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Several p replacement and cu,p elimination reactions 
catalyzed by tryptophanase from Escherichia coli are 
shown to proceed stereospecifically with retention of 
configuration. These conversions include synthesis of 
tryptophan from (2S,3R)- and (2S,3S)-[3-3H]serine in 
the presence of indole, deamination of these serines in 
DzO to pyruvate and ammonia, and cleavage of (2S,3R)- 
and (2S,3S)-[3-3H]tryptophan in DzO to indole, pyru- 
vate, and ammonia. A coupled reaction with lactate 
dehydrogenase was used to trap the stereospecifically 
labeled [3-H,2H,SH]pyruvates as lactate, which was ox- 
idized to acetate for chirality analysis of the methyl 
group. During deamination of tryptophan there is sig- 
nificant intramolecular transfer ‘of the (Y proton of the 
amino acid to C-3 of indole. 

To determine the exposed face of the cofactor- 
substrate complex on the enzyme surface and to ana- 
lyze its conformational orientation, sodium boro[3H]hy- 
dride was used to reduce tryptophanase-bound alanine- 
pyridoxal phosphate Schiff’s base. Degradation of the 
resulting pyridoxylalanine to (2S)-[2-3H]alanine and 
(4’S)-[4’-3H]pyridoxamine demonstrates that reduction 
occurs from the exposed si face at C-4’ of the complex 
and that the ketimine double bond is trans. 

Tryptophanase is the protein primarily responsible for the 
bacterial catabolism of tryptophan to indole, pyruvate, and 
ammonia. This tetrameric pyridoxal phosphate-dependent en- 
zyme also catalyzes a variety of other a,/3 elimination and /3 
replacement reactions, including the deamination of serine to 
pyruvate and ammonia and the synthesis of tryptophan from 
serine and indole (1). Such processes occur by enzymatic 
removal of the proton adjacent to the carboxyl group (a 
proton) of the Schiffs base complex of the amino acid and 
pyridoxal phosphate with elimination of the p substituent 
(indole or hydroxyl) (2). In a second step, the resulting ami- 
noacrylate complex can be hydrolyzed, or nucleophilic addi- 
tion can result in p substitution. Extensive interest in the 
steric course of biological reactions involving pyridoxal phos- 
phate (3) was awakened by the realization that this informa- 
tion aids the elucidation of enzymatic mechanism and struc- 
ture and allows formulation of reasonable hypotheses con- 
cerning the conformational orientation of intermediates on 
the enzyme surface (4, 5). Retention of configuration at the 
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P-carbon atom has been observed for reactions catalyzed by 
tryptophan synthetase (6, 7), 0-acetylserine sulfhydrase (8), 
tyrosine phenol-lyase (g-11), D-serine dehydrase (12, 13), ,l3- 
cyanoalanine synthetase,’ and S-alkylcysteine lyase.’ 

The present study establishes the stereochemical outcome 
of the synthesis of tryptophan from serine and indole and of 
the deaminations of serine and tryptophan catalyzed by tryp- 
tophanase. In addition, reduction with sodium boro[3H]hy- 
dride of the enzyme-bound Schiff’s base intermediates formed 
from alanine is used to identify the exposed side of the 
cofactor.substrate complex and to determine the conforma- 
tionai orientation of the amino acid relative to pyridoxal 
phosphate on the tryptophanase surface. Some of the results 
have been reported in preliminary form (14). 

EXPERIMENTAL PROCEDURES 

Materials-Commercial chemicals were of reagent grade or highest 
purity available and were employed without further purification. All 
enzymes were obtained from Sigma Chemical Co. Commercially 
available tryptophanase from Escherichia coli was assayed for activ- 
ity by “method II” of Morino and Snell(15). Sodium boro[“H]hydride 
(293 mCi/mmol), L-[3-‘?]serine (40 mCi/mmol), and L-[3-‘“Cltryp- 
tophan (45 mCi/mmol) were purchased from Amersham/Searle. Trit- 
iated water (1.0 Ci/mmol) was procured from New England Nuclear. 
Samples of (2S,3R)- and (2S,3S)-[3-“Hlserine and of (2S,3R)- and 
(2S,3S)-[3-“Hltryptophan were prepared as previously described (6, 
8) and diluted appropriately with the respective L-3-‘4C-labeled amino 
acids. DL-[B-%1- and nL-[2-‘Hltryptophan were synthesized by hy- 
drolysis of ethyl-2-formamido-2-carbethoxy-3-indole propionate in 
HTO or D20 (16). The corresponding L isomers were obtained by 
carboxypeptidase A treatment (17) of the N-chloroacetyl derivatives 
(18) followed by reflux in 1 N HCl to exchange acid-labile hydrogen 
atoms.” Oxidation of L-[2-“Hltryptophan to indoleacetic acid with L- 
amino acid oxidase from Crotalus adamanteus (19) demonstrated 
that at least 99.9% of the label was at C-2. Completely ring-deuterated 
L-[‘Hsltryptophan (98% isotopic purity) was obtained from KOR 
Isotopes. 

