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I. Investigations in the Chemistry and Enzymology of L-Tryptophan
II. Kinetic Studies of Active Site Mutants C295L and C295V of Secondary Alcohol
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(Under the Direction of ROBERT S. PHILLIPS)
Chapter I of this dissertation investigates the efficient synthesis of 15N-Ltryptophan, and its subsequent use as an NMR probe for the detection of conformational
changes in wild type tryptophan synthase and mutants K87T, D305A, and E109D.

15

N-

HSQC-NMR of enzyme-probe complexes with and without the presence of the α-ligand,
α-glycerophosphate, were obtained. The wild type enzyme showed a weak cross peak at
10.25 ppm and 132 ppm in absence of α-glycerophosphate, and a signal six times
stronger in the presence of glycerophosphate. Mutants K87T and E109D show a similar
cross peak irrespective of α-glycerophosphate, indicating a closed conformation, but
mutant D305A only shows a similar peak in the presence of α-glycerophosphate.
Chapter II of this dissertation is the report of the efficient and regioselective
nitration of Nα, N1-bis-trifluoroacetyl-L-tryptophan methyl ester. Aromatic nitration of
L-tryptophan has been problematic in the past, and the methodology reported here is
useful as the protected nitro-L-tryptophan products are versatile reagents for the synthesis
of other aromatic derivatives of L-tryptophan via Sandmeyer chemistry. Both isomers
are synthesized in high yield, and purified without chromatography.
Chapter III of this dissertation is the kinetic investigation of mutants C295L and
C295V of secondary alcohol dehydrogenase from Thermoanaerobacter ethanolicus. The
mutants were evaluated for their efficiency in catalyzing the oxidation of the small chiral
alcohols 2-butanol, 2-pentanol and 2-hexanol at 15º C, 25º C, 35º C, 45º C, and 55º C.
Mutant C295L showed a temperature dependence in enantioselectivity for all alcohols,
with the (R)-enantiomers being favored at low temperatures. Mutant C295V shows a
trend reversal in temperature dependence for 2-butanol and 2-pentanol near 315 K.
INDEX WORDS: HSQC-NMR, Tryptophan Synthase, L-Tryptophan, Alcohol
Dehydrogenase, Thermoanaerobacter ethanolicus, Asymmetric Reduction.
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INTRODUCTION AND LITERATURE REVIEW

1

2
Section 1. History, Chemistry and Enzymology of L-Tryptophan1

“Illuminating by Fragmentation”, from the Greek, is the literal meaning of the
word tryptophan (1).2 In 1890, this name was given to a mysterious substance, known to
be present in the putrefied tissues of various human organs, which produced a red
compound upon reaction with aqueous chlorine or fuming nitric acid.3-5 This in itself
would be of limited curiosity if it weren’t for the chemistry of Adolf von Baeyer.6
Indigo7 (2), “The King of Dyestuffs”, was the subject of much scientific investigation
during the nineteenth century owing to the expense involved with the extraction of its
natural product precursor, indican (3), and with the actual process of vat dyeing with the
reduced form of indigo, indoxyl (4) (Fig.1). The chemistry of Baeyer not only led to
several syntheses of indigo, but to the elucidation of a pure compound that also produced
a red substance upon treatment with fuming nitric acid, indole. Thusly, a correlation
between indole and this mysterious color producing substance was established.
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Figure 1. Method for large-scale production of indigo

In 1841, Erdmann reported that oxidation of indigo by chromium trioxide
afforded the brilliant orange compound, isatin (5),8 and Baeyer and Emmerling reported
that the reduction of isatin with zinc afforded indole (6),9 a colorless compound with a
melting point of 52º C. Indole was also prepared by treatment of ortho-nitrocinnamic
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acid (7) with potassium hydroxide, and these two syntheses provided structural
confirmation for this new compound (Fig.2).
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Figure 2. Synthesis and structure proof of indole.

The report of the red product produced by indole’s reaction with fuming nitric
acid, now known as the “colored product” and “colored reaction” respectively, garnered
the attention of Nencki10 and Kuhne,11 working independently. Mutually convinced that
this compound was related to, if not the identity of, the substance present in organ tissues,
these scientists repeated the decade’s old work of examining putrefied organ proteins and
were able to isolate several substances which produced the colored compound via the
colored reaction. Curiously, the substances isolated by Nencki or Kuhne in 1875 had
several properties which differed from the indole prepared by Baeyer. The melting points
of several of these compounds were over 90º C, and all of them had the characteristic
fecal odor as reported in the decades old original work of Tiedemann,3 Bopp,12 and
Bernard.4 3-Methyl indole, isolated from human feces by Brieger in 1877,13 produced the

4
fecal odor characteristic of the putrification extracts, melted at 95-97º C and was
unreactive to fuming nitric acid. It was given the name skatole (8) for obvious reasons.13
Recognizing that indole contaminated with skatole could account for the inconsistencies
between Baeyer’s indole and the crystals isolated from human organs, Nencki separated
indole, with identical properties to those of Baeyer, from this possible contaminant by
recrystallization from ether and water.14
The presence of indole in protein was now confirmed, but several questions still
needed to be answered. First, protein only afforded the colored compound after being
putrefied extensively, or by other chemical modification. Secondly, some proteins
provided a stronger indication with the colored reaction than others. For instance,
putrification of gelatin failed to produce compounds positive to the colored reaction;
additionally, it had been established that gelatin was also of marginal nutritional value.
With this knowledge, a correlation between an indole containing molecule in protein and
essential nutrition could be established. Even though the identity of the indole containing
molecule had not been established, it was named, en obscura, according to the positive
colored reaction obtained after its degradation.
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The structure of tryptophan would not be determined for another twelve years,14 but an
important fact was already apparent. The chemistry of L-tryptophan cannot be
considered separate from the chemistry of indole, and that is just as true today.
L-tryptophan is present in essentially all protein, and plays many roles in
biochemistry aside from as a structural element in peptides. L-tryptophan, one of eight
essential amino acids in animals, is the precursor of several important hormones
including serotonin (9) and melatonin (10) (Fig. 4). Serotonin, 5-hydroxytryptamine, is a
neurotransmitter and has been the subject of much research for the development of drugs
to combat depression and other ailments. Selective serotonin reuptake inhibitors (SSRI)
such as Prozac™ and Paxil™ have recently seen widespread use for combating
depression,16 bipolar disorder and other conditions affecting sense of well-being.
Melatonin is a pineal hormone which regulates daily and seasonal changes in
reproductive activity, sleep patterns, appetite and energy metabolism.17 It is not
surprising that L-tryptophan, as a dietary supplement, has been reported to be very
effective in treating mild cases of depression. However, in 1988, contaminants in
commercially available L-tryptophan, from the Japanese company Showa-Denko, K.K.,
was reportedly responsible for an outbreak of 1300 cases of Eosinophilia Myalgia
Syndrome which was responsible for more than 38 deaths.18.19 Ondansetron (11)20 is a
selective 5-HT3 antagonist and is used clinically as an anti-emetic to combat side effects
of chemotherapy including nausea and vomiting. There are thousands of natural products
containing L-tryptophan’s functional group, indole, among them are the bis-indole antitumor agents vincristine (12) and vinblastine, and the noted hallucinogen, LSD, lysergic
acid diethylamide (13) (Fig. 4).
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Figure 4. Indole containing molecules of natural origin.

L-tryptophan has been the subject of synthetic investigation since the elucidation
of its structure by Ellinger in 1906.21 Hopkins and Cole believed the structure of
tryptophan to be skatole-α-aminoacetic acid;15 however, Ellinger proved this structure to
be incorrect by synthesizing a key oxidative cleavage product of tryptophan, indole-βaldehyde (14). This molecule proved to be a key intermediate as Ellinger reported the
total synthesis of tryptophan the very next year with Flamand.22 Starting with indole (6),
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indole-β-aldehyde (14) was synthesized by a Riemer-Tiemann chlorocarbene insertion.
Azalactone (15) was made upon condensation with hippuric acid. Saponification of (15),
followed by reduction and hydrolysis of (16), afforded tryptophan in less than 4% overall
yield (Fig. 5). Modifications of this synthesis improved overall yield to about 30%, but
the inefficiency of the Reimer-Tiemann reaction eventually led synthetic investigations of
tryptophan in alternate directions.
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The most common modern synthesis of L-tryptophan uses readily available
gramine (17) as the starting material. Gramine itself is easily prepared in high yield from
indole via Mannich reaction in acetic acid23 or with Eschenmoser's salt (18) in
toluene.24,25 Substitution of the electrophilic β-methyl by nucleophilic
acetamidomalonate (19), followed by workup in aqueous acid at 80º C results in monodecarboxylation and hydrolysis of the remaining ester and amide groups to afford
racemic tryptophan (1) in 73% overall yield26,27 (Fig.6).
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Figure 6. Efficient, racemic synthesis of L-tryptophan

In recent years, the most effective means for synthesizing optically pure L-tryptophan
from indole has been by condensation with L-serine using the pyridoxal-5’-phosphate
(vitamin B6, PLP) dependent enzyme, tryptophan synthase. This method is effective for
the preparation of many L-tryptophan derivatives from the corresponding substituted
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indoles. Isomers of L-tryptophan substituted by chlorine,28 fluorine,29 and methyl30 have
been synthesized in this manner.
Despite the utility of tryptophan synthase for the preparation of many Ltryptophan derivatives, this procedure is not effective for reactions involving bulky
substrates such as bromo and nitro derivatives of indole.31 Because of this, only a few
isomers of L-tryptophan substituted with bromine or nitro have been reported in the
literature. Bromo-L-tryptophan isomers that have been published include 2-bromo,32,33 5bromo,34 and 7-bromo.35 Nitro-L-tryptophan isomers reported in the literature include 2nitro,36 5-nitro,37,38 and 6-nitro-L-tryptophan.39-41 Direct methods for synthesizing
bromo-L-tryptophan are absent from the literature as these compounds have only been
prepared from brominated precursors or from the corresponding protected nitro-Ltryptophans.42 Direct nitration of L-tryptophan affords 6-nitro-L-tryptophan in reported
good yield,40 but the complicated workup and purification hamper attainable yield and
cost effectiveness significantly. The protected L-tryptophan derivative, Nα trifluoroacetyl-L-tryptophan methyl ester, affords the 6-nitro product in 40% yield and
the 2-nitro product in 6.8% yield from nitration with nitric acid in acetic acid. However,
a complex mixture is obtained, requiring column chromatography for purification.
Reaction of Nα -trifluoroacetyl-L-tryptophan methyl ester with N-bromo succinimide
(NBS) in CCl4 yields the 2-bromo derivative in 83% yield.32
Obviously the chemistry of tryptophan’s functional group indole has been
extensively studied for the past century. The association of indole with essential nutrition
was established even before a fundamental understanding of protein and macronutrients
had been formed, and its prevalence in natural products is second to none.43 Synthetic
methodology for indole syntheses covers a broad range of applications from the simple
preparation of indole from a mono-substituted benzene, to pyrrole ring closure as a key
step in the total syntheses of natural products. The Fischer indole cyclization44-46 is the
most widely used method for synthesizing the 2, 3-benzopyrrole heterocycle. Formally,
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the reaction comprising the name is the cyclization of a phenyl hydrazone to form the
pyrrole ring of indole. However, the transformation of aniline or a functionalized aniline
to the corresponding indole derivative via the phenylhydrazine is called the Fischer
synthesis.44 The first step in a Fischer indole synthesis is the preparation of the
phenylhydrazine (Fig. 7) of the aromatic amine starting material. Aniline (21) is a
common Fischer synthesis starting material,47 and here it is treated with HCl and sodium
nitrite to form the diazonium salt (22). Reduction of (22) with stannous chloride affords
phenylhydrazine (23).
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Figure 7. Preparation of phenylhydrazine

A classic example of the Fischer synthesis is the reaction of phenylhydrazine (23) with
acetophenone (24).48 The phenylhydrazone (25) is formed by treatment with HCl and
ring closure is catalyzed by zinc chloride to afford 2-phenylindole (26) (Fig. 8).
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The utility of the Fischer synthesis is showcased in R.B. Woodward’s synthesis of
strychnine49,50 (Fig. 9). A Fischer cyclization of phenylhydrazine (23), with 3,4dimethoxyacetophenone (27) is the first synthetic step. Polyphosphoric acid-catalyzed
ring closure of the phenylhydrazone produced 2-(3,4-dimethoxybenzyl)-indole (28).
Recognizing the utility of Gramine (17), Woodward’s next reaction was a Mannich
alkylation at the 3 position to afford 2-veratrylindole (29) in 92% yield.
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Figure 9. Fischer synthesis showcased in R.B. Woodward’s synthesis of strychnine.

