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In order to deduce the structural features of cyclised Schiff bases in their in wiwo regulation of 
pyridoxal-requiring enzymes, the molecular conformation of 3-carboxy-l-{3-hydroxy-2-methyl-5- 
[ (phosphonooxy)methyl] -4-pyridyl}-l,2,3,4-tetrahydro-P-carboline, a cyclised Schiff base between 
pyridoxal 5-phosphate and L-tryptophan, has been investigated by X-ray crystal analysis, 'H 
N MR measurements and molecular orbital calculations. In the crystalline state the molecule, which 
is in a double zwitterionic state with the hydroxy and phosphate oxygen atoms deprotonated and 
the pyridine and P-carboline nitrogen atoms protonated, takes a rigid conformation stabilized by 
two intramolecular hydrogen bonds between the carboline NH and pyridoxal 0-  and between the 
indole NH and phosphate 0-  atoms. This solid conformation also appears to be the preferred 
conformation in DMSO solution, as judged from appreciable ROES between protons and J values. 
Conformational analysis by CN D0/2 calculations showed the conformation observed in the 
crystal also to be energetically the most favourable. The importance of this molecular conformation 
for the biological function of the cyclised Schiff base is discussed. 

Pyridoxal 5-phosphate (PLP) plays not only an important 
physiological function as vitamin B6, but also is an essential co- 
factor for various enzymes which catalyse metabolic reactions 
of amino acids such as decarboxylation, racemization, trans- 
amination and Ca-CP bond cleavage.' In the metabolic 
reactions of amino acids, PLP forms a Schiff base with the 
amino acid as a key intermediate, which is believed to be 
transformed into the end product according to Dunathan's 
hypothesis.' However, it is known that the PLP Schiff bases of 
some amino acids such as histidine and tryptophan 3,4 further 
undergo cyclisation to form the tetrahydropyrido derivatives 
under physiological conditions without enzymatic particip- 
ation, and these cyclic compounds can be thought of as in oivo 
regulators for controlling the metabolism of amino acids, since 
they inhibit the activity of PLP-requiring enzymes. '-' 

Tryptophan plays an important role in nature not only by 
serving as a building block or functional unit in proteins, but 
also by taking part in the biosyntheses of hormones and 
neurotransmitters. In the metabolic pathway of tryptophan, 
the transformation of tryptophan to tryptamine, 5-hydroxy- 
tryptophan to serotonin, serotonin to 5-hydroxyindoleacetate 
and tryptamine to indoleacetate are catalysed by PLP-requiring 
enzymes (aromatic L-amino acid decarboxylase or monoamine 
oxidase). Since the cyclisation of their PLP Schiff bases could 
play a regulatory role in enzymatic reactions of these 
tryptophan metabolites,'-' ' information on stereostructural 
features of these cyclised products should be useful for 
elucidating the in uioo feedback mechanism controlling the 
metabolism of tryptophan and for elucidating the substrate- 
specificity of the PLP-requiring enzyme. 

In this paper, we present the conformational analysis of a 
cyclised PLP Schiff base of L-tryptophan, i.e. 3-carboxy- 1 -{ 3- 
hydroxy-2-methyl-5-[(phosphonooxy)methyl]-4-pyridy1} - 1,2,- 
3,4-tetrahydro-P-carboline 1 (Fig. I),  studied by X-ray single 
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Fig. 1 
used for 1 in this paper 

Chemical structures of 1 and 2, together with atomic numbering 

crystal analysis, 'H NMR measurements and molecular orbital 
calculations. Although structural data on synthetic tetrahy- 
drocarboline derivatives have been reported previously, I 2 - l 4  

there is no example of a naturally occurring compound in which 
the pyridoxal coenzyme is incorporated. 
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P Table 1 Summary of crystal data and intensity collection details 

Formula 
Mr 
Crystal system 
Space group 
a, blA 
C I A  
VIA3 

z 
D,/g cm- 
DJg cm-3 
p(Cu-KK)/cm-' 
F(OO0) 
T of data collection/"C 
Scan speed in 281" min-' 
Scan range in 01" 
Data range measured 

