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Abstract: Using both rational and random mutagenesis, we have created the first known broad substrate
range, nicotinamide cofactor dependent, and highly stereoselective p-amino acid dehydrogenase. This
new enzyme is capable of producing b-amino acids via the reductive amination of the corresponding 2-keto
acid with ammonia. This biocatalyst was the result of three rounds of mutagenesis and screening performed
on the enzyme meso-diaminopimelate p-dehydrogenase. The first round targeted the active site of the
wild-type enzyme and produced mutants that were no longer strictly dependent on the native substrate.
The second and third rounds produced mutants that had an increased substrate range including straight-
and branched-aliphatic amino acids and aromatic amino acids. The very high selectivity toward the
p-enantiomer (95 to >99% ee) was shown to be preserved even after the addition of the five mutations
found in the three rounds of mutagenesis and screening. This new enzyme could complement and improve

upon current methods for p-amino acid synthesis.

Introduction

D-Amino acids are increasingly becoming important building
blocks in the production of pharmaceuticals and fine chemicals
and as chiral directing auxiliaries and chiral synthons in organic

synthesis. Current important applications mfamino acids
include their use as key componentsfddactam antibiotics,
fertility drugs! anticoagulant$,and pesticide&.For example,

two importantp-amino acids used in semisynthetic antibiotics,

D-phenylglycine (ampicillin), ang-hydroxy-D-phenylglycine
(amoxicillin) are currently produced on a scal&000 tons per
year worldwide! In addition, there are more than 0amino

matic synthesis using e-amino acid transaminageand the

conversion of hydantoins using the coupled enzymatic reactions

of ab-hydantoinase and-carbamoylasé& While each of these
' methods are useful, they often have drawbacks including poor
yields and enantioselectivity, low reaction rates, low titer of
starting material, and the need for multiple enzymatic or
chemical reaction steps. The ability to directly aminate a 2-keto
acid with ammonia to form @-amino acid would be highly
useful and complementary to the current methods.

As opposed ta-amino acid dehydrogenasesamino acid

dehydrogenases{AADH) are not ubiquitous in nature. In fact,
to our knowledge, no broad substrate range, nicotinamide

acids currently produced at pilot- or full-scale levels, including  cofactor-dependent, artenantioselective amino acid dehy-
many p-amino acids that do not have a naturally occurring grogenase has ever been reportehADH activity has been

L-counterpart (such astert-leucine)® In many of these cases,

observed in a number of bacterial species, inclutiegudomo-

the p-enantiomer is not only frequently more potent than the 55 aeruginosg© Pseudomonas fluoresceHsPyrobaculum

corresponding -enantiomer but also often more stabievivo

islandicum'?2 Salmonella typhimuriug? andEscherichia colt*17

against enzyme degradation, as there are very few metabolicowever, all these enzymes require dye-based electron acceptors

pathways in the liver, kidney, and bloodstream capable of

catabolizingp-amino acids.

There are currently a number of methods to produegnino
acids, including enzymatic resolution of the racenfagezy-
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such as methylene blue or 2,6-dichloroindophenol in the
oxidative deamination direction-Amino acid synthesis via the
reductive amination reaction direction was not described. In

restriction enzymes and transformed into electrocompeenctoli
(TOP10 cell line).
B. Synthesis of Mutant Library. Mutant libraries of the DAPDH

addition, most of these enzymes are membrane bound, and itJene were created using error prone PCR techniques. To accomplish

would therefore be difficult to obtain high yields of soluble and
active enzyme from a suitable expression host sudhb. a®li.
Misono and co-workers have also described the isolation of an
NADP* dependenb-theronine deydrogenase frafseudomo-
nas cruciiae® However, this enzyme catalyzes the oxidation
of the 8-hydroxyl and not the oxidation/reduction of theamine

and is different from the enzyme described in this work.

In this work we report the creation of the first broad substrate
range, nicotinamide cofactor dependent, and highgnantio-
selective amino acid dehydrogenase. This enzyme was create
by performing directed evolution on the starting enzymese
2,6-0-diaminopimelic acid dehydrogenase (DAPDH) using both
rational and random mutagenesis.