The Fischer synthesis is a versatile and efficient means to prepare functionalized
indoles, but it is inefficient for synthesizing indole itself, or indole derivatives bearing
electron-withdrawing groups or labile functionalities on the pyrrole ring. Difficulties in
the preparation of less functionalized indoles by the Fischer method are due to lower
yield in the formation of their respective phenylhydrazines, and separately, their failure to
cyclize once formed. Formation of less functionalized phenylhydrazones can be
accomplished via the Japp-Klingemann reaction.51-53 In 1887, Japp and Klingemann
reported the synthesis of the phenylhydrazone of ethyl pyruvate (34) upon reaction of
aniline’s diazonium salt (22) with ethyl 2-methylacetoacetate (32) (Fig. 10). This
conversion has been accomplished in good yield,53 but the lack of efficiency in
cyclization to the benzopyrrole prevents this method from being viable for syntheses
demanding high yield.
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Figure 10. Japp Klingemann formation of the phenylhydrazone of ethyl pyruvate

The most efficient method for synthesizing unsubstituted indole from aniline is
via isatin (Fig.11). Isatin (5) is prepared in good yield from aniline (23) by reaction with
chloral hydrate.54,55 The resulting isonitrosoacetanilide (35) is converted to isatin by
refluxing in aqueous acid. Reduction of isatin is most efficiently accomplished by
hydride reduction with 4 equivalents of LAH.56
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Figure 11. Sandmeyer synthesis of Isatin

Recent advances in chemoenzymology have brought enzyme catalysis to the
bench of synthetic chemistry as routine methodology,57,58 and this is certainly true for the
synthesis of L-tryptophan and many of its derivatives.28-30 Tryptophan synthase and
tryptophan indole-lyase are two pyridoxal 5’-phosphate (vitamin B6, PLP) (36)
dependent enzymes associated with the biosynthetic catalysis and degredation of Ltryptophan. PLP dependent enzymes themselves are prevalent in nature and catalyze a
wide variety of reactions involving amino acids, including transaminations, α and βdecarboxylations, β and γ eliminations, racemizations and aldol reactions, where the
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function of PLP is to act as an electron-withdrawing functionality to stabilize reaction
intermediates and to form Schiff base complexes with the enzyme substrates.
Structurally, PLP is represented as a pair of tautomers (Fig. 12).
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Figure 12. Tautomers of pyridoxal 5’-phosphate

Tryptophan indole-lyase [EC 4.1.99.1] catalyzes the reversible hydrolytic
cleavage of L-tryptophan to indole, pyruvate and ammonium (Fig. 13),59 and has been
applied to numerous other substrates as well.60,61 Although catalysis equally favors the
forward and reverse reactions, tryptophan indole-lyase has an increased tolerance for
varying substrate structures compared to tryptophan synthase.
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Tryptophan synthase (EC 4.2.1.20) is the most useful enzyme for synthesizing Ltryptophan from indole and certain derivatives thereof, perhaps because this conversion
mimics its role in nature, where it catalyzes the final two steps of the biosynthesis of Ltryptophan. Structurally, the enzyme is a four subunit complex consisting of two
identical α structures flanking a central β2 dimer. Schematically, this can be accurately
described as α-ββ-α.63-66 Each α-subunit independently catalyzes the reversible cleavage
of indole 3-glycerophosphate (38) to indole (6) plus glyceraldehyde-3-phosphate (39);
hence, this is described as the α-reaction. The β2 complex, or simply β, catalyzes the
irreversible conversion of indole (6) and L-serine (40) to L-tryptophan (1), with PLP (36)
as the cofactor (Fig. 14).
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Interestingly, indole is not observed as an intermediate in kinetic studies, suggesting that
it never leaves the tryptophan synthase structure. X-ray crystallographic structures have
revealed a 25-30 Å interenzyme tunnel linking the α and β active sites whereby indole
travels to the β-site directly upon α-cleavage (Fig. 15).67-73 Moreover, intermediate
complexes of the α and β-reactions allosterically regulate catalysis at the other.74-76 A
product of the α-reaction, glyceraldehyde-3- phosphate, binds with the α-complex to
allosterically regulate the binding of L-serine to PLP, and serves as a steric inhibitor,
blocking the entrance of indole into the interenzyme tunnel. In contrast, the reactive
intermediate complex of the β-reaction, aminoacrylate, activates the α-reaction 27 fold.
Together, these interactions promote the forward progress of the αβ-reaction.

Figure 15. Tryptophan synthase: key residues and substrate path.
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Mechanistic studies of the β-reaction of tryptophan synthase (Fig. 16) revealed
that residue βK87 is the attachment point of PLP77,78 and serves in several catalytic roles.
Void of any substrate, PLP is bound to residue K87 in the form of the internal aldimine, a
Schiff base complex (E).
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Figure 16. Mechanism of tryptophan synthase

Attachment of L-serine, promoted by the presence of G3P at the α active site, forms the
external aldimine (E-ser) which is converted to the aminoacrylate (E-AA) upon loss of
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water; this is the reactive intermediate for addition of indole. Addition of indole to the
aminoacrylate affords the quinonoid intermediate (EQ). At this point, the amine residue
of βK87 acts as a Bronsted-Lowry acid, and provides the proton for the conversion to the
L-tryptophan external aldimine (E-Trp). The release of L-tryptophan leads to the
regeneration of the original internal aldimine, ready to catalyze another synthesis of Ltryptophan.

Section 2. Synthetic Applications of Alcohol Dehydrogenases

The use of enzymes in the synthetic lab has expanded greatly in the last two
decades.57,58 Major contributors for this trend are the increased emphasis on stereocontrol in methodology, the availability of enzymes with increased thermal and chemical
stability, and the mild conditions under which they catalyze reactions. Additional
benefits associated with the use of enzymes in organic synthesis include a reduced need
for organic solvents and heavy metals, both of which are costly to purchase and dispose
of.
Alcohol dehydrogenases (ADH) are among the most synthetically useful enzymes
in organic chemistry. Reasons for their value to the organic chemist include the ability of
ADHs to synthesize chiral alcohols in high enantiomeric excess under mild conditions,57
and for the ubiquity of chiral alcohols as starting materials in natural products and
pharmaceutical synthesis. The term alcohol dehydrogenase is a categorical descriptor for
enzymes that catalyze the oxidation of primary or secondary alcohols to the
corresponding aldehydes or ketones, or catalyze the reduction of carbonyls to
alcohols.82,83 Essentially all ADHs used in synthesis incorporate either nicotinamide
adenine dinucleotide (NAD) (41) or its 2’-phosphate, NADP (42), as an hydride
donor/acceptor (Fig. 17). Owing to the mechanism of catalysis, ADHs are more
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generally categorized as oxidoreductase enzymes. In addition to NAD(P) dependence,
most ADHs share some structural and catalytic properties including dimeric or tetrameric
subunit structures,84 and the presence of active site Zn2+ as a Lewis acid catalyst.
Common alcohol dehydrogenases of synthetic value
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are those from baker’s yeast (YADH) [E.C.1.1.1.1],57,85 horse liver (HLADH)[EC
1.1.1.1];86 and two ADHs from thermophilic organisms87-90 which are seeing increasing
synthetic use: TBADH [EC 1.1.1.2] from Thermoanaerobacter brockii,91-94 and SADH
[EC 1.1.1.2] from Thermoanaerobacter ethanolicus.95-97
Figure 18 illustrates the catalytic mechanism98-100 of 2-butanol formation by
TBADH, and is similar to the catalysis by other ADHs. X-ray data101 reveals that the
Zn2+ ion is tetrahedrally coordinated by residues Cys37, His59, Asp150 and Glu60 and
the acidic proton is furnished by water or a threonine. The pro-R hydride of the
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nicotinamide is delivered to the re face of the substrate affording the (S)-alcohol; and this
occurs when the smaller alkyl group is oriented in the small alkyl pocket and the larger
alkyl group is in the large alkyl pocket.93

HIS 59
ASP 150

GLU 60
Zn2+

CYS 37

THR
O

H

O
re face

HR

HS

O
NH2

large alkyl
binding pocket
small alkyl
binding pocket

N
ADPR

Figure 18. Delivery of pro-R hydride of the nicotinamide to the re-face of 2-butanone.

This specific stereochemical outcome is known as Prelog’s rule,102 and is a useful model
for determining the stereochemistry of reductions catalyzed by YADH, HLDH, and
TBADH. SADH also obeys Prelog’s rule in most cases, and has demonstrated a
temperature dependence on stereochemistry. (R)-butanol is preferentially oxidized above
26ºC, where the (S)-butanol is preferentially oxidized below 26ºC.103,104
The use of baker’s yeast in organic synthesis represents the easiest and cheapest
chemoenzymatic method available to the chemist,57 and has several key advantages.
Yeast suitable for synthetic chemistry is extremely cheap and readily available, reactions
involving whole cells require no purification, and the very costly nicotinamide cofactor is
already present. This method is useful for the oxidation and chiral reduction of small
substrates, but YADH is wholly unsuitable for the reduction of cyclic ketones or
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substrates bearing multiple alkyl substituents larger than methyl.105,106 Other limitations
to the use of bakers yeast for synthetic transformations include low enantiomeric excess,
sensitivity to heat, organic solvents, and salt concentration. Reactions involving YADH
purified from yeast cells show greatly increased enantiomeric excess and an increased
tolerance for substrate variation over the reactions with whole cells; however, reactions
with the pure enzyme still exhibit the main limitations of YADH, its inherent sensitivity
to temperature and solvents which effect dissociation of the tetramer.
HLADH has seen widespread use in organic synthesis,86 and is the best
characterized of all oxidoreductases.84 HLADH is a dimer composed of two identical 40
KDa, 374 amino acid subunits,107 which contrasts with the tetrameric forms of YADH,
TBADH, and SADH. HLADH is also unique as the active site Zn2+ is trigonally
coordinated.108 Like YADH, the periphery of the enzyme contains a large number of free
cysteines which are believed to contribute their thermal and chemical sensitivity as thiol
groups are prone to oxidation, alkylation, and complexation with heavy metals.109
Despite these limitations, HLADH exhibits some remarkable catalytic properties
including reported facial distinction in meso compounds and prochiral geometric
isomers.110 Enantioselective reductions of cyclic and bicyclic ketones are common,
especially for three and six membered rings.85 Reductions of non-nitrogen containing
heterocyclic carbonyls are also accomplished in good enantiomeric excess.102 Cyclic
ketones with a heterocyclic nitrogen are poor substrates presumably due to coordination
of the nitrogen to the active site zinc. Oxidations are also in HLADH’s repertoire as the
enantioselective, and regioselective oxidation of α-amino alcohols and gem-diols to
afford chiral aldehydes111 is reported.
Several NADP(H) dependent, tetrameric ADHs have been isolated from
thermophilic bacteria which have been useful for the synthetic chemist.87-90 TBADH
from Thermoanaerobacter brockii91-94 has shown increased tolerance to reaction
conditions and substrate structural variability, including acyclic ketones.92-94 It has also
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shown a reversal in stereoselectivity based on substrate size.92 TBADH has been used for
the asymmetric synthesis of chiral alcohols91,92,94 and in several total syntheses.93,94
Secondary alcohol dehydrogenase (SADH) is one of two ADHs isolated from
Thermoanaerobacter ethanolicus.88 It is structurally similar to TBADH, and consistent