Streptomyces griseus ATCC 12648 was obtained from the Ameri- 
can Type Culture Collection and was maintained on slants of Emer- 
son’s agar at 24°C. 

InstrumentalMethods-Radioactivity of compounds in solution or 
their location on radiochromatograms was determined by previously 
described methods (8). Mass spectra were measured on a DuPont 21. 
492 spectrometer using electron impact (70 eV) and chemical ioniza- 
tion (isobutane, 0.5 Torr). Nuclear magnetic resonance spectra were 
recorded on a JEOL PFT-100 or on a Varian FT-80 spectrometer. 

Chromatography-Paper chromatography was done using the de- 
scending technique on Whatman No. 3MM paper which had been 
washed with 1 M citric acid followed by water. The following solvent 
systems were used: System A, propanol-l/concentrated 
NH,OH/water, 6:3:1 (RF values: tryptophan 0.70, serine 0.46, lactic 
acid 0.56); System B, ethanol/concentrated NH,OH/water, 20:1:4 

’ E. E. Conn, M.-D. Tsai, and H. G. Floss, unpublished results. 
a M. Mazelis, M.-D. Tsai, and H. G. Floss, unpublished results. 
3 Before this exchange the material was found to contain about 1% 

of the label in positions other than C-2 of the side chain. 
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(lactic acid 0.50); System C, ethanol/water, 4:l; System D, 
ethanol/water, 7:3 (pyridoxamine 0.60). Precoated silica gel plates 
(0.25 mm or 2.0 mm thickness) from Brinkmann were employed for 
thin layer chromatography. 

Conversion of Swine to Tryptophan-Stereospecifically labeled 
serine was converted to tryptophan by a modified literature procedure 
(20). Radioactive L-serine was diluted to 20 pmol with inactive amino 
acid in 0.5 ml of 0.2 M potassium phosphate buffer, pH 7.8, and added 
to 0.5 ml of the same buffer containing 3 mg of tryptophanase, 0.25 
mg of bovine serum albumin, 20 nmol of pyridoxal phosphate, and 40 
pmol of indole. The mixture was incubated at 37°C under a nitrogen 
atmosphere for 2 h and chromatographed on paper using System A. 
Tryptophan was eluted and lyophilized prior to radioactivity deter- 
mination. This amino acid was then converted to indolmycin by 
incubation in 25-ml shake cultures of Streptomyces griseus ATCC 
12648 as described earlier (21). 

Deaminution of Serine-The incubation mixture for the deami- 
nation of serine contained: 0.5 ml of 0.13 M potassium phosphate 
buffer, pH 7.8; glutathione, 30 mM; pyridoxal phosphate, 0.8 mM; 
bovine serum albumin, 0.15%; NADH, 0.5 mg; tryptophanase, 4 mg; 
lactate dehydrogenase from pig heart, 40 units. This mixture was 
deuterated twice by lyophilization and addition of deuterium oxide. 
Stereospecifically labeled serine (0.2 pmol) was dissolved in 0.5 ml of 
0.13 M potassium phosphate buffer, pH 7.8, in D20, and incubated 
with this mixture for 2 h at 37°C. Lyophilization and paper chroma- 
tography in Systems A and B afforded lactic acid. This was oxidized 
to acetic acid (22) which was analyzed for chirality by the method of 
Cornforth et al. (23) and Arigoni et al. (24) following Eggerer’s 
procedure (23). 