Materials and Methods

Materials. NADP™ and NADPH were obtained from BioCatalytics,
Inc. (Pasadena, CAp-Amino acids were obtained from Sigma-Aldrich
Chemical Co. (St. Louis, MO) or Peptech Corp. (Burlington, MA).
2-Keto acids were purchased from Sigma-Aldrich or, if unavailable
commercially, were prepared by the addition of the corresponding
aldehyde to hydantoin followed by saponification as described previ-
ously® Nitro Blue Tetrazolium, phenazine methosulfate, and Triton
X-100 were obtained from Sigma-Aldrich. FMOI (used to
derivatize amino acids for UV detection) was purchased from Pierce
Biotechnology, Inc. (Rockford, IL). All other chemicals were purchased
from Sigma-Aldrich or similar sources and were of reagent grade or
higher.

Corynebacterium glutamicutracteria were purchased from ATCC
(Manassas, VA). Platinumpfx DNA polymerase, pTrcHis2A expression
vector, and expression hogEscherichia coli TOP10 cells were
purchased from Invitrogen (Carlsbad, CApqDNA polymerase and
TagDNA polymerase buffer were purchased from Roche (Indianapolis,
IN). Restriction endonucleases were obtained from New England
Biolabs (Beverly, MA). Oligonucleotides used for PCR amplification
were synthesized by IDT Inc. (Coralville, 1A). Genomic DNA was
isolated using the MasterPure Complete DNA and RNA Purification
Kit. DNA ligations were performed using the Fast-Link DNA Ligation
Kit (EPICENTER, Madison, WI). Plasmid DNA was purified using a
PROMEGA (Madison, WI) Plasmid DNA Mini-prep Kit. Gene
sequencing was performed by the University of Florida, DNA Sequenc-
ing Lab (Gainesville, FL). Transformations were performed via
electroporation using the MicroPulser (Bio-Rad, Hercules, CA).

Methods. A. Cloning of the DAPDH Gene.The native DAPDH
gene (990 bp) was isolated froBorynebacterium glutamicufTCC

13032) using standard PCR amplification methods. Based on the pub-

lished sequence (NCBI accession No. Y00151) appropriate primers
(forward: B-AGTCCCCATGGGTACCAACATCCGCGTAGC-3re-
verse: 5AACTGCAGCCCTCGAGGGTTAGACGTCGCGTGCG-
ATCA-3') were designed incorporatiigcol and Xhol as the 5and 3
cloning sites, respectively. The forward primer also includes a glycine
(GGT) after the initial methionine to assist in cloning (all amino acid
numberings account for this inclusion). The PCR product was then
ligated to an expression vector (pTrcHis2A) cleaved with the same

(16) Raunio, R. P.; Straus, L. D.; Jenkins, W.JT Bacteriol.1973 115 567—
573
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(10), 4487-4497.
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this, 50 pmol of each primer that anneals to the pTrcHis2A vector
flanking the DAPDH gene insert (forward:!-6AGGTATATATTAT-
TGTATCG-3 and reverse: 'SGATGATGATGATGGTCGACGG-3

and 0.1ug of DAPDH/pTrcHis2A plasmid DNA template were added
to 1.5 mM MnC}, 5.5 mM MgCb, 0.2 mM dATP, 0.2 mM dGTP, 1.0
mM dCTP, 1.0 mM dTTP, 1XTaq polymerase PCR buffer and 2.5
units of Tag polymerase. The thermal cycling parameters weré®4
for 2 min (1 cycle), 94C for 45 s, 52°C for 45 s, 72°C for 90 s (30
cycles), and 72C for 10 min (1 cycle). The PCR products were
digested wittDpnl to remove template DNA. The PCR products were

&;el purified and digested witNcol and Xhol. The digested products

were then gel-purified, and the DAPDH fragments were ligated into
the similarly digested vector pTrcHis2A. Ligation mixtures were
transformed intcE. coli TOP10 cells by electroporation and selected
on LB medium supplemented with 10@/mL ampicillin.