with its name, has a preference for secondary alcohols over primary alcohols.
SADH has also been used in synthetically applicable oxidations and reductions,95-97 and
has demonstrated a reversal in enantiospecificity for alcohol oxidation. Although the
selectivity for R-alcohol oxidation is limited, the potential for the use of SADH for the
synthesis of both R and S chiral alcohols is compelling. Recently, several mutants of
SADH have been studied.112-116 Phillips and coworkers115 have reported an increase in
both activity and R-specificity with mutant S39T, whose mutant residue resides within
the large alkyl binding domain92 along with the bulk of the nicotinamide cofactor.116
Asymmetric reduction of ethynyl ketones by SADH occurs with high yield and
enantiomeric excess, but at the expense of enzyme deactivation, presumably from a
nucleophilic active site residue.96 TBADH shares a similar homology with SADH, and
modeling studies revealed the presence of cysteine in the small alkyl binding domain.
Substitution of the analogous cysteine in SADH, cysteine 295, by the smaller aliphatic
and non-nucleophilic residue alanine did not alleviate the inactivation of the enzyme by
ethynyl ketones, and the temperature correlation to enantioselectivity for 2-butanol and 2pentanol was lost.116
Oxidations of small chiral alcohols by SADH mutants C295L and C295V are
reported in chapter 3 of this dissertation, and results indicate that these mutations affect
the enantioselectivity of catalysis significantly.117 Further study of active site mutants of
SADH and other ADHs should result in the development more accurate models for
predicting the stereochemical outcome of reactions, and lead to mutants with improved
enantioselectivity, increased flexibility for diverse substrates, and resistance to
deactivation.
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Abstract
1-15N-L-tryptophan was synthesized and complexed with wild type tryptophan
synthase and β-subunit mutants, K87T, D305A and E109D, in the presence or absence of
the α-ligand, α-glycerophosphate. Enzyme-substrate complexes were observed by 15N
heteronuclear single-quantum coherence nuclear magnetic resonance spectroscopy (15NHSQC-NMR) for the presence of 15N-L-tryptophan bound to the β active site.
Experimental results are similar to those obtained by kinetic and x-ray methods. Wild
type tryptophan synthase shows a weak cross peak at 10.25 ppm and 132 ppm in the
absence of α-glycerophosphate. The addition of glycerophosphate produces a signal six
times more intense, consistant with closure of the active site. Spectra of mutants, K87T
and E109D, show a similar cross peak with and without the presence of αglycerophosphate, indicating the preference for a closed conformation. In contrast,
mutant D305A only shows a peak in the presence of α-glycerophosphate.
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Introduction
Bacterial tryptophan synthase (EC 4.2.1.20) is a pyridoxal-5'-phosphate (PLP,
vitamin B6) dependent enzyme that catalyzes the final two steps of the biosynthesis of Ltryptophan. Structurally, the enzyme is a four subunit complex consisting of two
identical α-structures flanking a central β2-dimer. Schematically, this can be accurately
described as α-ββ-α.1-4 Each α-subunit independently catalyzes the reversible aldol
cleavage of indole 3-glycerophosphate to indole plus glyceraldehyde 3-phosphate; hence,
this is described as the α-reaction. The β2-complex, or simply β, catalyzes the
irreversible conversion of indole and L-serine to L-tryptophan, with PLP as the cofactor
(Fig. 1.1).
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Figure 1.1 Reactions catalyzed by tryptophan synthase

Interestingly, indole is not observed as an intermediate in kinetic studies, suggesting that
it never leaves the tryptophan synthase structure. X-ray crystallographic structures have

31
revealed a 25-30 Å interenzyme tunnel linking the α and β active sites whereby indole
travels to the β-site directly upon α-cleavage (Fig. 1.2).5-11 Moreover, intermediate
complexes of the α and β-reactions allosterically regulate catalysis at the other.12-14 A
product of the α-reaction, glyceraldehyde-3-phosphate, binds with the α-complex to
allosterically regulate the binding of L-serine to PLP, and serves as a steric inhibitor,
blocking the entrance of indole into the interenzyme tunnel. In contrast, the reactive
intermediate complex of the β-reaction, aminoacrylate, activates the α-reaction 27 fold.
Together, these interactions promote the forward progress of the αβ-reaction.

Figure 1.2. Tryptophan synthase: key residues and substrate path.

Although the mechanism of the β-reaction (Fig.1.3) has been studied extensively,
there is much to be learned about the roles of individual residues in catalysis and subunit
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intercommunication. Residue βK87 has been determined to be the attachment point of
PLP15,16 and serves in several catalytic roles. Void of any substrate, PLP is bound to
residue K87 in the form of the internal aldimine, a Schiff base complex (E). Attachment
of L-serine, promoted by the presence of G3P at the α active site, forms the external
aldimine (E-ser) which is converted to the aminoacrylate (E-AA) upon loss of water.
This is the reactive intermediate for addition of indole. Addition of indole to the
aminoacrylate affords the quinonoid intermediate (EQ). At this point, the amine residue
of βK87 acts as a Brönsted-Lowry acid, and provides the proton for the conversion to the
L-tryptophan external aldimine (E-Trp). Release of L-tryptophan leads to the
regeneration of the original internal aldimine, ready to catalyze another synthesis of Ltryptophan.
Evidence of allosteric regulation comes from both X-ray data14,17,18 showing
conformational changes associated with bound intermediates, and from kinetic data12,13,19
of wild type and several key mutants of the enzyme, where key residues associated with
allosteric regulation have been substituted with residues bearing less complementary side
chains. Much direct evidence on the nature of enzyme conformational change and
mechanistic proof has been acquired by direct study of mutants of this enzyme. Mutants
of three different key residues in the β-active site have received particular attention and
have demonstrated significant effect on reaction catalysis. βK87T, βE109D, and
βD305A mutants of bacterial tryptophan synthase have demonstrated conformational and

kinetic deviations from wild type.
In this experiment, L-tryptophan substituted by 15N at the 1 position of the indole
ring was synthesized and successfully used as an NMR probe to determine
conformational state information of wild and β-active site mutants K87T, E109D and
D305A tryptophan synthase with and without the presence of an analog of the α-reaction
product, α-glycerol phosphate. This method permits the elucidation of important
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conformational information without the difficulties associated with X-ray crystallography
or lack of structural information provided by kinetic measurement.
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Materials and Methods
Materials. Amino acids and other bioreagents were obtained from Sigma. 15Naniline was obtained from Isotec.
Synthesis of 1-15N-L-tryptophan: 20
Synthesis of 15N Isonitrosoacetanilide:21,22

15

N-Aniline (500 mg, 0.0053 mol)

was placed in a 100 ml round bottom flask with 5 ml of water and 0.5 ml concentrated
HCl. To this solution, 1.0 g (0.0051 mol) of chloral hydrate in 15 ml water was added
followed by 15 g sodium sulfate. A solution consisting of 1.2 g (0.05 mol)
hydroxylamine hydrochloride in 5 ml water was added to this after 20 minutes of stirring
at room temperature. The reaction mixture was heated at reflux, in an oil bath over the
period of one hour under reflux. The flask containing the reaction mixture was
immediately removed from heat and allowed to cool to room temperature and then placed
in an ice bath. The product crystallized from the ice-cold solution where it was filtered in
vacuo. The product, 15N-isonitrosoacetanilide, was recovered as a white, crystalline

powder, which was dried in vacuo to afford 770 mg (88%).
Synthesis of 15N-isatin: Isonitrosoacetanilide (500 mg, 0.003 mol) was added to
5 ml of concentrated sulfuric acid at 40° C. The reaction mixture was slowly heated to
65° C and stired at that temperature for 1 hour. Upon completion of the reaction, the
opaque, purple mixture was poured over 200 g crushed ice. The ice quickly melted to
reveal a bright orange precipitate, which was collected by filtration to afford 412 mg
isatin (92%).
Synthesis of 15N-indole: 15N-Isatin was converted to 15N- indole by hydride
reduction.23

15

N-isatin (350 mg, 0.00237 mol) was combined with 6 ml freshly distilled

diethyl ether and cooled to –78° C. Four equivalents of lithium aluminum hydride (LAH)
in 10 ml diethyl ether were cooled to -78° C and added dropwise to the 15N-isatin
solution with vigorous stirring. This mixture was allowed to warm to room temperature
over a period of 6 hours. Upon reaction completion, ethanol was added until gas
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evolution stopped. Water (5 ml) was then added to the reaction mixture, followed by 1.0
ml of 1.0 M HCl. The aqueous layer was separated and the ether layer was extracted
with 5 ml of 0.5 M HCl. The ether layer was steam distilled, and 15N-indole was isolated
from the distillate following concentration by rotary evaporation. The product, 15Nindole, was purified by cold-finger sublimation to afford 185 mg white solid (66%). 1HNMR (300 MHz, CDCl3): δ 6.31 (1H, t, 3-CH), 6.7 (1H, q, 2-CH), 7.1 (1H, t, NH), 7.3
(1H, d, Ar), 7.65 (1H, d, Ar), 7.82 (1H, t, Ar), 8.34 (1H, t, Ar).
Synthesis of 15N-L-tryptophan: 1-15N-L-tryptophan was synthesized from
15

N-indole and L-serine by enzymatic catalysis with tryptophan synthase.24

15

N-indole

(137 mg) was placed in a 100 ml round bottom flask with 50 ml 0.1M potassium
phosphate buffer, pH 7.8. L-serine, 200 mg, 200 µl tryptophan synthase solution (6.7 mg
enzyme) and 0.5 mg of pyridoxal-5’-phosphate were added. The reaction solution was
sealed, and wrapped in aluminum foil, and allowed to stir for 30 h. Upon reaction
completion, the solution was heated to 80° C to denature the enzyme. The mixture was
filtered through celite and the filtrate was concentrated by rotary evaporation. The
concentrated filtrate was loaded onto a reverse phase column (2.5cmx30cm; Analtech
bonded C18, 35-75 micron, cat#53010).

15

N-L-Tryptophan was eluted in 5% to 20%

methanol: water. 198 mg 15N-L-tryptophan was recovered (83%). Characterization and
complete 1H and 13C -NMR assignments were obtained (Figs. 1.6-1.10). 15N-LTryptophan, 1H NMR (400 Mhz, D2O): δ 3.10 (1H, dd, Jββ’ = 15.6, Jαβ’ = 8.6 Hz, β’-H),
3.15 (1H, s, -OH), 3.28 (1H, dd, Jββ’ = 14.9, Jαβ = 4.7 Hz, β-H), 3.83 (1H, dd, J = 8.6, 4.7
Hz, α-H), 6.99 (1H, t, J=7.0 Hz, C5-H), 7.08 (1H, t, J = 7.8 Hz, C6-H), 7.10 (1H, d, J =
4.7 Hz, C2-H), 7.31 (1H, d, J=7.8 Hz, C7-H), 7.51 (1H, d, J=7.8 Hz, C4-H); 13C NMR
(100 Mhz, D2O): δ 26.5 (β-C), 55.1 (α-C), 107.5 (3-C), 112.0 (7-C), 118.5 (4-C), 119.5
(5-C), 122.2 (6-C), 125.1 (2-C), 126.7 (3’-C), 136.4 (7’-C), 174.6 (-COO-), ESMS, m/z
206 (M+1 calcd for C11H12N2O2, 206).