Deaminution of T~@ophan-To determine the stereochemistry 
of this reaction, 20 pmol of stereospecifically tritiated tryptophan (6, 
8) was dissolved in 0.5 ml of 0.13 M potassium phosphate buffer, pH 
7.8, in D20, and added to the deuterated incubation mixture described 
above for the deamination of serine. After 6 h at 37°C the solution 
was boiled for 2 min. centrifuged to remove protein, and lyophilized. 
Lactic acid was isolated by paper chromatography in Systems A and 
B, and oxidized to acetic acid (22) which was analyzed for chirality 
(23, 24). 

During studies on the transfer of the u-proton, tryptophan samples 
labeled at C-2 were cleaved by analogous procedures except that at 
the end of the incubation the mixture was extracted with methylene 
chloride to remove the indole. The extracts were dried with sodium 
sulfate, carefully concentrated in UCLCUO, and sublimed (40°C, 12 Torr) 
to purify the indole (average yield 5%) for NMR analysis. 

Reduction of the Tryptophanuse Complex of Pyridoxal Phosphate 
and Alartine-The procedure of Austermiihle-Bertola (25) was 
adapted for the sodium boro[“H]hydride reduction of the 
alanine. cofactor complex. The reaction mixture contained: 6.0 ml of 
0.1 M Tris/HCl buffer, pH 8.7; glutathione, 5 8mok pyridoxal phos- 
phate, 0.8 pmol; tryptophanase, 161 mg; L-alanine, 100 pmol. This 
mixture was incubated 1 hat 37°C 25 mCi of sodium boro[“H]hydride 
(293 mCi/mmol) were added, and the reaction was continued for 2 h 
before the protein was denatured by heating 5 min at 100°C. Incu- 
bation with protease (200 units) at 37°C for 12 h was followed by 
dialysis against water (1 liter). The dialysate was concentrated in 
UUCUO, redissolved in 0.1 M ammonium carbonate, pH 8.9, and treated 
with alkaline phosphatase (6 units) at 35°C for 12 h. Enzyme was 
removed by dialysis against water (500 ml) and 56 mg of inactive 
racemic pyridoxylalanine (25) were added before concentration in 
uocuo. Repeated chromatography of the residue on Dowex 50H+ with 

a linear gradient of 1 liter each of 1 N HCI and 5 N HCl, and 
preparative thin layer chromatography in System C afforded tritiated 
pyridoxylalanine. 

Stereochemical Analysis of Pyridoxylalunine-A solution of 19 
mg of pyridoxylalanine in 1.3 ml of methanol/acetic acid, 4:1, was 
hydrogenated over 12 mg of 10% palladium on charcoal at 25°C for 6 
h. After removal of the catalyst by filtration, the mixture was concen- 
trated in uucuo, diluted with 27 mg of inactive or,-alanine and purified 
by chromatography on Dowex 50-H+ with 1 N HCI. Acetylation of 
the alanine with acetic anhydride produced N-acetyl-nL-alanine which 
was treated with acylase I from hog kidney to hydrolyze the L isomer 
(26). L-Alanine and N-acetyl-D-alanine were separated by chromatog- 
raphy on Dowex 50-H’ with an ammonia gradient followed by thin 
layer chromatography using System C. 

In order to analyze the stereochemistry of the reduction at C-4’ of 
the cofactor, pyridoxylalanine was oxidatively degraded to pyridox- 
amine using a modification of the published procedure (25). Pyridox- 
ylalanine (250 pmol) in 1.8 ml of water was treated with 0.5 ml of I 
N NaOH, argon was bubbled through the mixture, and 0.37 ml of 0.67 
M sodium hypochlorite solution were added. After 10 min, the mixture 
was added dropwise to 15 ml of boiling water through which a nitrogen 
stream was being passed and the solution was heated an additional 10 
min. It was then cooled rapidly to O”C, neutralized with acetic acid, 
and chromatographed on Dowex 50-H’ with water followed by a 
linear gradient of 500 ml each of 2.5 N and 5 N HCl. Final purification 
of pyridoxamine hydrochloride was achieved by paper chromatogra- 
phy in System D. The tritium distribution between the two hetero- 
topic methylene hydrogens at C-4’ was determined using pig heart 
glutamic-oxalacetic transaminase by the method of Dunathan et al. 
(27). 