For site-saturation mutagenesis a similar procedure was used. The
PCR reaction included the same forward and reverse primers used to
produce the error prone PCR library, internal oligos containing an NNN
sequence at the site to be saturated mutagenized with a 15 bp overlap
on both sides of the NNN, 0.2 mM dNTP, and 5.5 mM MgClhe
thermal cycling parameters were identical to those used in the error
prone PCR reaction, as was the PCR product purification. The multiple
PCR products (0.2g/fragment) from this reaction were combined with
a second PCR reaction containing 50 pmol of the same forward and
reverse primers, 0.2 mM dNTP, and 5.5 mM MgQlhe thermocycling
parameters were as follows: 9€ for 2 min (1 cycle), 94C for 45 s,

48 °C for 45 s, (10 cycles), 94C for 45 s, 52°C for 45 s, 72°C for
90 s (30 cycles), and 7 for 10 min (1 cycle). The final PCR product
was ligated and transformed as described above.

C. Screening of Mutant Library. Individual colonies were picked
using an AutoGenesys robotic colony picker (AutoGen, Framingham,
MA), into 384-well microtiter plates containing Terrific Broth (TB)
media with 100ug/mL ampilicillin and grown 16 h at 37C. After
growth the master plates were replicated into 384-well plates containing
TB, 100 ug/mL ampilicillin, and 50 uM IPTG (to induce gene
expression) and allowed to grow 16 h at@. Glycerol was added to
the master plates (final concentration of 20%) and stored& °C.

After 16 h of growth of the replicated plates, the plates were spun
down and the supernatant was removed. To the cell pellet a solution
of 1 mg/mL lysozyme, 0.1% Triton X-100, 20 mM each of tr@mino
acids to be screened, 1 mM NADPand 100 mM sodium carbonate,
pH 9.5 was added (20L/well).

The plates were allowed to shake at 200 rpm. During this time the
cells were lysed, and the enzyme was allowed to react with the substrate.
After 1 h the indicating dye, Nitro Blue Tetrazolium (0.15 mg/mL final
concentration), and the electron-transfer agent, phenazine methosulfate
(0.01 mg/mL final concentration) were added (d0well). The plates
were monitored visually for wells changing from a pink to purple color.
Those wells that turned purple faster than the majority of the wells on
the plate (all wells eventually turned purple due to background
concentrations of NAD(P)H) were noted as being positA/és.

D. Growth and Purification of DAPDH. The wild-type and mutant
DAPDH clones were grown and purified using the same procedure.
The DAPDH expressingt. coli were grown in 2.8 L baffled flasks
containing 1.2 L of TB and 10@g/mL ampillicin. The flasks were
incubated at 30C and shaken at 180 rpm. After approximately 18 h
of growth, the cells were induced with %0 IPTG and continued to
be incubated at 30C and shaken at 180 rpm for an additional 18 h.
After this time the cells were harvested via centrifugation. The cells

(20) Mayer, K. M.; Arnold, F. HJ. Biomol. Screer2002 7 (2), 135-40.
(21) Williams, G. J.; Domann, S.; Nelson, A.; Berry, Rroc. Natl. Acad. Sci.
U.S.A.2003 100 (6), 3143-8.
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were resuspended with 4 mL of 50 mM potassium phosphate buffer, Table 1. Analogues of m-DAP Screened Against in the Saturation
pH 7.5, 0.1 mM DTT, and 0.5 mM PMSF per gram of wet cell paste. Mutagenesis Library

Cells were lysed on the APV-1000 homogenizer (Invensys, Albertslund, Substrate Analogy to m-DAP