No. of unique data measured 
No. of data used for refinement 
No. of variables 
R 
Rw 
S 

C 1 9H&O,P.(51/3)H20 
487.402 
Trigonal 
R3 
37.302( 5) 
4.728(5) 
5697.3(6) 
9 
1.378(3) 
1.389 
15.33 
2514 
18 
4 
1.26 + 0.15 tan8 
-44 d h G 44,0 d k d 44, 
0 G I d 6 ( h  + k 2 0) 
2418 
2085 for F, b 3a(F0) 
135 
0.0599 
0.0626 
0.875 1 

Experimental 
Preparation of Single Crystals of 1.-A mixture of aqueous 

solutions of equimolar (1 mmol dm-3) PLP and L-tryptophan 
(free forms) was stirred for 1 h at 50 - 55 "C. The solution was 
then cooled slowly to room temperature (20 "C). Yellowish 
needle crystals were obtained by slow vapour diffusion after a 
few weeks. 

X-Ray Crystal Data Collection.-A single crystal with 
dimensions of 0.1 x 0.1 x 0.4 mm was sealed in a glass 
capillary with some of the mother liquor. All X-ray measure- 
ments were made on a Rigaku AFC7R diffractometer with 
graphite monochromated Cu-Ka radiation (A = 1.5418 A) and 
a 12 kW rotating anode generator. Details of crystal data and 
intensity data collections are summarized in Table 1. Unit-cell 
dimensions were determined by a least-squares refinement using 
the setting angles of 25 carefully centred reflections in the range 
of 35 c 28 < 45". Crystal density was measured by the flotation 
method using a C&-CCl, mixture. Judging from the 
symmetry of cell dimensions (a = b, a = = 90", y = 120 ") 
and from the condition limiting possible reflections [ - h + k + 
1 = 3n for ( h k l ) ] ,  the space group was determined to be R3 with 
hexagonal axis. X-Ray reflectional intensities were collected 
using an w-28 scan technique to a maximum 28 value of < 130 ". 
The weak reflections [F, < 3a(F,)] were rescanned to ensure 
good counting statistics. Stationary background counts were 
recorded on each side of the reflections. Four standard 
reflections were monitored for every 100 reflection intervals 
and showed no significant time dependence. An empirical 
absorption correction using the DIFABS program was 
applied, which resulted in transmission factors ranging from 
0.88 to 1.15. The data were corrected for Lorentz and 
polarization effects. 

Structure Solution and Refinement.-The structure was 
solved by direct methods using the MULTAN87 program.I6 All 
water molecules of crystallization were located by successive 
Fourier syntheses, in which a water molecule [ 0 ( 6 ) w  was 
located on a three-fold axis with an occupancy of 1/3. The non- 
hydrogen atoms were refined anisotropically by full-matrix 
least-squares methods using the SHELX76 program.' The 
positions of the hydrogen atoms were obtained from the 
difference Fourier map and were included isotropically in the 
calculation of lFcl values, but not refined. The function of 

Fig. 2 Stereoscopic view of 1. Dotted lines represent hydrogen bonds. 

Xw(lF0/ - 1Fc1)2 was minimized; in the final refinement, w = 
~/[o(F,)~ + 0.006 4381Fo)2] was used. The maximum and 
minimum peaks on the final difference Fourier map corre- 
sponded to 0.21 and -0.27 e i k 3 ,  respectively. For all 
crystallographic calculations, the UNICS system ' * was used, 
and the atomic scattering factors and terms of anomalous 
dispersion corrections were taken from the literature. l9 Atomic 
coordinates, bond lengths and angles, and thermal parameters 
have been deposited at the Cambridge Crystallographic Data 
Centre.* 

NMR Measurements.-The 'H NMR measurements were 
carried out at a low concentration (ca. 3 mg ~ m - ~ )  in 
[2H6]dimethyl sulfoxide (C2H6]DMs0) solution. All NMR 
spectra were measured on a Varian VXR-500 spectrometer at 
24 "C. The deuterium resonance of the solvent was used as the 
lock signal, and the chemical shifts were measured with respect 
to an internal reference of TMS (tetramethylsilane). Signal 
assignment was performed by two-dimensional correlated 
spectroscopy (COSY). The rotating frame Overhauser effect 
spectra (ROESY) were recorded in the phase-sensitive mode. 