36
Growth and Expression of Tryptophan Synthase: Wild type tryptophan
synthase used in chemoenzymatic reactions was expressed from E. coli containing
plasmid pSTB7, and grown from an agar plate into 2 liters L-broth containing 50 mg/L
ampicillin. Cells were lysed and enzyme was collected and purified as previously
described.25,26 All samples of tryptophan synthase, wild type and mutant, used in the
NMR experiments were grown and purified in the lab of Dr. Edith Miles at the National
Institutes of Health.
NMR sample preparation: Individual samples of the various tryptophan
synthase derivatives were prepared as followed: Enzyme solution, 1.0 ml, was thawed
and allowed to warm to room temperature where 0.5 mg of pyridoxal-5’-phosphate (PLP)
was added and allowed to stir for 1 hour. The enzyme was then dialized on a Sephadex
G-25M column rinsed with 10 mM triethanolamine (TEA⋅HCl), pH 8. The enzyme was
collected by elution in 10 mM TEA⋅HCl and the eluent, 3 ml, was concentrated by
ultrafiltration in an amicon to 0.5 ml.
Three NMR measurements were made for each enzyme: The initial
measurements were made with samples containing 500 µl enzyme in 10 mM TEA⋅HCl,
pH 8 plus 50 µl D2O. The two subsequent measurements involved additions to the
sample including, first, the addition of 25 µl solution containing 0.1 M 15N-L-tryptophan
for the second measurement, and addition of 25 µl 0.5 M glycerophosphate for the third.
Data collection: NMR data were collected with a Varian Inova 500
spectrometer (499.8 MHz, 1H). Water signal suppression was done using flip-back
pulses27 and pulse field gradients.28 HSQC Experiments29 were carried out with
sensitivity-enhanced gradient coherence selection30 and the data were processed with
NMRPipe.31
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Results and Discussion
The methodology chosen for the synthesis of 1-15N-L-tryptophan affords the
highest possible yield of product starting from 15N- aniline. Critically, this synthesis also
incorporates the aniline nitrogen as the nitrogen at the 1 position of the L-tryptophan
product. Many syntheses of L-tryptophan have been reported in the literature and many
of these could be adapted to our needs. Conveniently, the enzyme of study, tryptophan
synthase, is very useful in chemo-enzymatic synthesis. Conversion of indole to Ltryptophan can be carried out in very high yield producing the single product enantiomer.
Several total syntheses of 15N-L-tryptophan have been reported in the literature20,32,33 and
each incorporated the conversion of 15N-indole to 15N-L-tryptophan using tryptophan
synthase either by reaction in cell cultures modified to express this enzyme in high yield,
or by the free enzyme in buffer. None of the previously reported syntheses use 15N
aniline, either as a step or starting material. Of the various ways to synthesize indole
from aniline, including the Fischer indole synthesis,34,35 Japp-Klingeman synthesis36 and
Sandmeyer synthesis of isatin,37 the latter was chosen for its overall efficiency.
1-15N-L-Tryptophan was synthesized efficiently and cleanly from 15N-aniline,
obtained from Isotec (Fig.1.4). A Sandmeyer reaction of 15N-aniline with chloral hydrate
afforded 15N-isatin, a brilliant orange powder, following ring closure with sulfuric acid.
Subsequent reduction with four equivalents of lithium aluminum hydride (LAH) and
purification by steam distillation produced 15N-indole in high yield.

15

N-L-Tryptophan

was chemoenzymatically synthesized from 15N-aniline by reaction with tryptophan
synthase with one equivalent of L-serine and a catalytic amount of PLP. TLC analysis of
this transformation revealed rapid formation of product. The reaction was allowed to
continue for twenty four additional hours to assure complete transformation, at which
time TLC indicated no residual starting material, 15N-indole.
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Figure 1.4. Synthesis of 15N-L-tryptophan

NMR has much potential as a tool in the study of enzyme catalysis. Where X-ray
crystallography is labor and time intensive and only capable of observing protein
structure in a crystalline form, NMR observation of enzyme function via labeled substrate
is quick and easy to perform and can provide novel information of the structural and
electronic environment of an enzyme’s active site and intermediate states. NMR is of
particular use as a tool for the study of wild and mutant forms of an enzyme where proof
of residue function is often proven by qualitative changes in enzyme catalysis afforded by
site directed mutagenesis of that residue. Simple observation or non-observation of a
single signal is often all that is needed to prove function.
Tryptophan synthase is an ideal enzyme for study by labeled substrate NMR of
wild and mutant enzyme forms for several reasons. First, tryptophan synthase has been
the subject of considerable study, and X-ray structures of wild and several mutant forms
have been reported. Information provided by labeled substrate NMR can both be verified
by known data and can provide new information as well. Secondly, various intermediate
complexes of this enzyme allosterically regulate enzyme conformation, catalysis and
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intermediate stability of disparate active sites, and NMR is a well-suited tool for
measuring these subtle conformation and electronic changes. Finally, proof of key β
residue function can be elucidated by simple observation of product binding in the β site.
This is a simple measurement which serves well as an initial foray into this type of
analysis.
The experimental method used in these experiments is 15N-HSQC-NMR.

15

N-

HSQC-NMR facilitates the observation of a 15N signal indirectly by observing the amine
proton.28 The principal advantage to this technique is an enormous increase in detection
capability versus direct 15N measurement, which permits experimental observation under
biologically and chemically relevant concentrations. Because this method observes the
15

N indirectly, the N-H proton must be present, and not exchanging rapidly, which

necessitates performing the experiment in a slightly acidic environment. An additional
benefit to 15N-NMR is the sensitivity of the 15N signal coupling constant to changes in
chemical environment. This method has the potential of detecting minor changes in the
electronic and steric environment of an enzyme active site. The great advantage of using
an 15N labeled probe with this technique is the ability to observe a single nitrogen atom in
the enzyme-substrate complex due to the very low natural abundance of 15N among the
enzyme residues.
15

N-HSQC-NMR experiments were performed on wild type tryptophan synthase,

and K87T, E109D and D305A mutants, with PLP and 1-15N-L-tryptophan with and
without the ligand, α- glycerophosphate. The wild type enzyme produced a signal with
an intensity five times greater with the presence of added α-glycerophosphate (Fig. 1.12)
than without (Fig.1.11). Enzymes K87T and E109D with 1-15N-L-tryptophan produced
signals equal in intensity with or without the presence of α-glycerophosphate (Figs. 1.131.15). Mutant D305A with 1-15N-L-tryptophan only produced a signal in the presence of
glycerophosphate (Figs. 1.16, 1.17)
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L-Tryptophan bound to the active site of tryptophan synthase is stabilized with the
α -active site in a closed conformation. This complex is observed by HSQC-NMR of 115
1

N-L-tryptophan as a signal approximately 130 ppm in the 15N axis and 10.2 ppm in the

H axis. The observation of this signal is dependent on either the α active site adopting a

closed conformation, itself dependent on the presence of the α-site ligand αglycerophosphate or glyceraldehyde-3-phosphate in the wild type enzyme, or stabilization
of an L-tryptophan covalent bond to either PLP or some other residue within the β-active
site.

15

N-HSQC-NMR experiments of the wild type tryptophan synthase confirm this

model. In the absence of α-glycerophosphate the NMR signal is observed at a very low
signal strength. This indicates that the β-active site has not adapted a fully closed
conformation; and the L-tryptophan NH is free to exchange from the β-active site to free
solution. In the presence of α-glycerophosphate, the NMR signal is more than five times
stronger, indicating a closed β conformation and confirming allosteric regulation of βcatalysis by an α-ligand. Control experiments show no 15N signal from 1-15N-Ltryptophan in the same buffer in the absence of tryptophan synthase.
Residue β lysine-87 is of central importance in the mechanism of tryptophan
synthase, acting as the covalent attachment point for PLP, as Bronsted-Lowry acid and
Bronsted-Lowry base. The side chain of this residue is responsible for binding PLP in
the form of the internal aldimine, which is labile to attack by L-serine to form the
external aldimine. At this point, the residual lysine amine acts as base to abstract the
external aldimine’s α-proton whereby the key reactive intermediate, aminoacrylate, is
formed. Mutation of the β87 residue to threonine (K87T) causes failure of the enzyme to
allow formation of the aminoacrylate (fig. 1.5), thus indole cannot add to form the
quinonoid intermediate.
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Failure of this catalytic step proves the critical role of βK87 in enzyme function.
Furthermore, addition of L-tryptophan to βK87T under typical reaction conditions leads
to the stable formation of the L-tryptophan external aldimine. Further reverse reaction to
form the quinonoid intermediate is not possible as the threonine hydroxyl group is neither
basic enough nor close enough to the L-tryptophan α proton to allow extraction. Since
there is no lysine present in K87T, the external aldimine is very stable, and the internal
aldimine cannot form.
This property of βK87T reactivity is useful for the study of ligand-bound X-ray
crystallography of tryptophan synthase. Currently, X-ray crystal structures of K87T
have been solved for various configurations including L-serine bound to the β-site, L-ser
bound to the β-site and indole-3-propanol phosphate bound to the α-site, L- serine bound
to the β-site and α-glycerophosphate bound to the α-site, and of L-tryptophan bound to
the β-site. NMR experiments with 15N-L-tryptophan support the current model
for the role of K87T. A strong 15N signal is observed for 15N-L-tryptophan with βK87T
with and without the presence of α-glycerophosphate.
The second mutant of tryptophan synthase examined by substrate bound 15N
NMR is βE109D.11 In this variant, the glutamate residue is replaced with aspartate.
The location of this residue within the β active site is adjacent to the critical PLP
aldehyde functionality. In this proximity, the glutamate carboxyl can serve several roles
including as a Lewis base to hydrogen bond to the indole NH. Substitution of the
glutamate residue by aspartate would reduce the reach and conformational freedom of the
carboxyl functionality. Kinetic studies of βE109D have indicated that allosteric
communication between the α and β active sites is unaffected by the mutation.11 G3P
bound to the α-site catalyzes the reaction of L-serine at the β-site as with the wild type
enzyme. Furthermore, formation of the aminoacrylate is unaffected as well as its
allosteric communication to the α-site to release glyceraldehyde-3-phosphate.

15

N-

HSQC-NMR spectra of 15N-L-tryptophan with E109D tryptophan synthase reveals a
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strong signal with and without the presence of α-glycerophosphate. This indicates a clear
deviation from the behavior of the wild type enzyme and most likely suggests that the Ltryptophan external aldimine is stabilized in a closed conformation, as with the K87T
mutant. In this event, allosteric regulation of the α-site is moot.
Since formation of the aminoacrylate is essentially unaffected by the βE109D
mutation, the critical role of this residue must involve the catalysis of indole binding to
the aminoacrylate. Indeed, kinetic experiments reveal an accumulation of indole at the β
active site for E109D whereas this accumulation does not occur with the wild type.
Furthermore, the E109D mutant demonstrates a marked preference for indoline as the β
-site nuclophile as opposed to indole, perhaps suggesting a change in the steric
environment of the active site.
The third mutant of tryptophan synthase studied by 15N-HSQC-NMR is
βD305A.38 Unlike mutants βK87T and βE109D, residue βD305 is not located in the β

active site. X-ray data of different conformations of tryptophan synthase suggest residue
D305 to be involved with allosteric communication between the α and β subunits via the
monovalent cation binding site. The results of our experiments suggest that allosteric
communication is similar to that of the wild type enzyme. Since the 15N peak is not
observed in the absence of α-glycerophosphate, but is observed in the presence of αglycerophosphate, this supports the premise that an α-ligand still regulates the closure of
the β active site. The absence of signal without the α-ligand suggests that the protein
may adopt a more open conformation when α-ligands are absent.
Site-directed mutagenesis is a very powerful tool for proving residue function in
enzyme catalysis. Complementary to ultraviolet spectroscopy and X-ray crystallography,
NMR can now be applied to the study of enzyme catalysis via labeled substrate NMR.
This technique can provide a very quick determination of enzyme catalysis and provide
crucial structural information as well. Although this study is limited to the use of the 1-
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15

N isotopomer of L-tryptophan, 13C isotopomers would be ideal for study as would be

isotopomers of L-serine, indole and PLP. This will be the focus of future work.
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Figure 1.6. Electrospray mass spectrum of 15N-L-tryptophan
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Figure 1.7. 1H-NMR spectrum of 15N-Ltryptophan
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Figure 1.8.

13

C-NMR spectrum of

15

N-Ltryptophan
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Figure 1.9. DEPT-NMR spectrum of 15N-Ltryptophan
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Figure 1.10. gHMBC-NMR spectrum of 15N-Ltryptophan
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Figure 1.11.

15

N-HSQC-NMR spectrum of 15N-L-tryptophan bound to wild type

tryptophan synthase without the presence of glycerophosphate
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Figure 1.12.