Denmark) at 13 000 psi. The lysate was treated with 0.15% PEt (50
60 KDa molecular weight), 250 mM NaCl, and 50 mM sodium borate
to flocculate nucleic acids and lipids, which were then removed by
centrifugation. To the treated lysate, solid ammonium sulfate was added

to give 45% saturation. After 20 min of stirring, the solids were removed NH on

by centrifugation and discarded. The supernatant was brought up to Removed all charges on L-carbon, kept carbon
75% ammonium sulfate saturation, and the solids were collected by © number the same

centrifugation after 20 min of stirring. The pellet was redissolved in ~ D.L-2-Aminoheptanoic acid *

HO. OH

Removed amino group on L-carbon

(o]
z
o= &+

D,L-2-Aminopimelic acid *

70 mL of 25 mM potassium phosphate buffer, pH 7.5 and ultrafiltrated NH, NH
again$ 1 L of the same buffer at 4C. The ultrafiltrated solution was H)\/\/'\n/o"' R
. emoved carboxylate group on L-carbon
lyophilized, and the enzyme was stored &Gt o
E. Enzyme AssayThe wild-type and mutant DAPDH were assayed D-Lysine
spectrophotometrically by monitoring the increase (oxidative deamina- NH,

tion reaction direction) or decrease (reductive amination reaction OH

direction) in the concentration of NADP(H). The typical reductive
amination reaction contained the following: 100 mM sodium carbonate D-2-Aminohexanoic acid
buffer, pH 9.0, 200 mM NECI, 25 mM 2-keto acid, and 0.2 mM NH,
NADPH. The decrease in absorbance at 340 nm was monitored, and
an NADPH extinction coefficient of 6.22 mM cm™ was used to
correlate absorbance to concentration. The oxidative deamination assay D-Phenylalanine
contained 100 mM sodium carbonate buffer, pH 9.5, 25 mrlmino NH
acid, and 1 mM NADP. The increase in absorbance at 340 nm was
followed, and the same extinction coefficient was used. Protein
concentrations were determined via the Bradford methaing bovine
serum albumin as a protein standard.

Removed all charges (amine and carboxylate
group) on L-carbon

:

OH
Similar in size but with an aryl group

1

2
OH
Smallest chiral amino acid

g

D-Alanine
NH, NH,

Results Ho\n/'\/\/kn/o"'
S S Native substrate
First Round of Mutagenesis and Screening: Site-Directed m-DAP

Saturation Mutagenesis. For the initial round of directed
evolution, we targeted the mutagenesi to tose residues thal, T1ess, SSmPoTs Te tsed 1 ey BEsTe Jam e, o,
interact with th? Sl_JbSti_tuer_]tS O_n thecarbon in Fhe na_tive was not screened againé/t. Itis sﬁown here for cdmparison to the substrates
substratemesediaminopimelic acidif-DAP) (see Discussion).  used in the screen.
Based on structural information determined from X-ray crystal-
lography, these residues have been identified as Arg196, Thr1700xidative deamination reaction direction, ontylysine was
and His24%3 To accomplish this, a saturation mutagenesis found to be an active substrate. Of the eight, one mutant in
library was constructed to contain all possible amino acid particular, labeled BC540, had higher activity than the rest. This
changes at these three sites. The total number of possible mutant&as sequenced and was found to contain a mutation at each
is 2C% or 8000. To increase the likelihood all possible mutations site targeted for mutagenesis: Argl96Met, Thrl70lle, and
were evaluated, a 20 000 colony library was screened. It wasHis245Asn. Interestingly, this mutant no longer exhibited
also decided to screen substrates that are analogous to the nativeignificant activity toward the native substrate;DAP.
substratem-DAP. Table 1 lists the substrates screened against Second Round of Mutagenesis and Screenindgutant
in this library and their similarity to the native substrate. BC540 was used as the parent for the second round of muta-
Although the reductive amination reaction direction is the genesis and screening. In this round random mutagenesis was
synthetically useful direction, the oxidative deamination reaction performed over the entire gene, not just at the active site as
was used. This was done since the reduced cofactor produciwvas done in the saturation mutagenesis library (first round). This
will react (through an electron mediator) with the tetrazolium library was screened against the substrates in Table 1 with the
pro-dye to form a highly colored product. This allows the library exclusion ofp-lysine. Since the parent already had activity
to be screened by eye, and thus a large number of mutants camoward p-lysine, inclusion of it could potentially mask out
be screened rapidly. The oxidative deamination enzymatic activity toward any other substrate. After screening approxi-
reaction is reversible, so an enzyme showing activity in this mately 40 000 colonies, 60 were noted as potential positives.
direction will also show activity in the reductive amination These were regrown from the master plate into 12-well plates
direction (with reductive amination being thermodynamically and assayed against each of the substrates in Table 1 separately,
favorable). including b-lysine, in the oxidative deamination reaction direc-
After screening 20 000 colonies and subscreening those thattion. Of the 60, four showed notably higher activity toward
were noted as potentially having higher activity, eight were bp-lysine,p-norleucine, ana,L-2-aminoheptanoic compared to
observed to be more active than the wild-type enzyme. After the parent. The most active of these four, mutant BC574, was
assaying these eight against each substrate separately in ththen assayed toward a number of additiamamino acids that
were not used in the screen in order to ascertain the substrate