Molecular Orbital Calculations.-The most stable conform- 
ation of 1 was investigated by the use of CND0/2 energy 
calculations on 3-carboxy- 1 -( 3-hydroxy-5-hydroxymethyl-2- 
methyl-4-pyridyl)-l,2,3,4-tetrahydro-~-carboline 2 as a func- 
tion of torsion angles around the C(2:)-C( 16)-C(4')-C(5') (ol) 
and C(4')-C(5')-C(9')-0(10') (02) bonds. Compound 2 is a 
cyclised Schiff base of pyridoxal with L-tryptophan and was 
used to investigate the intrinsic stability of the orientation 
between the P-carboline ring and the PLP pyridine ring, i.e. to 
elucidate the importance of an N(15)H O(8') intramolecular 
hydrogen bond for characterizing the rigid conformation of 1. 
The effect of external factors such as the N(1)H O(14') 
intramolecular hydrogen bond can be excluded by using 
compound 2 for the calculations. The chemical structure of 2 
was treated as neutral with N(15) protonated and O(8') 
deprotonated. The total energies of 144 different conformers 
were computed in increments of 30" of col and w2 torsion angles 
from 0 to 360". 

Results and Discussion 
Molecular Conformation of 1 .-Crystal conformation. A 

stereoscopic view of the molecular conformation of 1 observed 
in the crystal structure is shown in Fig. 2. Selected torsion angles 
are given in Table 2. Because the interface between 1 and the 
water molecules of crystallization (discussed later) has less well 
formed crystallinity, the bond lengths and angles of 1 are not as 
accurate as usual. However, these values are all in the acceptable 
range, and no notable abnormality was observed. Electron 
densities corresponding to hydrogen atoms, which were 
revealed in a difference Fourier map, showed that 1 takes a 

* For details of the deposition scheme, see 'Instructions for Authors,' 
J. Chem. Soc., Perkin Trans. 2, 1994, Issue 1. 
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Table 2 Selected torsion angles with their esds in parentheses 
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C( 16)-C(2)-C(3tC( 10) 

C(3)-C(lO)-C(I l jN(15)  
C(lOjC(ll)-N(15)-C(16) 
C(l I)-N(15)-C(16)-C(2) 
C(3)-C(2)-C( 16)-N( 15) 

C( 10 j C (  1 1)-C( 12FO( 14) 

C(2~C(3jC(1O~C(11)  

C( 1 0)-C( 1 1)-C( 12FO( 13) 

N( 1 5)-C( 1 lFC( 12jO( 1 3) 
N( 15kC( 1 1 j C (  12tO( 14) 
C(2)-C( 16)-C(4')-C(3') 
C(2tC( 1 6)-C(4'gC(5'):oI 
N( 15)-C( 16)-C(4')-C(3') 
N( 15tC( 16)-C(4'tC(5') 

C(6')-C(5')-C(9')--0( 10') 
C(4')-C(5'kC(9')-0( 1 0' ) :0 ,  

C(5'jC(9'~0(1O'~P(11') 
c(9')-0( lO'jP( 1 1 ')-O( 12') 
C(9'jO( 1 O'FP( 1 1 ')-O( 13') 
C(9')-0( 1 O')-P( 1 1 ')-O( 14') 

1.3(6) 
13.1(5) 

62.3(5) 

13.8(4) 
117.3(9) 

- 42.6( 5 )  

- 44.8( 5 )  

- 62.0(7) 
-6.3(8) 
174.3(7) 

105.9(5) 
43.6(5) 

- 134.4(5) 
- 58.9(5) 

- 76.2(5) 

119.7(6) 
- 106.2(4) 
- 102.7(4) 

18.9(4) 
14334) 

double zwitterionic structure with N( 15) and N( 1 ') atoms 
protonated and O(8') and phosphate O(14') atoms deproton- 
ated. The carboxy group was in a neutral state with O(14) 
protonated. The phosphate takes the monoanionic form," 
where the O(12') is protonated with P-0 = 1.546(6) 8,. The 
bond angle of C(2')-N( l')-C(6') [ 124.7(4)"] is characteristic 
of a pyridinium ring and is significantly larger than that of a 
neutral pyridine ring" (1 17.5"). 