RESULTS 

In order to study the stereochemical course of 8 replace- 
ment reactions catalyzed by tryptophanase from Escherichia 
co& (2S,3R)- and (2S,3S)-[ U-‘%,3-“Hlserine (“H/“‘C 7.9 and 
5.3) available from earlier work (6, 8) were converted by this 
enzyme (1,20) in the presence of indole to tryptophan (“H/?Z 
7.7 and 5.0). Analysis of the configurations at C-3 of the 
tryptophans proceeded readily by incubation with shake cul- 
tures of Streptomyces griseus ATCC 12648 to produce two 
samples of the antibiotic indolmycin with “H/“‘C ratios of 7.8 
and 0.1, respectively. During the biosynthesis of indolmycin, 
the pro-R hydrogen at C-3 of the tryptophan side chain is 
eliminated and the pro-S hydrogen is retained (6, 28). There- 
fore the tryptophanase-catalyzed synthesis of tryptophan 
from serine occurs with retention of configuration at C-3. 

In the absence of indole, this enzyme readily deaminates 
serine to pyruvate and ammonia by way of an n,/? elimination 
reaction (1, 29). Since solvent appeared to be the source of 
the hydrogen replacing the indole moiety, (28,3R)- and 
(2S,3S)-[3-l%, 3-“Hlserine were deaminated by tryptophanase 
in D20 to produce pyruvate with a potentially chiral methyl 
group. Coupled reaction with lactate dehydrogenase and 
NADH trapped the pyruvate as lactate which was subse- 
quently oxidized to acetate (22). The chirality of the methyl 
group of acetate was analyzed by the method of Cornforth et 

TABLE I 

Stereochemistry of the protonution at the R-carbon atom of serine und tryptophun in the deamination reaction catalyzed by 
tryptophanuse in L&O 

(2s).[3-‘“C,3-‘H]Serine (2S)-[‘~C,3-‘H]Tryptophan Control 

T/“C of 
[2-‘4C,2-LH,2-,‘H]Acetate 

3R 3s 3R 3s 2R 25 
~- 

Substrate 7.87 5.29 79.3 83.6 
Lactate 8.11 5.73 76.0 79.8 
Acetate 7.93 5.46 71.9” 74.3” 7.60 8.15 
Malate 7.94 7.01 5.62 7.06 6.12 6.68 
Fumarate 5.66 2.84 1.96 5.71 4.42 2.25 
%T-retention in fumarase 71.2 40.6 34.8 80.8 72.2 33.7 

reaction 

” T/‘% ratio readjusted by addition of 14C reference compound. 
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lZS.3A).j3-3H] H 
ser1ne (2S,W$H] [ 3~] lndolmycln 

I 
Tryptophan 

I 
Trypiophanase, I 4-0 I 

Tryptophanase, 

W’ 

2; ?ti i 
+NH3 + NH, 

FIG. 1. Tryptophanase-catalyzed conversion of serine to trypto- 
phan and determination of configuration of C-3, and deamination of 
serine and tryptophan by tryptophanase. 

TABLE II 

Transfer of hydrogen from the a-carbon to C-3 of indole in the 
tryptophanase-catalyzed decomposition of tiyptophan 

Label in tryp- 
Solven1 

%H/%D at C-3 of % internal 
tophan indole transfer 

WH D20 63.5/36.5 63.5 
a-D H,O 92.1/7.9 7.9 
o-D I),0 O/loo n.a.” 

” Not applicable. 

al. (23) and Arigoni and co-workers (24) using Eggerer’s 
procedure (23). In this analysis, (2R)-acetate is converted by 
malate synthase to malate which upon incubation with fu- 
marase yields an equilibrium mixture of malate and fumarate 
with more than half of its original tritium content. The (2S)- 
acetate produces malate which retains less than half of its 
tritium in the fumarase reaction. Table I summarizes the 
results of these experiments and shows that during deamina- 
tion of serine by tryptophanase the protonation at C-3 of the 
amino acid side chain occurs stereospecifically with retention 
of configuration and that the hydrogen introduced is derived 
at least predominantly from solvent protons (Fig. 1). 

We next examined the deamination of tryptophan, the 
primary biological function of tryptophanase (1). Cleavage of 
(2S,3R)- and (2S,3S)-[3-‘4C, 3-“Hltryptophan (6, 8) to indole, 
pyruvate, and ammonia was carried out in DzO, and the 
pyruvates were trapped by coupled reaction with lactate de- 
hydrogenase and NADH. Oxidation of the lactate samples to 
acetate and chirality analysis as described above demon- 
strated that protonation again proceeds stereospecifically with 
retention of configuration at C-3 of the amino acid side chain 
(Table I). 

