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Abstract. The possibility to determine the relatively small organic compound conformations by the
approach on the basis of the analysis of the residual dipolar couplings 'H-'*C in the molecules par-
tially aligned in lyotropic liquid crystalline media has been considered. This approach has been used
in the nuclear magnetic resonance investigation of the triglycine structure in lyotropic medium (cetylpy-
ridinium bromide/n-hexanol). The conformation of triglycine in solution has been established as trans-
trans on the basis of the experimental data of observed couplings.

1 Introduction

Traditionally, the determination of three-dimensional (3-D) structures of the rela-
tively small organic compounds in solution is based on both 1-D nuclear mag-
netic resonance (NMR) spectroscopy and modern NMR methods such as dynamic
NMR spectroscopy [1, 2] and 2-D NMR spectroscopy [3, 4]. Note that nuclear
Overhauser effect spectroscopy (NOESY) experiments allow one to determine the
distances between magnetic nuclei of up to 0.5 nm and, hereby, to establish the
3-D structure of organic compounds in solution [3, 4]. The increase in the num-
ber of atoms in a molecule results in the NMR spectral parameters which do
not allow one to describe adequately the 3-D structure of organic compounds in
solution.

In this work an application of the approach for determination of the confor-
mation of triglycine, a relatively small molecule, partially aligned in lyotropic
liquid crystalline medium on the basis of an analysis of the residual dipolar cou-
plings between magnetic nuclei '*C and 'H separated by one chemical bond (‘D)
is demonstrated. Since recently, this approach is actively used in the NMR in-
vestigations of biochemical objects under the condition of slow motion (w,z7, > 1,
7, is the correlation time, @, is the angular precession rate of magnetic nuclei)
[5, 6]. It allows one to obtain independent information about the structure of
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these compounds in solution. Applications of this approach to the determination
of conformations of small organic compounds has not been described in the lit-
erature as proved by review [6, 7]. The significance of the approach itself be-
comes even higher if one takes into consideration that the application of NOESY
to relatively small molecules (under the condition of fast motion, w7, <K 1) is
not always effective [3, 4]. This is connected with the small correlation time
for these molecules in solution and the fulfilment of the condition of fast mo-
tion leading to weak cross-peak intensities in NOESY spectra and making it dif-
ficult to obtain quantitative information about the interproton distances in these
molecular systems.

2 Experimental

NMR 'H (300 MHz) and "*C (75.43 MHz) spectra of triglycine in isotropic sol-
vent and lyotropic liquid crystalline medium were recorded on an NMR Unity-
300 spectrometer (Varian). The 10-15° pulses, relaxation delay of 1-2 s, spec-
tral width of 10 ppm, number of transitions from 10 to 100 were used to obtain
'"H NMR spectra. The 20-30° pulses with or without broad-band proton de-
coupling, relaxation delay of 1-2 s, spectral width of 200 ppm, number of tran-
sitions from 400 to 1000, digital exponential filtration with 2—4 Hz were used to
obtain '*C NMR spectra. The samples were solutions of compounds in corre-
sponding media with concentrations of 5-10% (w/w). References of chemical
shifts were made from the signal of standard liquid tetramethylsilane (TMS). For
2-D NOESY experiments the delay between pulse sequences was chosen to be
at least three times the averaged longitudinal relaxation time of triglycine pro-
tons. Spectra were recorded in a phase-sensitive mode with 1024 points in the
F2 axis and 256 points in the F1 axis. Exponential filtration was applied in both
directions. The mixing time parameter 7,, was chosen equal to 0.2, 0.4, 0.6, and
0.8 s.

A liquid crystalline medium composed of cetylpyridinium bromide (CPB) and
n-hexanol has been prepared as described in ref. 8. The final mixture was char-
acterized by the weight percent of CPB to the water.