The indole and pyridinium rings are both planar to within 
2 0.04 and k 0.02 A, respectively, and form a dihedral angle of 
83.3(2)'. The tetrahydropyridine ring of P-carboline has a half- 
chair conformation with M helicity,22 where the C(11) and 
N(15) atoms deviate by -0.324 and +0.397 A, respectively, 
from a plane consisting of C(2), C(3) and C( 10) and C( 16) atoms, 
thus forming a distorted C( 1 l)-exeN( 15)-endo conformation 
(Fig. 3). Similar ring puckering has frequently been observed in 
other synthetic tetrahydro-P-carboline~.~~,~~ 

One of the two hydrogen atoms attached to N(15) is 
intramolecularly hydrogen-bonded to the O(8') atom of the 
pyridine ring m(15) - O(8') = 2.648(7) 8, and N(15)- 
H(15) * O(8') = 179.3(3)']. The N(l) atom of the indole ring 
participates in two intramolecular hydrogen bonds with the 
phosphate O(14') atom m(1) 0 O(14') = 3.074(7) 8, and 
N(l)-H(l)*.* O(14') = 136.1(3)"] and with the O(l0') atom 
[ N ( l ) ~ ~ ~ O ( l O ' )  = 2.995(7) A and N(l)-H(l)--.O(lO') = 
119.4(3) "1. Thus, the molecular conformation of 1 (Fig. 2) 
observed in the crystal structure is stabilized by these 
interactions, and the torsion angle around w1 is tightly fixed. 
The carboxy OH group is anti to the protonated N(15) atom 
with a torsion angle around O( 14tC(  12)-C( 1 1)-N( 15) of 
174.3(7)' and this conformation is determined by an electro- 
static interaction between the O(13) and N(15) atoms 
[N(15)***0(13)2.64(1)8,]. 

Solution Conformation.-In order to investigate whether or 
not the rigid conformation of 1 observed in the crystal structure 
is also kept in solution, 'H NMR spectra of 1 were measured in 
DMSO solution. Chemical shifts and coupling constants for 1 
are summarized in Table 3. The ROESY spectrum of H(11), 
H( 16) and H(9'a and b) region is shown in Fig. 4. Since none 
of the NH and OH protons of 1 were observed in the DMSO 
solution, the electronic state (protonation or deprotonation) of 
1 was not clear. 

The vicinal coupling constants between C(lO)H, and C(1l)H 
(J  13.0 Hz for axial-axial and 4.0 Hz for equatorial-axial) 
suggest the half-chair C( 1 1)-exo-N( 15)-endo conformation 23-25 

as the major conformation of the tetrahydropyridine ring of 

Fig. 3 Stereoscopic representation of the half-chair conformation of 
the tetrahydropyridine ring of P-carboline 1, as viewed down the plane 
of the indole ring 

Table 3 
and possible angles" of 1 in ['H6]DMS0 solution 

'H NMR chemical shifts (ppm), coupling constants (J/Hz) 

Proton Chemical shift J/Hz 

H(9'b) 

7.462 (br d, 1 H) 
6.972 (ddd, 1 H) 
7.019 (ddd, 1 H) 
7.184 (br d, 1 H) 
2.881 (dd, 1 H) 

3.197 (dd, 1 H) 

3.893 (dd, 1 H) 