(3) Ciil, M., Scapin, G.; Sutheniand, A vederas, J. C.; Blanchara, J. s, 'aNge Of this mutant. Higher activity compared to the parent
Protein Sci.200Q 9, 2034-2037. was observed fobp-cyclohexylalanine p-ornithine, p-2-ami-
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Table 2. Activity and Enantioselectivity of Mutant BC621 and Wild-Type DAPDH for the Synthesis of b-Amino Acids by the Reductive
Amination of the Corresponding 2-Keto Acids with Ammonia

activity of BC621 activity of wild-type activity enhancement enantiomeric

p-amino acid product (Ulmg)? (Ulmg)? over wild-type excess of BC621
p-alanine p-2-amino-propionate) 0.12 0.009 13 9%
D-2-aminobutyrate 0.25 0.018 14 >99%
p-norvaline -2-amino-pentanoate) 0.69 0.03 23 >99%
p-norleucine f-2-amino-hexanoate) 1.41 0.0095 148 >99%
p-2-aminoheptanoate 2.15 0.004 538 >99%
D-2-aminooctanoate 7.8 0.008 975 95%
p-valine 0.28 0.005 56 98%
p-tert-leucine N/ N/A
p-isoleucine 0.22 N/A 0 96%
p-leucine 0.62 0.004 155 >99%
p-cyclopentylglycine 0.28 0.002 140 >99%
p-cyclohexylalanine 25 0.004 625 >99%
p-methionine 1.0 0.006 153 >99%
D-aspartate N/A N/A
p-glutamate 0.025 N/A 00
p-phenylglycine N/A N/A
p-phenylalanine 0.11 N/A 00 >99%
p-tyrosing 0.42 N/DF >99%
p-4-fluorophenylalanine 0.068 0.002 34 >99%
p-4-chlorophenylalanine 0.055 N/A 00 >99%
p-homophenylalanine N/A N/A
control reaction with no 2-keto acid 0.001 0.0004

a1 U = 1 umol of NADP*/min. Activity was normalized to unit weight of lyophilized solidsN/A: No measurable activity was observed with this
substrate under the assay conditions us&D: Activity was not determined for this substrateDue to the high absorbance of this substrate at 340 nm,
activity toward this compound was assayed via HPLC using 25 mM 2-keto acid, 200 mj@IN&=imM NADPH, 100 mM sodium borate buffer, pH 9.0.
The HPLC conditions were the following: column: SynergiRBolar RP (Phenomenex, Torrance, CA), 250 mm.6 mm, 4u particle size; program: 1
mL/min of 95% aqueous 20 mM potassium phosphate pH 5.7, 5% MeOH, isocratic; product eluted at 4.5 min and was detected via UV absorbance at 225
nm. € Formation ofL-alanine due to presence of alanine racemase; see Discussion.