15

N-HSQC-NMR of 15N-L-tryptophan bound to wild type tryptophan

synthase with the presence of glycerophosphate
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Figure 1.13.

15

N-HSQC-NMR spectrum of 15N-L-tryptophan bound to mutant βK87T

tryptophan synthase without the presence of glycerophosphate
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Figure 1.14.

15

N-HSQC-NMR spectrum of 15N-L-tryptophan bound to mutant βK87T

tryptophan synthase with the presence of glycerophosphate
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Figure 1.15.

15

N-HSQC-NMR spectrum of 15N-L-tryptophan bound to mutant βD305A

tryptophan synthase with the presence of glycerophosphate
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Figure 1.16.

15

N-HSQC-NMR spectrum of 15N-L-tryptophan bound to mutant βE109D

tryptophan synthase with the presence of glycerophosphate
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Figure 1.17.

15

N-HSQC-NMR spectrum of 15N-L-tryptophan bound to mutant βD305A

tryptophan synthase without the presence of glycerophosphate
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CHAPTER II
REGIOSELECTIVE, EFFICIENT AND SOLVENT CONTROLLED SYNTHESIS OF
PROTECTED 2 AND 6-NITRO-L-TRYPTOPHANS
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Introduction
Derivatives of L-tryptophan have been the subject of considerable chemical and
biological study, and several derivatives have received particular attention for their utility
in a wide range of applications. 5-Bromo-L-tryptophan has shown promise in treating
sickle cell anemia.1 6-Chloro-D-Tryptophan has been the subject of substantial research
owing to its properties as a non-nutritive sweetner,2 and several efficient syntheses of this
molecule have been reported that improve upon the racemic synthesis reported by
Tweddle, et.al.3-5 6-Azido-L-tryptophan is used as a photoinactivator and photoaffinity
label for a variety of enzymes including tryptophan synthase and tryptophan indole
lyase.6-8 L-Tryptophan substituted by chlorine,5 methyl,9 and fluorine10 has been
prepared efficiently and characterized by 1H, 13C, and 2D NMR methods.
L-Tryptophan substituted by bromine and nitro has been more problematic to
synthesize efficiently, mainly because chemo-enzymatic synthesis of the L-tryptophan
derivative from the corresponding substituted indole has not been successful. Several
isomers of L-tryptophan substituted with bromine have been reported in the literature
including 2-bromo,11-12 5-bromo,13 and 7-bromo.14 Nitro-L-tryptophan isomers reported
in the literature include 2-nitro,15 5-nitro,16,17 and 6-nitro-L-tryptophan.6,18,19
Methods for bromination of L-tryptophan as the free amino acid are completely
absent from the literature as these compounds have only been prepared from brominated
precursors or from the appropriately protected nitro-L-tryptophans.20 Nitration of Ltryptophan affords 6-nitro-L-tryptophan in reported good yield,19 but complicated workup
and purification hamper attainable yield and cost effectiveness significantly. In our
hands, direct nitration of L-tryptophan under the reported conditions gives a very low
yield. The protected L-tryptophan derivative, Nα -trifluoroacetyl-L-tryptophan methyl
ester, affords the 6-nitro product in 40% yield and the 2-nitro product in 6.8% yield from
nitration with nitric acid in acetic acid. However, a complex mixture is obtained,
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requiring column chromatography for purification. Reaction of Nα -trifluoroacetyl-Ltryptophan methyl ester with NBS in CCl4 yields the 2-bromo derivative in 83% yield.11
Nα,N1-(bistrifluoroacetyl)-L-tryptophan methyl ester has been reported as a
tryptophan derivative for gas chromatography analysis.21 However, few studies on the
use of this compound for the synthesis of L-tryptophan derivatives have been reported.
We now report its use as an effective protected derivative for L-tryptophan substitution.
The indole ring is highly reactive with electrophiles, so a protecting group would be
useful to moderate its reactivity. The addition of a trifluoroacetyl group at the indole
nitrogen changes the electronic environment of the aromatic system, allowing for
efficient substitution of the benzene and pyrrole rings. Furthermore, recovery of the
substituted product retaining one or both trifluoroacetyl protective groups is desirable for
further synthesis, including Sandmeyer chemistry after the reduction of the nitro group.
A clean and efficient, solvent controlled, regioselective synthesis of the 2-nitro (4) and 6nitro (5) isomers of Nα-trifluoroacetyl-L-tryptophan methyl ester is reported here by a
simple three step process, with regioselection occurring in the final step. Each isomer can
be synthesized in excess of 60% isolated yield in the final step by selecting either
trifluoroacetic acid (TFA) or acetic anhydride (Ac2O) as the solvent/ Lewis acid catalyst
(Scheme 2.1).
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Scheme 2.1. Synthesis of protected 2-nitro or 6-nitro-L-tryptophan

Results
Efforts to synthesize bromo and nitro derivatives of L-tryptophan were attempted
from three approaches: 1) chemo-enzymatic synthesis of substituted L-tryptophan from
the corresponding substituted indole, 2) direct substitution of free L-tryptophan by a
variety of nitrating and brominating agents and catalyst, and 3) substitution of Ltryptophan protected as the Nα,N1-(bistrifluoroacetyl) methyl ester. The synthesis of 5bromo-L-tryptophan from 5-bromoindole and L-serine catalyzed by tryptophan synthase
was unsuccessful, as no product was isolated. The same reaction was also tried with
tryptophan indole-lyase, which, despite chromatographic evidence of catalysis, produced
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essentially no quantifiable yield. Direct halogenation and nitration of L-tryptophan failed
to produce acceptable results despite a literature precedence for the efficient synthesis of
6-nitro-D-tryptophan in this manner19 (Scheme 2.2).
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Scheme 2.2. Initial efforts to synthesize substituted L-tryptophan

Synthesis of Nα,N1-(bistrifluoroacetyl)-L-tryptophan methyl ester was performed quickly
and efficiently in a two step procedure similar to that reported by Saroff and Makisumi.21
L-Tryptophan (1) was converted to the methyl ester hydrochloride (2) by treatment with
SOCl2 and methanol at -42º C. The product was then reacted with trifluoroacetic
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anhydride at room temperature for three hours to afford the product (3) in 44% overall
yield. Bromination reactions of (3) with a variety of solvents and were attempted, but all
reactions were unsuccessful. However, nitration of (3) occurred in high yield under a
variety of conditions (Table 2.1), and a synthetic preference for either (4) or (5) was
achieved by choice of solvents (Scheme 2.3).

Table 2.1. Nitration experiments for Nα,N1-(bistrifluoroacetyl)-L-tryptophan methyl
ester
Experiment Temp. Solvent

Time
24
hours

1 25°C

CH3COOH

2 25°C
3 25°C

(CH3CO)2O 15 min
TFA
15 min

4 25°C

(TFA)2O

5 0°C

CH3COOH

6 0°C
7 0°C

(CH3CO)2O 1 hour
TFA
1 hour
4
hours
(TFA)2O
4
(CH3CO)2O hours
4
hours
TFA

8 0°C
9 60°C
10 60°C

15 min
24
hours

(3)

(4)

(5)

other

58

0

0

42

40
0

33
11.8

15.4
66.8

11.6
21.4

0

4

8

88

45

2

3

50

0
0

66.8
4

14.4
68.8

18.8
27.2

9

7

10

74

0

6

12

82

0

0

10

90

Solvents were chosen for their ability to not only dissolve both reactants and
products, but to also act as a Lewis acid in generating suitably electrophilic NO2+. Acetic
acid, acetic anhydride, trifluoroacetic acid and trifluoroacetic anhydride were individually
reacted with (3) in the presence of nitric acid at 0º C, 25º C, and 60º C. Nitration of (3) in
trifluoroacetic acid produced the 6-nitro product (5) in over 66% yield at both 0º C and
25º C. Despite similar yields, the product afforded by the reaction at 0º C proved much
easier to separate and purify. Nitration of (3) in acetic anhydride afforded the 2-nitro
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derivative (4) in 68% yield (Figs. 2.1-2.17). Small scale reactions were worked up by
diluting the reaction mixture in deionized water, and extracting into ethyl acetate,
followed by GC-MS analysis.
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Scheme 2.3. Substitution of Nα,N1-(bistrifluoroacetyl)-L-tryptophan methyl ester
This gentle method kept all protection groups largely intact. Workup in 5% sodium
carbonate allowed for a higher yield, but with the cleavage of the N1-trifluoroacetyl
group. Multi-gram scale synthesis of (4) and (5) were achieved by quenching the
reaction mixtures in 5% sodium carbonate and purification by recrystallization. No
chromatography or additional purification efforts were required.
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Discussion
Preparation of derivatives of L-tryptophan with aromatic substituents is an
important endeavor as many such compounds have demonstrated great biological
activity, have served as useful probes for examining the nature of enzyme catalysis, and
have been a platform for studying the effect of substituents on aromatic systems. An
extensive examination of nitro, bromo, and azido-L-tryptophan derivatives has not been
performed due to difficulties in their synthesis. An efficient means of nitrating
functionally protected L-tryptophan presents an attractive strategy not only for the
preparation of nitro L-tryptophan derivatives, but to many other L-tryptophan derivatives
as well. Reduction of aromatic nitro groups to amines is well established, as is the
conversion of aromatic amines to a variety of functional groups, including bromo and
azido groups by Sandmeyer methodology. A synthetic route that involves the protection
of L-tryptophan in a manner that promotes the desired regioselective substitution of the
nitro group as well as shielding the molecule from future degradation would be ideal.
Protection of L-tryptophan as the Nα,N1-(bistrifluoroacetyl) methyl ester has
allowed for the exceptionally efficient, regioselective nitration of L-tryptophan at the 2
and 6 positions with solvent being the only variable. Furthermore, this transformation is
accomplished without requiring chromatography or purification following
recrystallization of the crude product cake. In both reactions, neutralization of the
reaction mixture with 5% Na2CO3 resulted in the loss of the N1-trifluoroacetyl group.
This group can be retained by diluting the reaction product with water, followed by
extraction into ethyl acetate, however, the bistrifluoroacetyl derivatives do not
recrystallize efficiently, and the N1-trifluoroacetyl groups cleave during flash
chromatography with silica, resulting in further degradation of the product. If necessary,
the N1-trifluoroacetyl group may be reintroduced upon reaction with trifluoroacetic
anhydride.
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Experimental
Synthesis of L-Tryptophan methyl ester hydrochloride22
Methanol (200 ml) was placed in a 500 ml round bottom flask and cooled to -42°
C in a dry ice-acetonitrile bath. Thionyl chloride (28 g, 235 mmol) was added dropwise
via addition funnel and the reaction was purged with nitrogen. L-tryptophan (23.28 g,
114 mmol) was added quickly, and the reaction was again purged with nitrogen and
mechanically stirred. The flask was removed from the dry ice-acetonitrile bath and
allowed to warm to ambient temperature. After 4 hours total, the reaction was quenched
100 ml water. The product was extracted into ethyl acetate, dried over anhydrous
Na2SO4, and evaporated to dryness. The resulting solid cake was recrystallized from
methanol-water affording 19.6 g L-tryptophan methyl ester hydrochloride (77 mmol,
68%).
Synthesis of Nα,N1-bis-(trifluoroacetyl)-L-tryptophan methyl ester21
L-Tryptophan methyl ester hydrochloride (1.2 g, 4 mmol) was added to 12 ml
trifluoroacetic anhydride in a 50 ml round bottom flask. The solution was allowed to stir
at ambient temperature for 90 min. Petroleum ether (20 ml) was added and the product
crystallized as a white solid. The product was separated by vacuum filtration and dried in
vacuo to afford 1.115 g Nα,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester (2.7 mmol,