3 Results and Discussion

It is known that in solution the dipole-dipole interaction between nuclei inside
the molecule is completely averaged as a result of random tumbling of molecules.
If the molecular system is dissolved in lyotropic liquid crystalline medium, then
the translational and rotational movements of molecules cease to be isotropic
owing to striking on the magnetic oriented molecular formations. This anisot-
ropy in the molecular motion results in the appearance of the weak dipole-di-
pole interaction between nuclei revealed in NMR spectra as residual dipolar cou-
plings without broadening NMR signals [5, 6].
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The expression for the residual dipolar coupling Dy, ,, between two directly
coupled nuclei can be simplified to the form [6]

Dy = DE(A,(3c0s?d ~ 1) + 3/24,sin*Gcos2 p), Q)

where D) = —(uh/167°)Sy7(ri;’). Here 4, = 1/3(4., — (4,, + 4,)/2) is the axial
component of the molecular alignment tensor A characterizing the preferential
orientation of the molecule relative to the static field direction; 4, = 1/3(4,, — 4,))
is the rhombic component; 4., 4, and A4, are the projections of molecular align-
ment tensor A on x, y, and z directions of the orthogonal axes system connected
with the molecule; & and ¢ define the polar coordinates of the internuclear vec-
tor (between I and J nuclei) connecting the principal axes of the molecular align-
ment tensor with the static field direction; S is the generalized order parameter
describing the internal dynamic mobility of the internuclear vector; 7, and y, are
the gyromagnetic ratios of nuclei I and J; r, is the distance between nuclei.

Different liquid crystalline media are used to provide partial alignment of the
biochemical objects in magnetic field, e.g., phospholipide bicelles [5], bacteria
[9], or membrane fragments [10]. The nematic phases may be made on the ba-
sis of N-cetyl-N,N,N-trimethylammonium bromide [6], CPB or cetylpyridinium
chloride and n-hexanol mixtures [8, 11]; n-alkyl-poly(ethylene glycol) and n-alkyl
alcohol mixtures in water [12]. These systems form a lyotropic liquid crystalline
phase referred to as L, under any conditions. In a magnetic field the bilayer
surfaces are oriented parallel to its direction [6].

To determine the residual dipolar couplings in triglycine a mixture of CPB
in water (5.5% [w/w]) was used; the molar ratio () of the CPB to n-hexanol
was 0.203 at the content of 30 mM of the NaBr salt in water. The presence of
the ordered lamellar L, phase was monitored by the observation of the quadru-
polar splitting of the 2H NMR signal of the solvent (D,0) in the diluted liquid
crystalline system [5, 12].

The approach described above was used to determine the spatial structure of
triglycine in water presenting unceasing interest over thirty years [13, 14]:

H,N-CH,-C(0)-HN-CH,-C(0)-HN-CH,-C(0)-OH

— 1 ac — —2a — — 3 ac —

The study of oligopeptide and, particularly, tripeptide conformations is im-
portant in many respects. First of all, tripeptides may be considered as the build-
ing blocks for the protein structure;, and knowledge of their 3-D structure may
be used to predict the polypeptide chains and the design of protein de novo [15].
Some peptides themselves fulfil the mediator’s functions. Their interactions with
receptors are conformation-dependent.

The 'H NMR spectrum of triglycine dissolved in water (D,0) consists of four
singlet signals: three signals of the methylene groups (1 ac CH,, &, = 3.68 ppm;
2 ac CH,, 6, = 3.8]1 ppm; 3 ac CH,, 8, = 3.93 ppm, notations are made as in
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Table 1. The *C NMR chemical shifts (J;, ppm relative to TMS) and direct spin-spin couplings ('Jy,
Hz, bottom row) for triglycine dissolved in isotropic solvent and lyotropic liquid crystalline medium.

Medium 1 ac 2 ac 3 ac
C=0 CH, C=0 CH, C=0 CH,
D,0 167.7 40.4 170.8 42.2 176.4 429
144.2 140.4 1394
CPB + n-hexanol + 167.7 40.5 170.8 42.4 176.4 432
NaBr + D,0O 142.2; 1420 124.5; 124.1 133.4; 1324

ref. 14) and a signal with &, = 4.72 ppm relating to amine and amide protons
(in zwitter-ionic form), proton of triglycine carboxyl group, and residual protons
of deuterated water participating in fast intermolecular hydrogen exchange [16].
The '*C NMR spectrum of triglycine in D,O consists of six singlet signals, the
chemical shifts of which are collected in Table 1. The assignment of signals has
been made in accordance with the literature data [16, 17].

NMR spectroscopy allows one to interpret the spatial structure of triglycine
in terms of the arrangement of the glycine fragments with respect to the bonds
-C(0)-NH- since the rotation about these bonds requires to overcome the high
energy barrier (75-80 kJ/mol [1, 2]) resulting in the “frozen”, in the NMR scale,
spectra of frans and cis (the orientation of C(O) and NH bonds) conformers as
in the case of the benzene-substituted triglycines [14]. As for the studied com-
pound, the single set of the 'H NMR spectrum signals in D,0 is observed, as
well as the single set of the 3C NMR signals, with NMR data it is possible
only to conclude that triglycine exists in solution in one of the possible con-
formers: trans-trans, trans-cis, cis-trans, or cis-cis.