To test the possibility that the u proton of tryptophan is 
involved in the protonation of the aminoacrylate intermediate 
or the indolyl group, L-[2-“Hltryptophan was synthesized, 
checked for position of the label by oxidation to indoleacetic 
acid (19), and incubated with tryptophanase and lactate de- 
hydrogenase. Analysis of the resulting lactate showed that 
less than 0.05% of the tritium from the (Y position of the amino 
acid could be detected in the methyl group. In contrast, a 
significant transfer of labeled hydrogen from C-2 of the side 
chain of tryptophan to C-3 of indole could be observed. This 
was established by cleavage of unlabeled tryptophan in D20 
or [2-‘LH]tryptophan in Hz0 and DzO followed by ‘H NMR 
analysis of the indole for deuterium content (Table II). The 
degree of this internal proton transfer is variable with condi- 

i’ a 

i 
FIG. 2. Proton NMR signal for H-3 of (a) normal indole and ( b) 

indole obtained from degradation of a mixture of [ring-‘&]- and [2- 
‘Hltryptophan by tryptophanase. 

tions, the figures in Table II representing the highest values 
observed. To determine whether this transfer was intramolec- 
ular, an equimolar mixture of [rirzg-‘Hs]- and [2-‘Hltrypto- 
phans was incubated with the enzyme in D20. The appearance 
of a singlet for the proton at C-3 in the NMR spectrum of the 
resulting indole (Fig. 2) demonstrated that the hydrogen 
migration is at least predominantly intramolecular, although 
the degree of transfer in this experiment was rather low 
(-5%). Intermolecular transfer would in addition to the singlet 
have produced a doublet for the C-3 hydrogen because of 
coupling to the proton at C-2 of the undeuterated indole. 

Our final objective was to identify the exposed face of the 
cofactor’ substrate complex on the enzyme surface and to 
probe its conformation. Since tryptophanase binds alanine as 
a pyridoxal phosphate Schiff’s base and exchanges its (Y proton 
(30), the procedure of Arigoni and Austermiihle-Bertola (25) 

was adapted to investigate the geometry of this competitive 
inhibitor complex. Sodium boro[“H]hydride reduction of the 
enzyme-bound intermediate was followed by digestion of the 
denatured tryptophanase with protease and subsequent treat- 
ment with alkaline phosphatase. Tritiated pyridoxylalanine 
was isolated and degraded to alanine and pyridoxamine. Most 
(83%) of the [2-“Hlalanine was shown to possess the 2s 
configuration by deacetylation of its N-acetyl derivative with 
acylase I which cleaves the L isomer preferentially (26). The 
tritiated pyridoxamine was analyzed by incubation with apo- 
glutamate-oxalacetate transaminase which exchanges thepro- 
4’S hydrogen (27, 31, 32). Since 85% of the tritium was lost 
during this reaction, most of the reduction at C-4’ occurred 
from the si face, 

DISCUSSION 

Tryptophanase binds pyridoxal phosphate as an aldimine 
with the l amino group of a lysine residue (33, 34). Entry of a 
substrate amino acid into the active site results in transimi- 
nation (35) to form a new substrate-cofactor aldimine and a 
free lysine amino function. A basic group on the enzyme can 
then remove a proton from the LY position of the amino acid 
moiety to produce a resonance-stabilized enzyme-bound an- 
ion. This may reprotonate at the (Y carbon leading to exchange 
of hydrogen, or undergo elimination of an electronegative ,f3 
substituent to produce an aminoacrylate Schiffs base (2). 
Hydrolysis of the latter intermediate results in formation of 
pyruvate and ammonia (ai,@ elimination reaction) whereas 
addition of a new nucleophile at C-3 results in the ,i3 replace- 
ment reaction. Since all of these processes depend on initial 
stabilization of negative charge through the extended rr sys- 
tem, optimal orbital overlap requires that the r system be co- 
planar during reaction and that the a bonds which are formed 
or broken be orthogonal to this plane. The orientation of such 
intermediates relative to the enzyme surface and the mecha- 
nistic details are susceptible to probing by stereochemical 
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FIG. 3. Stereochemical possibilities in 
the sodium boro[3H]hyd.ride reduction of 
the pyridoxal phosphate. L-alanine com- 
plex bound to tryptophanase. 