67%). Nα,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester, (Figs. 2.18-2.22): 1H NMR
(400 MHz, acetone-d6): δ 3.38 (1H, dd, Jββ’ = 14.9 Hz, Jαβ’ = 9.4 Hz, β’-H), 3.50 (1H, dd,
Jββ’ = 14.9 Hz, Jαβ = 4.70 Hz, β-C), 3.75 (1H, s, -OCH3), 4.95 ( 1H, dd, Jα = 9.4 Hz, Jαβ =
4.7 Hz, α-H), 7.44 (1H, t, J = 7.1 Hz, C5-H), 7.49 (1H, t, J = 7.49 Hz, C6-H), 7.67 (1H,
d, J = 7.0 Hz, C2-H), 7.77 (1H, d, J = 7.0 Hz, C4-H), 8.37 (1H, d, J = 7.1 Hz, C7-H), 8.95
(1H, s, NH); 13C NMR (100 MHz, acetone-d6): δ 30.2 (β-C), 56.4 (α-C), 56.3 (OCH3),
119.8 (CF3, q, J = 287.2 Hz, 120.2), (CF3, q, J = 287.1 Hz), 120.8 (C-7), 123.7 (C-4),
125.3 (C-3’), 126.8 (C-2), 129.8 (C-6), 130.6 (C-5), 134.7 (C-7’), 140.3 (C-3), 158.0
(amide C=O, q, JNF = 39.8 Hz), 161.2 (indole amide C=O, q, JNF = 37.4 Hz), 174.3 (-
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COO-), GC-MS, m/z 359 (M+1 calcd for C16H12F6N2O4, 359.26). Calcd for
C16H12F6N2O4: C, 46.84%; H, 2.95%; N, 6.83%; found: C, 46.93%; H, 2.97%; N, 6.80%.
General procedure for nitration of Nα,N1-bis(trifluoroacetyl)-L-tryptophan
methyl ester
Nα,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester, 100 mg, was placed in a 5
ml conical vial containing 1.0 ml acetic anhydride at 0º C and allowed to stir for 10
minutes. Acetic anhydride containing concentrated nitric acid (200 µl in 1.0 ml) was
added dropwise over five minutes. The reaction was followed by thin layer
chromatography and subsequently quenched in excess 5% Na2CO3 upon disappearance of
starting material or emergence of side products. The aqueous layer was extracted in ethyl
acetate (4 x 20 ml). The combined organic extracts were dried over Na2SO4 and the
solvent removed by rotary evaporation. The products were separated and purified by
flash chromatography (2.5 cm x 30 cm silica column, 20% ethyl acetate in hexanes). 2Nitro-N1-trifluoroacetyl-L-tryptophan methyl ester was isolated as the fastest moving
compound by normal phase TLC (20% ethyl acetate in hexanes), with an Rf = 0.85. The
fourth fastest moving compound was isolated and characterized as 6-nitro-N1trifluoroacetyl-L-tryptophan methyl ester, with an Rf = 0.55. Reactions involving other
electrophile/ solvent/ temperature combinations were followed as described above and
reactions were quenched according to TLC results, and purified likewise.
2-Nitro-N-trifluoroacetyl-L-tryptophan methyl ester, (Figs. 2.23-2.28) 1H NMR
(400 MHz, acetone-d6): δ 3.70 (1H, dd, Jββ’ = 21.9, Jαβ = 12.2 Hz, β-H), 3.72 (1H, s,
OCH3), 3.92 (1H, dd, Jββ’ = 21.9, Jαβ’ = 9.4 Hz, β’-H), 5.00 (1H, dd, J = 9.4, 12.2 Hz, αH), 7.22 (1H, t, J = 8.1 Hz, C6-H), 7.46 (1H, t, J = 7.8 Hz, C5-H), 7.52 (1H, dd, J45 = 8.4,
J46 = 0.9 Hz, C4-H), 7.83 (1H, d, J = 8.6 Hz, C7-H), 8.83 (1H, br d, NH), 11.74 (1H, br s,
indole NH),

13

C NMR (100 Mhz, acetone- d6): δ 26.4 (β-C), 52.3 (-OCH3), 52.5 (α-C),

113.1 (4-C), 114.1 (3-C), 116.0 (-CF3, q, J= 288 Hz), 121.8 (7-C), 121.9 (6-C), 127.1 (C3’), 128.4 (5-C), 134.5 (7’-C), 138.7 (2-C), 156.8 (q, JCF = 36.1 Hz, amide C=O), 170.1 (-
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COO-); GC-MS, m/z 359 (M+1 calcd for C16H12F6N2O4, 359.26). Calcd for
C16H12F6N2O4: C, 46.61%; H, 3.37%; N, 11.70%; found: C, 46.92%; H, 3.37%; N,
11.56%. 6-Nitro-Nα-trifluoroacetyl-L-tryptophan methyl ester; (Figs. 29-34) 1H NMR
(400 Mhz, acetone- d6): δ 3.38 (1H, dd, Jββ’ = 14.9, Jαβ = 8.6 Hz, β-H), 3.52 (1H, dd, Jββ’ =
14.9, Jαβ’ = 5.5 Hz, β-H), 3.73 (3H, S, -OCH3), 4.95 (1H, dd, J = 8.6, 5.5 Hz, α-H), 7.78
(1H, d, J=8.6 Hz, C4-H), 7.94 (1H, dd, J45 = 8.6, J56 = 1.6 Hz , C5-H), 7.68 (1H, d, J =
2.35 Hz, C2-H), 8.38 (1H, d, J = 2.3 Hz, C7-H), 8.75 (1H, br d, amide NH), 10.87 (1H,
br s, indole N-H); 13C NMR (100 Mhz, acetone- d6): δ 26.88 (β-C), 52.38 (O-CH3), 53.97
(α-C), 108.6 (C-7), 111.2 (C-3), 114.3 (C-5), 114.7 (q, JCF = 287 Hz, CF3), 118.6 (C-2),
130.6 (C-4), 132.3 (C-3’), 135.12 (C-6), 143.0 (C7’), 156.9 (q, JCF = 36.8 Hz, amide
C=O), 170.5 (-COO-); GC-MS, m/z 359 (M+1 calcd for C16H12F6N2O4, 359.26). Calcd
for C16H12F6N2O4: C, 46.61%; H, 3.37%; N, 11.70%; found: C, 46.43%; H, 3.49%; N,
11.52%.
General procedure for the preparative scale synthesis of 6-nitro-Nαbistrifluoroacetyl-L-tryptophan methyl ester
Nα,N1-bis-(trifluoroacetyl)-L-tryptophan methyl ester (2.0 g, 4.84 mmol) was
placed in a 50 ml round bottomed flask with 10 ml of acetic anhydride. The reaction
mixture was cooled to -2º C. A solution of nitric acid in acetic anhydride (3 ml in 10 ml)
was added drop-wise and the reaction was allowed to stir. After 30 minutes, the last
traces of starting material dissolved and after 45 minutes, the last traces of starting
material disappeared as observed by TLC, at which time the reaction was quenched by
pouring it over 20 ml ice-cold 5% sodium carbonate. Additional sodium carbonate was
added until the pH of the mixture was 7.5. A bright yellow precipitate was collected by
suction filtration and the resulting cake was washed with cold water. The product was
then dissolved in minimal ethyl acetate and a small volume of hexanes was added until
the solution first indicated opacity. The mixture was then allowed to sit overnight at 4º C
where a bright yellow crystalline precipitate was observed. This product was collected
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by suction filtration, washed with a small volume of hexanes and dried in vacuo. GC-MS
of the reaction product showed a single GC trace and the MS was consistent with the
mass spectrum of pure 6-nitro-Nα-trifluoroacetyl-L-tryptophan methyl ester. The
supernatant was concentrated by rotary evaporation and the residue was recrystallized in
ethyl acetate-hexanes to afford an additional 195 mg of the 6-nitro product. The total
yield of 6-nitro-Nα-trifluoroacetyl-L-tryptophan methyl ester was 1.18 grams (3.29 mmol,
68%).
Preparative scale synthesis of 2-Nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
The preparative scale synthesis of 2-Nitro-Nα-trifluoroacetyl-L-tryptophan methyl
ester was similar to the preparation of 6-Nitro-Nα-trifluoroacetyl-L-tryptophan methyl
ester except for the substitution of trifluoroacetic acid in the place of acetic anhydride.
Additionally, overnight crystallization resulted in the precipitation of the entire yield of
the product, which was recrystallized in ethyl acetate-hexanes to afford 1.20 grams (3.30
mmol, 68%) product.
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Figure 2.1. GC-MS of Experiment 1 product mixture
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Figure 2.2. GC-MS of Experiment 2 product mixture
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Figure 2.3. GC-MS of Experiment 3 product mixture
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Figure 2.4. GC-MS of Experiment 4 product mixture
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Figure 2.5. GC-MS of Experiment 5 product mixture
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Figure 2.6. GC of Experiment 6 product mixture, MS of first elution peak
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Figure 2.7. GC of Experiment 6 product mixture, MS of second elution peak
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Figure 2.8. GC of Experiment 6 product mixture, MS of third elution peak
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Figure 2.9. GC of Experiment 6 product mixture, MS of fourth elution peak
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Figure 2.10. GC of Experiment 6, MS of fifth elution peak
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Figure 2.11. GC of Experiment 7, MS of first elution peak
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Figure 2.12. GC of Experiment 7, MS of second elution peak
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Figure 2.13. GC of Experiment 7, MS of third elution peak
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Figure 2.14. GS-MS of Experiment 8 product mixture
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Figure 2.15. GC-MS of Experiment 9 product mixture
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Figure 2.16. GC-MS of Experiment 10 product mixture
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Figure 2.17. MS of Nα,N1-bis-trifluoroacetyl-L-tryptophan methyl ester
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Figure 2.18. 1H-NMR spectrum of Nα,N1-bis-trifluoroacetyl-L-tryptophan methyl
ester
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Figure 2.19.
methyl ester

13

C-NMR spectrum of Nα,N1-bis-trifluoroacetyl-L-tryptophan
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Figure 2.20. DEPT-NMR Spectra of Nα,N1-bis-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.21. gHMBC-NMR spectrum of Nα,N1-bis-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.22. gHMQC-NMR spectrum of Nα,N1-bis-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.23. GC-MS of 2-nitro-Nα-trifluoroacetyl-L-tryptophan methyl ester
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Figure 2.24. 1H-NMR spectrum of 2-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester

132

133
Figure 2.25.
methyl ester

13

C-NMR spectrum of 2-nitro-Nα-trifluoroacetyl-L-tryptophan
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Figure 2.26. DEPT-NMR spectrum of 2-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.27. gHMBC-NMR spectrum of 2-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.28. gHMQC-NMR spectrum of 2-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.29. GC-MS of 2-nitro-Nα-trifluoroacetyl-L-tryptophan methyl ester
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Figure 2.30. 1H-NMR spectrum of 6-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.31.
methyl ester
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C-NMR spectrum of 6-nitro-Nα-trifluoroacetyl-L-tryptophan
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Figure 2.32. DEPT-NMR spectrum of 6-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
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Figure 2.33. HMBC-NMR spectrum of 6-nitro-Nα-trifluoroacetyl-L-tryptophan
methyl ester
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CHAPTER III

KINETIC INVESTIGATION OF CHIRAL ALCOHOL OXIDATION BY C295L AND
C295V MUTANTS OF SECONDARY ALCOHOL DEHYDROGENASE FROM
THERMOANAEROBACTER ETHANOLICUS
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Introduction
Despite the enormous potential of enzymes in catalyzing organic reactions,1,2
several drawbacks severely limit their usefulness. Most enzymes catalyze reactions over
a very narrow range of temperatures, are limited to a narrow selection of solvents, and are
usually effective for a narrow scope of substrate structure. Additionally, enzymes most
often are only effective for the synthesis of a single enantiomer. Recent discoveries of
organisms that thrive under diverse conditions, extremophiles,3-5 have led to the isolation
of enzymes that catalyze reactions under comparatively diverse conditions. Such
enzymes have demonstrated a great increase in range of reaction conditions, both
thermally and chemically, and some have demonstrated the ability to catalyze
transformations of structurally diverse substrates.
Among the most synthetically useful enzymes are the alcohol dehydrogenases
(ADHs). Several factors contribute to their synthetic importance, including the ubiquity
and synthetic utility of chiral alcohols, and their ability to synthesize them from achiral
precursors under mild reaction conditions.1 Most ADHs share some structural and
catalytic properties, including dimeric or tetrameric subunit structures,7 presence of active
site Zn serving as a Lewis acid, and a nicotinamide cofactor acting as an hydride
donor/acceptor. Among the historically significant alcohol dehydrogenases are those
from yeast (YADH)2,8 and horse liver (HLADH);9 however, these enzymes suffer
thermo-sensitivity and limited effectiveness with structurally diverse substrates.9
Several NADP(H) dependent, tetrameric ADHs have been isolated from
thermophilic bacteria10-13 that have been useful for the synthetic chemist. TBADH from
Thermoanaerobacter brockii14-17 has shown increased tolerance to reaction conditions

and substrate structural variability, including acyclic ketones.14-18 It has also shown a
reversal in stereoselectivity based on substrate size.15 TBADH has been used for the
asymmetric synthesis of chiral alcohols14,15,17 and for several total syntheses.16-18
Secondary alcohol dehydrogenase (SADH) is one of two ADHs isolated from
Thermoanaerobacter ethanolicus,11 and preferentially oxidizes secondary alcohols versus
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primary alcohols, hence its name. Incidently, the other ADH from Thermoanaerobacter
ethanolicus prefers primary alcohols for oxidation. SADH is structurally similar to