2-D NOESY spectra with different mixing times were recorded to determine
the interproton distances characterizing directly the 3-D structure of triglycine
in solution. It was impossible to fix the cross-peaks in 2-D NOESY spectra of
the studied compound dissolved in D,0 due to the remoteness of the methylene
protons one from another and to the participation of the amine and amide pro-
tons in the intermolecular exchange.

To determine one of the possible conformers of triglycine, trans-trans, trans-
cis, cis-trans, or cis-cis, the quantum chemical semiempirical calculations of the
molecule have been carried out by the MOPAC 93 program (PM3 method), which
allowed us to determine unambiguously the cis-trans conformation as the most
preferable one for triglycine (see Fig. la).

To elucidate the triglycine spatial structure, the approach on the basis of the
analysis of the residual dipolar couplings between nuclei was used. For this
purpose, the one-bond couplings between *C and 'H nuclei in molecule, dis-
solved in isotropic solvent (D,0) and lyotropic medium, were considered. The
carbon chemical shift data (5.) and the direct spin-spin couplings ('J,) for
triglycine obtained from '*C NMR spectra without broad-band proton decoupling
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Fig. 1. Schematic representation of the cis-trans (a) and trans-trans (b) conformation for triglycine.

are shown in Table 1. The residual dipolar couplings ('D,,;) determined from the
difference of the observed couplings ('Jg, + 'Dcy) for the magnetic nuclei dis-
solved in the lyotropic liquid crystalline medium and the ones in the isotropic
solvent [6] are the following: 1 ac, 'Deya = =2.0 Hz, ‘D = —2.2 Hz; 2 ac,
'"Dega = —15.9 Hz, 'Deyg = —16.3 Hz; 3 ac, Dy, = —6.0 Hz, 'Dyy = —7.0 Hz.

The analysis of the obtained residual dipolar couplings ('D,) was carried
out by the MODULE program [18]. On the basis of Eq. (1), the program allows
one to bind the values of observed residual dipolar couplings and the arrange-
ment of internuclear vectors relative to the external magnetic field in the frames
of the known conformation of the studied molecule. The linear correlation be-
tween the observed and calculated residual dipolar couplings, on the basis of the
given spatial structure of studied compound, is the criterion if the calculated
structure agrees with the real one. In the case of disparity of the observed and
calculated constants, the program allows one to change the initial conformation
by rotating the separate fragment relative to others around the chemical bond be-
tween them.

With the triglycine atom coordinates in the cis-trans conformation determined
by the MOPAC 93 (PM3 method) calculations and the experimental values of
the residual dipolar couplings as the input data for the MODULE program (the
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Fig. 2. Dependence between the observed residual dipolar couplings (‘D) for triglycine dissolved
in lyotropic liquid crystalline medium and the calculated ones in cis-trans (a) and trans-trans (b)
conformations.
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Table 2. The coordinates of the triglycine trans-trans conformation atoms in the pdb format.

Atom nr. Atom Part x-Coordinate y-Coordinate z-Coordinate
of triglycine

1 N IGLY -3.720 0.677 -0.222
2 CA IGLY -2.308 0.569 0.031
3 C IGLY -1.820 —0.884 0.030
4 (6] 1GLY —1.208 —1.340 1.014
S 1HN 1GLY -3.979 1.628 —0.383
6 IHA 1GLY -1.994 0.999 1.030
7 2HA 1IGLY —-1.747 1.126 -0.771
8 2HN IGLY —4.262 0.300 0.532
10 N 2GLY —1.489 —0.260 —-1.595
11 CA 2GLY ~0.391 ~1.165 —1.526
12 C 2GLY 0.928 —0.658 -0.922
13 (0] 2GLY 1.920 —1.413 -0.951
15 IHA 2GLY -0.137 —1.504 —2.574
16 2HA 2GLY —0.671 —2.078 —-0.923
18 HN 2GLY —1.556 0.316 —2.405
9 N 3GLY 1.020 0.631 -0.426
14 CA 3GLY 2.193 1.089 0.251
17 C 3GLY 2.073 1.307 1.744
19 O 3GLY 2.993 1.365 2.562
20 HN 3GLY 0.188 1.147 —0.254
21 IHA 3GLY 2.492 2.093 -0.178
22 2HA 3GLY 3.041 0.357 0.089