IA IS 
s attack at C-4’ f& attack at C-4’ 

3-l 3H 

IIA In3 EC 
4’s, as 4’R,aR 4’3.R 4\;aS 

(ZS)- [2tjH]olom! ~2RL[2~3”]alon~ne (2R)-[2-3H]alonme (2S)-[2~3H]alonlne 

(4’S).[4’-fldpyridoxornine (4’R~-[4’-ppyridoxamine (4’S)-[4?-l]pyridoxarnine (4’R)-@-i] pyridoxomine 

FIG. 4. Stereochemical mechanism of the tryptophanase reaction. 

experiments. In particular, the following points can be eluci- 
dated: whether addition of a nucleophile (/3 replacement) and 
protonation (cu,p elimination) occur from the same side of the 
planar complex as departure of the leaving group; what fate 
the (Y hydrogen of the amino acid undergoes and where the 
proton which is donated to the leaving group or aminoacrylate 
intermediate originates; which side of the cofactor complex is 
bound to the tryptophanase surface; what orientation of the 
bond between the nitrogen and the (Y carbon of the amino acid 
moiety the Schiffs base intermediates possess. 

The results of this investigation show that both the ,f3- 
replacement reaction (formation of tryptophan from serine) 
and the a,/I eliminations (deamination of serine and trypto- 
phan) catalyzed by tryptophanase occur with retention of 
configuration; the nucleophile or proton are added from the 
same side as the leaving group departs. For the /? replacement 
reaction, this stereochemistry predicts a ping-pong mecha- 
nism or a conformational reorientation of the enzyme active 
site during the catalytic process, since both the leaving group 
and the incoming nucleophile must align orthogonal to the 7~ 
plane. Furthermore, significant intramolecular transfer of the 
(Y hydrogen of tryptophan to C-3 of indole during cleavage 
suggests that a single base is involved in the suprafacial 1,3 
shift of this proton and that the elimination is formally a syn 
process. It was not possible to demonstrate that this same 
base effects protonation of the aminoacrylate intermediate 
although this seems likely in view of the stereochemical re- 

sults. The base may be monoprotic, e.g. histidine (30), or 
alternatively, if it is polyprotic, e.g. lysine, hydrogen exchange 
of the base with solvent is probably much more rapid than 
decomposition of the intermediate to pyruvate. 

In all previous studies on pyridoxal phosphate enzymes, /I 
replacements and a,/3 eliminations were found to proceed with 
retention of configuration (6-13), protonation at C-4’ of the 
cofactor during transamination invariably occurs from the si 
face (32), and proton transfer from the (Y carbon of the ammo 
acid to C-4’ is suprafacial (3,25,36,37). Although tryptophan- 
ase does not catalyze transamination of the cofactor, the 
exposed “solvent” side at C-4’ could be identified by the 
method of Arigoni and Austermiihle-Bertola (25). I f  the re 
face is enzyme-bound, reduction of the Schiffs base formed 
from the competitive inhibitor (30), alanine, with sodium 
boro[3H]hydride would produce a new chiral center of S 
configuration at C-4’; if the si face is bound C-4’ would have 
R configuration (Fig. 3). Depending on the preferred geometry 
of the ketimine double bond and on the corresponding aldi- 
mine conformation, the second newly created asymmetric 
center would possess the same absolute configuration (IIa or 
IIb) or opposite stereochemistry (11~ or IId). Our results 
clearly show that the si face of the substrate. cofactor complex 
is exposed in tryptophanase, and that Ia and Ib represent the 
conformational orientation on the enzyme surface. The results 
of this study define the conformations and configurations of 
the various coenzyme substrate/coenzyme intermediate 
complexes involved in the tryptophanase reaction and the 
orientation of a critical base group of the enzyme relative to 
them as shown in Fig. 4. Our findings are consistent with 
Dunathan’s hypothesis (3, 32) that all pyridoxal phosphate 
enzymes bind the same face of the complex forcing all reac- 
tions to occur on the opposite side. 

Acknowlealgment-We are indebted to Ms. Kathryn Mascaro for 
analysis of the chiral acetate samples and for the assistance with 
determination of the stereochemistry of pyridoxamme. 
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