5.752 (s, 1 H) 
8.030 (s, 1 H) 
2.201 (s, 3 H) 
5.089 

5.108 
(AB, 2 H) 

a, corresponds to the torsion angle of H-C-C-H, calculated from 
Juic = 1 2 . 4 ~ 0 ~ ~  a, for 0 d a, d 90" and Jvic = 14.3 cos2 a, for 90 d a, d 
180°.25 Since these equations take no account of local charge and 
electronegativity effects which tend to reduce coupling constants, the 
observed JaX,,, (13.0 Hz) are about right for a a, value of - 180". 
Similarly the Jeq,ax of 4.0 Hz may fit the X-ray torsion angle of -29", 
bearing in mind the reducing effects of the adjacent nitrogen and 
carboxyl groups. The value in parentheses corresponds to the a, angle 
from the X-ray crystal structure analysis. 

P-carboline (Table 3), the same as observed in the crystal 
structure (Fig. 3). This ring puckering was further suggested 
from the ROESY measurement. ROES were clearly observed for 
the H( 10)-H( 1 1) and H( 1 1 )-H( 16) proton pairs [Fig. 4(a)], 
suggesting a close disposition between the H(10) and H(11) and 
a parallel orientation between the C( 1 1)-H( 1 1) and C( 16)- 
H( 16) bonds. 

As is obvious from Fig. 4(b), a notable ROE was observed 
between H(16) and either of the two H(9') protons. This clearly 
reflects the predominant existence of a solution conformation 
similar to that observed in the crystal structure (see Fig. 2). 
Concerning the hydrogen bond in which the NH or OH proton 
participates, no NMR data were available. However, it would 
be reasonable to suppose that the proximity between H(16) and 
H(9') is primarily due to the N( 15)-H - O(8') intramolecular 
hydrogen bond. In conclusion, it appears that the preferred 
conformation for 1 in DMSO solution is very similar to that 
observed in the crystal structure. 

Molecular Orbital Calculations.-The conformational analy- 
sis of 2, a model compound which substitutes an OH group 
for the phosphate group of 1, was carried out by CND0/2 
calculations. The two torsion angles w1 and o2 were rotated in 
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Fig. 4 Partial ROESY spectrum of (a) the H(1O) and H(11) region and 
(b) the H( 1 l), H( 16) and H(9'a and 9'b) region. Mixing time = 200 ms. 

0 60 120 180 240 300 360 
0 ,I" 

Fig. 5 
value giving the lowest energy for each conformer of wl. 

Energy profile of 2 as a function of ol. The w2 value is set to the 

increments of 30" from 0 to 360". Using the most stable 
conformer obtained, the energy calculations were continued 
with intervals of 10" in the range of k30". Fig. 5 shows the 
variation the total energy of 2 as a function of wl,  where w2 is set 
t o  the value giving the lowest energy for each conformer of wl. It 

Fig. 6 A stereoscopic view of the crystal packing of 1, viewed down the 
c-axis. Filled circles represent water molecules of crystallization. 

Fig. 7 A stereoscopic view of the hydration shell created by the 
packing of the water molecules viewed perpendicular to the three-fold 
symmetry axis. The shell is elongated along the c-axis. 

was assumed that w1 = 60 - 130" gave the predominant form 
(wl = 90, w2 = -60" for the most stable conformer) and the 
energy difference from the second most stable conformer (wl = 
270 - 360") was 46.0 kcal mo1-l (1 cal = 4.184 J). This can be 
interpreted as being the result of an electrostatic (or hydrogen- 
bonded) interaction between the N-15 and 0-8' atoms. The 
slight deviation of the molecular conformation of 1 in the crystal 
structure (ol = 105.9, w2 = -58.9") from the most stable 
conformer of 2 is due to the further participation of a hydrogen 
bond between the phosphate oxygen atom and indole NH 
group and to the crystal packing effect among the neighbouring 
molecules. To take account of the electronic state of 1 under 
physiological conditions (pKa = 4.10 and 8.57 for pyridoxal, 
and pKa = 2.38 and 9.39 for tryptophan), the chemical 
structure of 2 with 0-14 deprotonated and N-15 protonated 
was also subjected to CND0/2 conformational analysis. As a 
result, nearly the same energy profile as shown in Fig. 5 was 
obtained, and the conformer of w1 = 90" and w2 = -60" was 
taken to be the most stable. 