noadipic acidp-valine,b-leucine, ana-4-chlorophenylalanine. Activity of Mutant BC621 for p-Amino Acid Synthesis.
No activity was observed for this mutant or for the parent, The most active DAPDH mutant found after three rounds of
BC540, towardp-tert-leucine, b-glutamate,p-aspartatep-2- mutagenesis and screening, BC621, was assayed for reductive

naphthylalanine, ano-tyrosine. BC574 was sequenced and was amination activity against a broad range of 2-keto acids for the
found to have one additional mutation, GIln151Leu, in addition synthesis ofb-amino acids. The wild-type was also assayed
to the three contained in the parent. under the same conditions for comparison. The results are shown
Third Round of Mutagenesis and ScreeningBC574 was in Table 2.
used as the parent for the third and final round of mutagenesis Kinetic Constants of Mutant BC621. The kinetic constants,
and screening. As in the second round, the mutagenesis wa¥.q:andKy, for mutant BC621 were measured toward J0H
performed randomly over the entire gene. In addition to the NADPH, and two 2-keto acids. The activity for these experi-
substrates listed in Table 1 (excludingdysine), this library was ments was measured spectrophotometrically as described in the
also screened againstcyclohexylalanine,p-ornithine, and Methods section. The high extinction coefficient of NADPH at
D-phenylglycine. After screening 40 000 colonies, 33 potential the Amax of 340 nm precluded us from using this wavelength
positives were rescreened after regrowth from the master platewhen measuring the kinetic constants on NADPH. Instead, a
into 12-well plates. Of these 33, seven were measured as havingvavelength of 375 nm was used; the extinction coefficient at
higher activity than the parent for at least one of the substratesthis wavelength was measured to be 1.75 mAMm~1. We
screened. These seven were grown at the 1.2 L scale andlecided to measure the kinetic constants for the 2-keto acids
purified. At this point these seven mutants were screened againstyclohexylpyruvate and 2-ketooctanoic acid. The former has
a much broader range ofamino acids, and the activity was been shown to be useful as a pharmaceutical intermediate
measured in the reductive amination direction. This is the (component of the thrombin inhibitor inogatf@y while the
synthetically useful reaction direction and is thermodynamically latter was the substrate mutant BC621 was most active toward.
favorable. It has been reported that for the wild-type enzyme After measuring the initial rates at various substrate concentra-
and the native substrate{DAP) the reductive amination  tions, nonlinear regression (using the Microsoft Excel Solver
direction is~100-fold faster than the oxidative deamination tool) was used to fit the data to the Michaelldenten equation.
direction2* All seven mutants showed higher activity than the The results of these measurement are shown in Table 3.
parent for at least one (and in most cases many) substrate(s). The Ky for NH4Cl and NADPH were not determined for
However, we found that one mutant in particular, BC621, was 2-ketooctanoic acid but are expected to be similar to those
the most active and had the broadest substrate range of the sevemeasured for cyclohexylpyruvate. Note that it was difficult to
BC621 was sequenced and was found to contain one additionakeach saturating conditions for the 2-keto acids and NAPDH
mutation compared to the parent, Asp155Gly, giving it a total due to the high absorbance of these substrates at the concentra-

of five mutations. tions used.
(24) Brunhuber, N. M.; Blanchard, J. Srit. Rev. Biochem. Mol. Biol1994 (25) Gustafsson, D.; Elg, M.; Lenfors, S.; Borjesson, I.; Teger-Nilsson, A. C.
29 (6), 415-67. Blood Coagulation Fibrinolysid€4996 7 (1), 69-79.
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Scheme 1. Reaction Scheme for the Gram Scale Synthesis of b-Cyclohexylalanine?