TBADH, and consistent with its name, has a preference for secondary alcohols over
primary alcohols.
SADH has also been used for synthetically applicable oxidations and reductions19-21 and
has demonstrated a reversal in enantiospecificity for alcohol oxidation. SADH oxidizes
(S)-2-butanol faster below 26º C, and (R)-2-butanol faster above 26º C.22-23 Although the
selectivity for R-alcohol oxidation is limited, the potential for the use of SADH for the
synthesis of both R and S chiral alcohols is compelling. Recently, several mutants of
SADH have been studied.24-28 Phillips and coworkers27 have reported an increase in both
activity and R-specificity with mutant S39T SADH, whose mutant residue resides within
the large alkyl binding domain15 along with the bulk of the nicotinamide cofactor.28
Asymmetric reduction of ethynyl ketones by SADH occurs with high yield and
enantiomeric excess, but at the expense of enzyme deactivation, presumably from a
nucleophilic active site residue.20 Modeling studies of the homologically similar TBADH
revealed the presence of cysteine in the small alkyl binding domain. Substitution of the
analogous cysteine in SADH by the smaller aliphatic and non-nucleophilic residue,
alanine, did not alleviate the inactivation of the enzyme by ethynyl ketones, and the
temperature correlation to enantioselectivity for 2-butanol and 2-pentanol was lost.27
In this study, SADH mutants C295V and C295L were evaluated for their
efficiency in catalyzing the oxidation of the chiral alcohols, 2-butanol, 2-pentanol, and 2hexanol. Both mutants showed a ten-fold reduction in enzyme activity compared to the
wild type for 2-butanol and 2-pentanol. SADH C295L showed a strong preference for
(R)-2-butanol and (R)-2-pentanol with a minor temperature dependence for both. SADH
C295L showed a trivial preference for the R-enantiomer of 2-hexanol at 295 K, and
preference for the S-enantiomer increased sharply with temperature. The mutant SADH
C295V was less efficient than the leucine mutant despite its smaller size. Interestingly,
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this mutant shows a temperature trend reversal for enantioselectivity with 2-butanol and
2-pentanol near 315 K.
Materials and Methods
Materials. Bacto tryptone and yeast extract were purchased from Difco
Laboratories Company. Casein hydrolysate, sodium chloride, kanamycin, ampicillin, and
NADP+ were obtained from United States Biochemical Corporation. Tris HCl, Red A
agarose (R 0503, Reactive Red 120), sodium perchlorate, and ammonium sulfate were
obtained from Sigma. Ethanol, (R)- and (S)-2-pentanol, (R)- and (S)-2-butanol, (R)- and
(S)-2-hexanol, hydrochloric acid, and sodium hydroxide were obtained from Aldrich.
BioRad assay reagent was obtained from BioRad, and dithiothreitol (DTT) was
purchased from Fischer Biotech. E. coli expressing SADH mutants C295L and C295V
were obtained from the lab of Professor J. G. Zeikus at Michigan State University.
Instrumentation. Enzymes were purified by Red Agarose column
chromatography26 using a Bio-Rad Biologic liquid chromatograph with fraction collector
and UV detector and was controlled by Bio-Rad LP Dataview software. All UV-Vis
measurements were recorded using a Varian- Cary 1E spectrophotometer equipped with a
twelve cell, temperature controlled cell changer assembly. Kinetic calculations were
performed using the non-linear Michaelis-Menten algorithm, HYPERO, written by
Cleland.29
Growth of Cells.

Mutants C295L and C295V were grown from E. coli DH5α,

containing the recombinant adhB gene for mutant SADH, on an agar plate. Single
colonies of cells were introduced to two separate flasks each containing 1 L complex
medium composed of casein hydrolysate (20 g), yeast extract (10 g), sodium chloride (5
g), kanamycin (25 mg), and ampicillin (100 mg).25 After 24 hours of shaking at 37º C,
cells of E. coli were collected by centrifugation at 10,000 x g for 20 min. The cell pellets
were suspended in 0.05M buffer A (tris HCl buffer (pH 7.8) containing dithiothreotol
(DTT, 5 mmol)), and the suspension was frozen.
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Purification of mutant SADH. The frozen cell suspension, containing E. coli
cells expressing mutant SADH,25 was thawed and sonicated 4 x 1 minutes at 5 minute
intervals. The temperature of the suspension was kept at 0º C. The cell debris was
removed by centrifugation for 25 minutes at 10,000 x g. The resulting supernatant was
heated to 70º C for 60 min and the denatured, thermally sensitive protein was removed by
centrifugation for 25 min at 10,000 x g. The supernatant containing SADH was
combined with ammonium sulfate to achieve 20% saturation and was stirred for 60
minutes. Precipitated impurities were removed by centrifugation at 10,000 x g for 25
min. The supernatant was combined with ammonium sulfate to achieve 60% saturation
and was stirred for 60 min. The suspension was centrifuged at 12,500 x g for 30 min and
the resulting pellet was collected and re-dissolved in minimal buffer A, and dialyzed
against 3L buffer A overnight. The enzyme solution was loaded onto a 2.5 cm diameter
column containing 40 ml Red A Agarose, pre-washed and equilibrated with buffer A.
The enzyme was purified by a programmed, gradient elution of 0-30 min buffer A, 30270 min 1.0 mM sodium perchlorate in buffer A (Buffer B), 270-300 min in buffer B all
at a rate of 1 ml/min. Fractions containing SADH were pooled into four separate
fractions and each was concentrated by precipitation in 60% ammonium sulfate followed
by dissolution in minimal buffer A.
Secondary Alcohol Dehydrogenase Assay. Enzyme concentration was
determined by measuring the visible absorbance of an enzyme-assay reagent solution as
performed by Bradford.30 Bio-Rad protein-assay solution (200 µl), water (190 µl), and
separate enzyme fractions (10 µl) were combined in a quartz cuvette, and absorbance at
595 nm was measured. Protein concentration was determined as a function of absorbance
according to the equation A=0.04457*[E]-0.0015. A is absorbance, [E] is enzyme
concentration, and the equation represents the best fit line of absorbance measured at
several known concentrations of albumin. Enzyme specific activity was determined by
measuring the production of NADPH (∆ε340= 6.22 x 103 M-1 cm-1) in a solution
containing 10 µl 100x diluted enzyme and 590 µl assay mixture that was 200 mM in 2-
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propanol, 1.25 mM in NADP in 100 mM tris HCl buffer (pH = 8.9). One unit of activity
(U) is the amount of enzyme required to reduce 1 µmol of NADP per minute per
milligram of enzyme.22-23
Kinetic Experiments. SADH mutants C295A and C295V were assayed for their
ability to oxidize (R)- and (S)- 2-butanol, (R)- and (S)- 2-pentanol and (R)- and (S)- 2hexanol to the corresponding ketones at 15 ºC, 25 ºC, 35 ºC, 45 ºC, and 55 ºC. Quartz
cuvettes for each kinetic assay contained a total volume 600 µl, which consisted of 10 µl
enzyme solution and 590 µl of an assay mixture composed of 1.00 mM NADP+, 50 mM
Tris HCl buffer adjusted to pH = 8.9 for each temperature, and geometrically increasing
amounts of alcohol including a blank. Typical alcohol concentrations were: 0 mM, 12.5
mM, 25 mM, 50 mM, 100 mM, 200 mM. Six cuvettes for each assay, each containing
590 µl assay mixture, were allowed to equilibrate for 5 minutes at reaction temperature
prior to the addition of 10 µl enzyme soltution. The rates of the reactions were
determined by measuring the production of NADP (λmax = 340 nm) as the reaction
progressed. Values of Kcat and Km were calculated for each assay, and these values were
used to determine ∆∆G‡. The values of –RTlnE, where E = (Kcat)/(Km)R/(Kcat/Km)S,
were plotted for each alcohol as a function of temperature and the slope and y intercept of
a best-fit line to these data were used to determine ∆∆S‡ and ∆∆H‡.

Results
Protein Concentration and Activity. Purified SADH mutants C295L and
C295V in buffer A were evaluated for protein concentration and specific activity.
Concentrations were determined by the Bradford30 assay, by which the concentration of
purified C295L was determined to be 31 mg/ml, and the concentration of mutant C295V
was determined to be 24 mg/ml. The specific activities of the mutants were measured as
a function of NADPH production using 2-propanol as the substrate.22,23 The specific
activity of mutant C295L was determined to be 31 U/mg, and the specific activity of
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C295V was 24 U/mg. These values are lower than those for both the wild type (54
U/mg),15 and C295A mutant (43 U/mg).20
Relative Enantiospecificities. The catalytic efficiencies (Kcat/Km) of SADH
mutants C295L and C295V were compared to that of the wild type at 55º C with (R)- and
(S)-2-butanol and (R) and (S)-2-pentanol. Overall, the mutant enzymes showed an
approximate ten-fold decrease in catalytic efficiency compared to the wild type.
Enantiospecificity ratios (E) for the wild type enzyme were 2.818 favoring (R)-2-butanol
and 0.669 favoring (S)-2-pentanol.27 Mutant C295L favored (R)-2-butanol with an
enantiospecificity ratio of 2.4717, and favored (R)-2-pentanol with an E value of 3.9625
where mutant C295V favored (R)-2-butanol with an E value of 2.590, and (S)-2-pentanol
with an E value of 0.4436 (Table 3.1).

Table 3.1. Relative catalytic efficiencies of wild type and C295L and C295V
mutants of SADH for enantiomers of 2-butanol and 2-pentanol at 55º C.

Substrate
(R)-2butanol
(S)-2butanol
(R)-2pentanol
(S)-2pentanol

Kcat/km ( x 104 M-1s-1)
C295L SADH
2.62 ± 0.156

C295V SADH
1.22 ± 0.183

11.0 ± 2.0

1.06 ± 0.0742

0.471 ± 0.0894

8.7 ± 0.8

0.951 ± 0.0572

0.177 ± 0.0162

13. 0 ± 2.0

0.240 ± 0.0967

0.399 ± 0.0550

Wild type SADH26
31.0 ± 3.0

The catalytic efficiencies of SADH mutants C295L and C295V were each
evaluated with (R)- and (S)-2-butanol, (R)- and (S)- 2-pentanol and (R)- and (S)-2hexanol at a constant pH of 8.9. Kcat/Km values were determined for each enantiomer at
each of five temperatures between 293 and 333 K. From these values, enantiospecificity
ratios (E) were calculated where E = (Kcat/Km)R/(Kcat/Km)S. For each alcohol/ enzyme
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combination, –RTlnE values were plotted as a function of temperature; and weighted,
linear least squares lines were fit to these data (Figures 3.1-3.3). Since –RTlnE = ∆∆G‡,
values for ∆∆H‡ and ∆∆S‡ were determined according to the linear function ∆∆G‡ =
∆∆H‡ -T∆∆S‡ where ∆∆H‡ and ∆∆S‡ are determined as the y intercept and slope of the
fit lines respectively. The temperature where both enantiomers of a substrate are
catalyzed equally is the racemic temperature, TR, and is a constant for each alcohol/
enzyme combination. When ∆∆G‡ = 0, TR = ∆∆H‡/∆∆S‡. Values of ∆∆H‡, ∆∆S‡, and
TR for wild type and C295A are listed with those for C295L and C295V in Table 3.2.

