotropies D. The asymmetry
parameter of 5F-Trp in peptides (g between 0.3 and 0.6)
is found to be significantly higher than in the nearly sym-
metric polycrystalline 5F-Trp (though still lower than in
6F-Trp with g � 0.7). Again, the chemical shift tensors
of the various peptides show less variation than the poly-
crystalline amino acid itself, which was found to be highly
susceptible to the differences in molecular environment
when crystallized from different solvents (Fig. 3). A poly-
peptide thus seems to provide a more homogeneous envi-
ronment than an aromatic polycrystalline sample.
Likewise, a recent study [49] on single crystals of 5F-
Trp yielded chemical shift tensor values similar to those
obtained here for 5F-Trp in gramicidin A, lending sup-
port to this interpretation because a single crystal envi-
ronment is also more homogeneous than a
polycrystalline sample.
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3.4. Relaxation

The longitudinal relaxation times T1 of the aromatic
19F-labeled amino acids were recorded as a function of
temperature in the range of �60 to +60 �C, as illustrated
in Fig. 4. The values of T1 and T2 at 20 �C are explicitly sta-
ted in Table 2. For T2 relaxation no significant temperature
dependence was found, and the values do not differ much
amongst the various amino acids (20–40 ls), as they are
dominated by the proximity of neighboring protons in
these polycrystalline organic compounds. In contrast, the
T1 relaxation times exhibit a pronounced temperature
dependency. Except for 3F-Tyr, remarkably long T1 relax-
ation times were observed for the aromatic 19F amino acids
investigated here, especially at low temperature. Such long
T1 values of several 100 s suggest a virtually complete lack
of motion of the packed aromatic rings. Almost all T1-val-
ues of the aromatic 19F-substituents decrease with increas-
ing temperature within the accessible range, placing any
putative T1-minimum at temperatures above 60 �C. The
motions leading to T1 relaxation in the observed tempera-
ture range are thus slower than the Larmor frequency of
470.3 MHz.
4. Conclusions

To compile a database of 19F NMR parameters of the
most prominent 19F-labeled amino acids we have measured
here the chemical shift parameters of aromatic amino acids
carrying a single 19F-substituent on a phenyl or indole ring.
In several cases the polycrystalline powders displayed a
pronounced polymorphism, which lead to a considerable
spread in the chemical shift parameters within any one kind
of amino acid. Nonetheless, the local molecular environ-
ment provided by different ring systems is reflected in char-
acteristic and distinct chemical shift parameters. For
example, the isotropic chemical shifts can be grouped
according to the influence of neighboring substituents on
the 19F-label, namely as 4F-Phe, 3F-Phe and 4F-Phg (with
Fig. 4. Temperature dependence of the T1 relaxa
shifts between �108 and �114 ppm), 6F- and 5F-Trp
(�119 to �125 ppm), and 4F-Tyr (�135 ppm). The aniso-
tropies cover a range of 45–75 ppm, and the values of any
one polymorphic amino acid vary less than �5 ppm, with
the exception of the 4F-Phe crystal forms for which they
exhibit a larger spread. Strong variations were generally
encountered for the asymmetry parameter, which was large
(0.5–1.0) for most samples, except for certain crystal forms
of 5F-Trp with a nearly symmetric CSA tensor. Remark-
able in this context is the difference between the two tryp-
tophan analogues, adopting two extreme asymmetry
parameters of �0 (5F-Trp) and 1.0 (6F-Trp). Altogether,
the isotropic chemical shift is the most characteristic and
well conserved parameter in the solid state, and a good
agreement is demonstrated here also with the values
observed in aqueous solution.

To judge whether the chemical shift parameters
obtained from the crystalline amino acids can be applied
to 19F-labeled proteins, the 19F NMR data of several pep-
tides labeled with 4F-Phg or 5F-Trp were included in this
compilation. The chemical shift values amongst these prep-
arations were more homogeneous than within the polycrys-
talline amino acids, suggesting that it is better to use the
tabulated values (or newly acquired parameters) of the
lyophilized peptide samples than of the polycrystalline
amino acids, in contrast to the aliphatic amino acids dis-
cussed in Part II [43]. Nonetheless, the chemical shift aniso-
tropies D of the pure aromatic amino acids give some clues
for biological samples, taking into account differences due
to residual molecular motion in the peptide samples. In the
case of T1 and T2 relaxation times, a transfer of the data
from polycrystalline amino acids to the side chains of poly-
peptides is not reasonable because of the very different
motional properties. Fortunately, the extremely long T1-
times observed here in polycrystalline amino acids have
never been encountered in any of our biomolecular samples
to date (typical relaxation times �1 s), thus 19F NMR
remains a method of choice for rapid acquisition of highly
sensitive and background-free spectra.
tion times of the aromatic 19F-substituents.
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[10] S. Afonin, U.H.N. Dürr, P.Wadhwani, J.B. Salgado, A.S. Ulrich,
Solid state NMR structure analysis of the antimicrobial peptide
Gramicidin S in lipid membranes: concentration-dependent re-align-
ment and self-assembly as a ß-barrel, in: T. Peters (Ed.), Bioactive
Conformation II, Topics in Current Chemistry, vol. 273, in press.

[11] E. Strandberg, P. Wadhwani, P. Tremouilhac, U.H.N. Dürr, A.S.
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sity of Karlsruhe, 2004.


	Solid state 19F NMR parameters of fluorine-labeled amino acids. Part I: Aromatic substituents
	Introduction
	Materials and methods
	Amino acids
	NMR measurements
	Data analysis

	Results and discussion
	Liquid state NMR
	19F CSA tensors of polycrystalline powders
	Influence of the external environment on the 19F chemical shift
	Relaxation

	Conclusions
	Acknowledgments
	References