D-Amino acid NH
o) dehydrogenase, BC621 O\/L 2
+ NH4CI + NADPH NADP* + CO,H
O

2H »

D-Cyclohexylalanine
Cyclohexylpyruvate

Glucose
dehydrogenase

Glucose Gluconolactone

Spontaneous
hydrolysis

Gluconic acid

a Reaction conditions: buffer: 25 mL of 100 mM sodium carbonate, pH 9.0; cyclohexylpyruvate: 1 g (40 g/L, 235 mM)i: B3 g (25.2 g/L, 475
mM); glucose: 1.6 g (64 g/L, 355 mM); NADP 5.0 mg (0.2 g/L, 0.25 mM)p-amino acid dehydrogenase (mutant BC621): 20 mg (0.8 mg/mL); glucose
dehydrogenase: 0.25 mg (0.01 mg/mL).

Table 3. Measured Kinetic Constants of DAPDH Mutant BC6212 the starting materials. Unfortunately there are no known
K Ky Ky industrially viable biocatalysts capable of performing this
Keat 2-keto acid NH,CI NADPH reaction. To solve this problem, we used directed evolution to
2keto acid (Ulmg) (mM) (mh) (mM) create a nicotinamide cofactor dependent, broad substrate range,
cyclohexylpyruvate 9.3 41 230 0.37 andp-enantioselective amino acid dehydrogenase. A key step
2-ketooctanoic acid 11.2 15 NYD N/DP

in this process is the proper choice of enzyme to perform
aThe substrate concentration range (when determining kinetic constantsd'reCted evolution upon. One option is to start with.aamino

on this substrate) and static value (when determining the kinetic constantsacid dehydrogenase and attempt to convert itbesaino acid

on other substrates) were as follows: 2-Keto acid:68 mM, 30 mM; dehydrogenase. While this has been attempted for an hydan-

NH,Cl: 0—1000 mM, 1000 mM; NADPH: 61.0 mM, 0.2 mM.? Not . o . .

determined. toinase?® success was somewhat limited as the enantiomeric

excess of the product produced by the mutant enzyme was only

Enantiomeric Purity of Mutant DAPDH Reductive Ami- 20% for theL-enantiomer (versus 40% for tlneenantiomer of

nation Product. The enantiomeric selectivity of mutant BC621 the wild-type enzyme). In the end, we would also expect to

was examined. Cyclohexylpyruvate was used as the modelfind a nonenantioselective enzyme withamino acid dehy-

substrate, and it was aminated with ammonia catalyzed by thedrogenase activity, rather than a highly enantioselectisenino

mutant BC621. The cofactor, NADPH, was recycled using acid dehydrogenase.

glucose as the electron source and glucose dehydrogenase as A better starting choice is the enzynmeese2,6-diamino-

the electron transfer catalysis. The glucose oxidation product, pimelic acid p-dehydrogenase. This enzyme catalyzes the

gluconolactone, spontaneously hydrolyzes irreversibly to glu- reversible oxidative deamination of only tbeamine inmese

conic acid driving the reaction to completion. This coupled 2,6-diaminopimelic acid giving-2-amino-6-oxopimelic acid

reaction is shown in Scheme 1. (Figure 2). It uses NADP(H) as an electron acceptor/donor.
The solution turned cloudy as the reaction proceeded indicat- Since this enzyme is absolutely selective toward tremine
ing the production of insoluble cyclohexylalanine. Afte6 h, in the mesocompound’ it can be considered aAADH.

the pH of the solution was lowered to pH 6 causing much of  DAPDH is found in the lysine biosynthetic pathway where
the cyclohexylalanine to precipitate. The resulting cyclohexyl- precursors such asaspartate and-homoserine are converted,
alanine was filtered and washed with cold water and dried in a via multiple steps, intoL-2-amino-6-oxopimelate, which is
vacuum oven for 24 h. The conversion of substrate wa5% reduced tan-DAP by DAPDH and then enzymatically decar-
determined via HPLC; however the isolated yield (unoptimized) boxylated toL-lysine?® DAPDH has been found in a number
was ~70%. The cyclohexylalanine product was dissolved in of lysine overproducing microorganisms includiacillus

pH 10 borate buffer and derivitized with FMGI according sphaericug>3° and Corynebacterium glutamicuft32 For our