generalized order parameter S has a uniform value for all internuclear vectors
C-H) showed the absence of correlation between observed and calculated con-
stants (see Fig. 2); the root-mean-square deviation from linearity is 2.7- 102 To
change the initial conformation by rotating around CH,-C(O) and C(O)-NH bonds
of any separate fragment relative to others allows one to choose the single struc-
ture trans-trans (see Fig. 1b), for which the total agreement between observed
and calculated constants is characterized by the root-mean-square deviation from
linearity equal to 3.83, and parameters of the axial and rhombic components of
molecular alignment tensor are 4, = 14.26 and 4, = 8.25. The trans-trans trigly-
cine conformation atom coordinates providing the optimal agreement between
observed and calculated constants are shown in Table 2.

4 Conclusions

The approach on the basis of the analysis of the residual dipolar couplings 'H-
BC in the molecules partially aligned in liquid crystalline media has been used
in the NMR investigation of the triglycine structure in lyotropic medium (CPB/
n-hexanol). The conformation of triglycine in solution has been established as
trans-trans on the basis of the experimental data of observed couplings.



Spatial Structure of Triglycine 119

Acknowledgements

The financial support of the Russian Foundation for Basic Research, grants 03-
03-33112a and 02-03-32919a, and of the joint program of CRDF and the Min-
istry of Education of Russian Federation, grant REC-007, is gratefully acknowl-
edged.

References

. Jackman L.M., Cotton F.A. (eds.): Dynamic Nuclear Magnetic Resonance Spectroscopy, part [,

p. 660. New York: Academic Press 1975; Sandstrom J.: Dynamic NMR Spectroscopy, p. 226.
London: Academic Press 1982.

. Oki M.: Application of Dynamic NMR Spectroscopy to Organic Chemistry, p. 423. New York:

VCH Publishers 1985.

. Emst R.R., Bodenhausen B., Wokaun A.: Principles of Nuclear Magnetic Resonance in One and

Two Dimensions, p. 610. Oxford: Oxford University Press 1987.

. Van der Ven F.J.M.: Multidimensional NMR in Liquids: Basic Principles and Experimental Meth-

ods, p. 399. New York: Wiley-VCH 1995.

. Tjandra N., Bax A.: Science 278, 1111-1114 (1997)

. Alba E., Tjandra N.: Prog. NMR Spectrosc. 40, 175-197 (2002)

. Shakhatuni A.A., Shakhatuni A.G.: Usp. Khim. 71, 1132-1172 (2002)

. Barrientos L.G., Dolan C., Gronenborn A.M.: J. Biomol. NMR 16, 329-337 (2000)

. Clore G.M., Starich M.R.,, Gronenborn A.M.: J. Am. Chem. Soc. 120, 10571-10572 (1998)

. Koenig B.W., Hu J,, Ottiger M., Bose S., Hendler R.W,, Bax A.: J. Am. Chem. Soc. 121, 1385-

1386 (1999)

. Prosser R.S., Losonczi J.A., Shiyanovskaya L.V.: J. Am. Chem. Soc. 120, 11010-11011 (1998)
. Ruckert M., Otting G.: J. Am. Chem. Soc. 122, 7793-7797 (2000)

. Kim MK, Martell A.E.: J. Am. Chem. Soc. 91, 872-878 (1969)

. Bradley E.K., Kerr J.M,, Richter L.S., Figliozzi G.M., Goff D.A., Zuckermann R.N., Spellmeyer

D.C., Blaney J.M.: Mol. Divers. 3, 1-15 (1997)

. Anishetty S., Pennathur G., Anishetty R.: BMC Struct. Biol. 2, 9 (2002)
. Wiithrich K.: NMR of Proteins and Nucleic Acids, p. 292. New York: Wiley-VCH 1986.
. Breitmaier E., Woelter W.: *C NMR Spectroscopy: Methods and Application in Organic Chem-

istry, p. 322. Weinheim: Verlag Chemie 1978.

. Dosset P., Hus J.-C., Blackledge M.: J. Biomol. NMR 20, 223-233 (2001)

Authors’ address: Vladimir V. Klochkov, Kazan State University, Ulitsa Kremlevskaja 18, Kazan
420008, Russian Federation
E-mail: viadimir_klochkov@yahoo.com