Judging from the solid-state, solution and molecular orbital 
studies described, it can be concluded that 1 takes a preferred 
conformation where the indole ring of P-carboline and the 
pyridine ring of PLP are almost at right angles to each other; 
the conformation being mainly stabilized by a N(15) O(8') 
intramolecular hydrogen bond. 

Crystal Structure of 1 and Hydrogen Bonds.-A stereoscopic 
view of crystal structure, viewed along the c-axis, is shown in 
Fig. 6, where filled circles represent water of crystallization. 
Possible hydrogen bonds and short contacts of less than 3.4 8, 
are presented in Table 4. One of the most characteristic features 
in the crystal structure is the hydrogen bonding pattern of the 
water of crystallization. Thirteen water molecules, one of which 
[0(6)W] is located on the three-fold symmetry axis and the 
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+- 
Fig. 8 Schematic view of hydrogen bonding network formed between 1 and the water molecules. Open circles indicate water molecules and dotted . -  

lines represent hydrogen bonds. 

Table 4 Hydrogen bonds and short contacts (< 3.4 A) 

Donor Acceptor 
(D) (A) Symmetry operation 

Hydrogen bond 
N(1) O(14’) 
O(14) O(1)W 
N(15) O(8’) 
N(15) O(8’) 
N(1’) O(13‘) 
O( 1 2’) O( 14‘) 
O( 1 )W O( 14‘) 
O( l)W O(3)W 
O(2)W O(13‘) 
O( 2)W O(2)W 
O(3)W O(1)W 
O( 3)W O(5)W 
O(4)W O(8’) 
O(4) W O( 5)W 
O( 5)W O( 6)W 

Short contact 
N(1) O(10‘) 
N(15) O(13) 
C(16) O(8’) 
C(4’) O(l0‘) 
C(6’) O(13‘) 
C(6’) O(2)W 

X,Y,Z 
- y  + 513, x - y + 113, z - 213 
X,Y ,Z  
x,y,z - 1 
--I + y + 213, - X  + 413, z + 113 
x,y,z - 1 
x,y,z 
x,y,z 
X,Y,Z 

--.y + y + 213, - X  + 4 1 3 , ~  + 113 
x,y ,z  - 1 
--x + y + 413, - X  + 5 1 3 , ~  - 113 
s,y,z 
x,y,z 
s + 213, y + 113, z + 113 

s,y,z 
x,)’,z 

XJ,Z 

--.y + y + 213, - X  + 413, + 1/3 
--Y + y + 213, - X  + 413, .Z - 213 

XJ,Z - 1 

3.074(7) 
2.61(1) 
2.648(7) 
2.75 3( 7) 
2.645( 6) 
2.576( 7) 
2.838( 9) 
2.79(2) 
2.73(1) 
2.59(1) 
2.89(2) 
2.65( 9) 
2.91(4) 
3.0( 1) 
2.68( 9) 

2.9937) 
2.64(1) 
3.320( 7) 
3.020(7) 
3.370(8) 
3.23( I )  

remaining are related to one another by the symmetry, are 
located in a large cavity which is created by the molecular 
packing of 1. The packing of the water molecules into this cavity 
appears to be relatively loose as shown by their high thermal 
parameters. However, their packing pattern is reasonable and 
forms a three-dimensional hydrogen-bonded network (hydra- 
tion shell) elongated along the c-axis (Fig. 7). 

The hydrogen bonding network formed between 1 and the 
water molecules is shown schematically in Fig. 8, which 
corresponds to a part of the packing layer along the (020) or 
(200) plane. The molecules stacked along the c-axis are linked 

by two hydrogen bonds, O( 12’)-H - O( 14‘) and N( 15)- 
H 0(8‘), thus forming an infinite layer. The water molecules 
are located among these layers, related by 3, symmetry, and link 
the layers by two or three hydrogen bonds. 
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