Table 3.2. Values of ∆∆H‡, ∆∆S‡ and TR for wild type, C295A, C295L and C295V
SADH.
Enzyme/ Substrate
Wild-type
2-butanol
2-pentanol
2-hexanol
C295A
2-butanol
2-pentanol
2-hexanol
C295L
2-butanol
2-pentanol
2-hexanol
C295V
2-butanol
2-pentanol, K1
2-Pentanol, K2
2-hexanol

∆∆H‡ ((Kcal/mol)
8.2 ± 1.0
2.8 ± 0.4
5.8 ± 0.2
-0.6 ± 0.5
2.5 ± 0.3
0.3 ± 0.4
-2.27 ± 0.01
1.81 ± 0.261
-3.56 ± 1.42
-12.6 ± 1.8
3.74 ± 1.9
-6.78± 1.9
4.78 ± 0.9

∆∆S‡ (cal/ºC mol)
27.6 ± 3.4
7.3 ± 1.2
11.4 ± 0.7
-1.2 ± 1.5
8.35 ± 1.2
-0.5 ± 1.1
-5.02 ± 0.02
8.24 ± 1.72
-12.1 ± 4.9
-39.2 ± 6.0
11.5 ± 6.4
-21.9±6.1
11.24 ± 2.9

TR (ºC)
297
383.6
508
500
298.5
-600
451.6
219.9
294.5
321
325
309
425.4

Discussion
Deactivation of wild type SADH by the reduction of ethynyl ketoesters was the
impetus for the preparation of mutant C295A. Modeling studies based on the X-ray
structure of TBADH, which has a similar homology to SADH, revealed residue cysteine
295 to be located in the small alkyl binding pocket proposed by Keinan, et.al.15 Phillips
and Heiss20 hypothesized that this nucleophilic residue is responsible for
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enzyme inactivation; therefore, replacement of it by an inert residue should restore the
catalytic properties with this class of molecules. Although the specific activity of C295A
SADH was determined to be similar to that of the wild type SADH for small chiral
alcohols, reaction catalysis of ethynyl ketones by C295A SADH was still accompanied
by rapid, irreversible inactivation. Interestingly, the novel temperature dependant
reversal in enantioselectivity observed with the wild type enzyme22 is largely absent with
this mutant. There are several possible contributors for this, including the loss of
rotational entropy attributed to the cysteine 295 sulfhydryl group’s replacement by
alanine’s methyl group. Additionally, X-ray data of TBADH reveals the presence of an
active site water molecule with both the free enzyme and with bound (S)-2-butanol.31
Expulsion of this water by (R)-alcohols with the wild type could account for a large
portion of the entropy difference between wild and C295A enzymes with 2-butanols.32
The smaller size of the alanine 295 residue apparently increases the capacity of the small
binding pocket as the size based reversal in enantioselectivity is largely reduced as well.
The small values of ∆∆H‡ observed for all alcohols with C295A indicate that both
binding pockets accommodate small alkyl groups similarly. Since the values of ∆∆H‡ for
the wild type SADH favor the (S)-configuration for these alcohols, this reduction of
enthalpic selectivity with C295A suggests a net increase in steric capacity of the small
alkyl binding pocket.32 The small values for ∆∆S‡ for 2-butanol and 2-hexanol support
the hypothesis that water expulsion by the bound wild type enzyme is largely responsible
for the increased entropy with the (R)- alcohols, as rotational restriction of cysteine 295
with the larger (R)-alcohols would reduce entropy for the bound state causing values for
∆∆S‡ to decrease in value or become negative.
Proof that active site water, and not restriction of modal entropy, is the reason for
the large values of ∆∆S‡ with the wild type enzyme would be provided by mutation of
cysteine 295 to a residue with a larger, bulkier alkyl chain. Residues with larger alkyl
groups should have an effect on both size based dependence on substrate
enantioselectivity due to increased small pocket steric hindrance, and on temperature
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dependence on enantioselectivity due to the correlation between temperature and modal
increases in side chain entropy. Additionally, the associated increase in small alkyl
binding pocket hydrophobicity should expel active site water from the free enzyme thus
eliminating water’s contribution to the large entropy terms with small (R)-alcohols.
Substitutions of cysteine 295 by leucine or valine are ideal mutants for testing this
hypothesis, as leucine’s alkyl chain is considerably bulkier than cysteine and has the
potential to have a large relative entropy due to the many possible degrees of rotational
freedom. Valine, on the other hand, has a large van der Waal’s radius at the β-position
due to the methyl group. Changes in rotational entropy due to steric interactions with
substrate should be easily measurable.
Values of ∆∆H‡ for 2-pentanol with mutants C295L and C295V are similar to
those for the wild type and mutant C295A. A plausible explanation for this is that 2pentanol’s 3 carbon chain has a favorable steric fit in the large alkyl pocket and is
repulsed by the side chain of residue 295. This is further supported by the value of ∆∆H‡
for 2-pentanols with mutant S39T. Substitution of the large pocket residue serine 39 by
the larger threonine results in a modest lowering of ∆∆H‡ from 2.8 cal/ºC*mol for the
wild type to 0.6 cal/ºC*mol for the mutant which would indicate a slight steric
interaction. Values of ∆∆H‡ for 2-butanol with both C295L and C295V are negative
indicating a better steric fit with the ethyl group in the small pocket. The ∆∆H‡ for 2hexanol with mutant C295V is positive, which may be due to the steric bulk of valine’s
β-methyl, where the ∆∆H‡ of 2-hexanol with C295L is negative which may be due to
absence of active site water, and leucine’s smaller van der Waal’s radius at the β-position.
Mutant C295L shows negative values of ∆∆S‡ for 2-butanol and 2-hexanol which
supports our hypothesis that rotational restriction of a large side chain should result in a
decrease in entropy for the (R)-enantiomer and increasingly favor the (S)-enantiomer
with increasing temperature. Interestingly, the ∆∆S‡ for 2-pentanol is positive and
similar in value to those for wild type and C295A SADH.
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Mutant C295V shows an inversion of temperature dependence for both 2-butanol
and 2-pentanol. Below 35º C, the large negative value for ∆∆H‡ for 2-butanol indicates a
preference for the (R)-enantiomer and the very large negative value for ∆∆S‡ indicating a
sizable loss in entropy possibly associated with restriction of the C295V side chain.
However, above 30º C, there is an apparent reversal in this trend, although values for
∆∆H‡ and ∆∆S‡ associated with this have yet to be established. The inversion
temperature for 2-pentanol is similar to that for the 2-butanol, but the associated values
for ∆∆H‡ and ∆∆S‡ are opposite in sign. The positive ∆∆H‡ for 2-pentanol below 35º C
indicates a better steric fit with the propyl group oriented in the large pocket and the
positive value for ∆∆S‡ indicates a favorable entropy for the (R)-enantiomer where the
larger alkyl group is in the small pocket. Conversely, above 30º C the negative value for
∆∆H‡ indicates a steric preference for the (R)-enantiomer where the alkyl group is in the
small pocket, and the large negative ∆∆S‡ indicates a loss of entropy with the alkyl group
in the small pocket which is consistent with our hypothesis. A plausible explanation for
the observed inversion in temperature dependence is described by the isoinversion
principle,33 which attributes the non-linearity of these data to a change in rate-limiting
step in a two step mechanism. (Scheme 3.1).

E + S

ES
Binding

EP

E + P

Catalysis

Scheme 3.1 Catalysis according to the Isoinversion Principle. E is enzyme, S is
substrate, P is product.

The first step in scheme 1 is binding, or formation of the enzyme-substrate
complex. The second step is catalysis, or transformation of the enzyme-substrate
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complex to the enzyme-product complex. These two steps favor opposite enantiomers,
and have different activation energies.
The kinetic data for the 2-hexanol with C295A shows a consistent temperature
dependence trend for enantioselectivity with a positive value for ∆∆H‡ and a negative
value for ∆∆S‡. This indicates a preference of the larger alkyl group for the large binding
pocket, and the entropy term suggests an increase in entropy with the alkyl group in the
small pocket. A possible explanation for this within the confines of our hypothesis is that
2-pentanol’s butyl group adopts a conformation within the small alkyl pocket which
allows for free rotation of the valine’s isopropyl group.
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Figure 3.1. Temperature dependence of the enantiospecificity of wild-type and C295L
SADH. Filled symbols and dotted fit lines are for the oxidation of alcohols by wild-type
SADH. Open symbols with solid fit lines are for C295L. Diamonds are for 2-butanol,
triangles are for 2-pentanol, and squares are for 2-hexanol. Temperature is in K, units for
–RTlnE are cal/mol.
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Figure 3.2. Temperature dependence of the enantiospecificity of wild-type and C295V
SADH. Filled symbols and dotted fit lines are for the oxidation of alcohols by wild-type
SADH. Open symbols with solid fit lines are for C295V 2-butanol, K2 2-pentanol, and 2hexanol. The dashed line refers to 2-pentanol K1. Diamonds are for 2-butanol, triangles
are for 2-pentanol, and squares are for 2-hexanol. Temperature is in K, units for –RTlnE
are cal/mol.
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Figure 3.3. Temperature dependence of the enantiospecificity of wild-type and C295A
SADH. Filled symbols and dashed fit lines are for the oxidation of alcohols by wild-type
SADH. Open symbols with solid fit lines are for C295A. Diamonds are for 2-butanol,
triangles are for 2-pentanol, and squares are for 2-hexanol. Temperature is in K, units for
–RTlnE are cal/mol.
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As chemistry is the central science, organic chemistry is the central chemistry.
All disciplines of the chemical sciences converge with the study of carbon and its
molecules, and this dissertation in organic chemistry reflects this wide scope. Subject
matter addressed in the three chapters of this edition include: organic synthesis, organic
spectroscopy, physical organic chemistry and chemoenzymology.
The use of isotopically labeled probes for the study of enzyme catalysis by NMR
is a promising technique. With this method, a single atom of a substrate can be observed
as it interacts with an enzyme containing hundreds of like atoms. In chapter I, 15N-Ltryptophan was complexed with wild type tryptophan synthase and mutants K87T,
E109D, and D305A with and without the presence of the α-subunit ligand, αglycerophosphate. The NMR signals observed provide evidence confirming allosteric
regulation, and provided specific information about the roles of specific residues. Future
work will investigate the use of 13C isotopomers of L-tryptophan, L-serine and PLP as
NMR probes.
Derivatives of L-tryptophan with aromatic substituents are important targets for
organic synthesis. Chapter II is the report of our preparation of protected 2- and 6-nitroL-tryptophan in good yield. These synthons open the door for the preparation of many
other derivatives via functional group interconversion by Sandmeyer chemistry. Future
work will focus on the efficient transformation of the nitro group to the corresponding
amino group, and on the preparation of other nitro-L-tryptophan isomers.
Secondary alcohol dehydrogenase from Thermoanaerobacter ethanolicus is the
subject of chapter III. SADH is among the most versatile and effective biocatalytic
agents available to the organic chemist. This enzyme exhibits increased tolerance to
temperature and organic solvents compared to other enzymes of synthetic value, and is
effective for the reduction and oxidation of a wide range of substrates. The results of our
kinetic evaluation of small alkyl binding pocket mutants C295L and C295V indicate that
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enantioselectivity and temperature dependence on enantioselectivity is partly determined
by the polarity and steric effects of this residue. Further work will explore the catalytic
effects of substituting cysteine 295 with other residues exhibiting branching at the β
carbon, such as serine and isoleucine. The ultimate goal of this project is the
development of a mutant of SADH that can accommodate a wide latitude of substrates, is
not inactivated by other functional groups, and catalyzes transformations with high
enantioselectivity.