to the instructions included with the reagent. The optical purity work, we have chosen to use the DAPDH fr@nglutamicum

of the product was determined by chiral HPLC, and the resulting The reasons for this are that the gene sequérared crystal
chromatograms are shown in Figure 1. The same reaction wasstructuré have already been determined, and it has been dem-
performed atl/,5 of the scale (1 mL) for each of the 2-keto onstrated that this enzyme can be cloned Btcoli with high
acids in Table 2 that the mutant DAPDH was active toward expression and high activify. DAPDH is known to be active
(with the exception of 2-ketoglutarate, due to the poor activity
toward this substrate). After a 24 h reaction time the enanti-
oselectivity of the enzyme for each substrate was determined(27) Misono, 7"' ; Togawa, H.; Yamamoto, T.; Soda,KBacteriol. 1979 137
as described previously. These results are shown in Table 2(28) Schrumpf, B.; Schwarzer, A.; Kalinowski, J.; Puhler, A.; Eggeling, L
(see Supporting Information for chiral HPLC conditions). Sahm, H.J. Bacteriol. 1991 173 4510-4516.

(29) Misono, H.; Soda, KJ. Biol. Chem.198Q 255, 10599-10605.
(30) Misono, H.; Togawa, H.; Yamamoto, T.; Soda,B{lochem. Biophys. Res.

(26) May, O.; Nguyen, P. T.; Arnold, F. HNat. Biotechnol200Q 18, 317—
320.

Discussion Commun1976 72, 89-93.
- . . . . . . (31) Wehrmann, A.; Phillipp, B.; Sahm, H.; Eggeling, L. Bacteriol. 1998
The ability to synthesize-amino acids with high enantio- 180, 3159-3165.

; ; ; ; inati ; (32) Ishino, S.; Mizukami, T.; Yamaguchi, K.; Katsumata, R.; ArakiNCcleic
meric purity via reductive amination of the corresponding 2-keto Acids Re<1987 15, 3017-3917

acid with ammonia is highly desirable due to the low cost of (33) Reddy, S. G.; Scapin, G.; Blanchard, JPSoteins1996 25, 514-516.
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Figure 1. Chromatograms of the cyclohexylpyruvate amination reaction product. (Top) Reaction product; (middle) reaction product spiked with
D-cyclohexylalaninef-CHA) standard; (bottom) reaction product spiked witbyclohexylalaninel(-CHA) standard. The first two peaks in each chromatogram
are a result of the FMOC reagent used to derivatize the products for UV detection.

7 o LT DAPDH i B
HOWOH + NADP* — —= HOWOH + NADPH

NH, NH, o) NH,
meso-2,6-diaminopimelic acid L-2-amino-6-oxopimelic acid

Figure 2. In vivo reaction performed bynese2,6-diaminopimelat®-dehydrogenase (DAPDH).

almost exclusively towardn-DAP; this enzyme exhibits no  m-DAP. By removing this charge, theamine orp-lysine would

activity toward a number of alkyl and ary-amino acids? no longer be electrostatically repelled. This also helps explain
Therefore, the goal of this work was to broaden the substrate why m-DAP was no longer a good substrate for the mutant.
range of this enzyme. Now that the mutant DAPDH was no longer strictly depend-

In the first round of mutagenesis and screening, rational ent onm-DAP as a substrate, we were successful in finding
mutagenesis was used and specific residues in the active sitenutants active toward a broad rangeosémino acids. After
were targeted. Crystal structure analysisas shown that the  the third round of mutagenesis and screening, mutants were
only interactions to the moieties on thecarbon are three amino ~ found that were able to reductively aminate various aliphatic
acids that hydrogen bond to thecarboxylate; no significant ~ and aromatic 2-keto acids to produce the correspormiagino
hydrogen bonding was found to occur at lreamine on the acids, as described in Table 2. There are a number of interesting
same carbon. A library was constructed in which these three observations that can be made from this table. The rate
amino acids were mutagenized to give all possible amino acid enhancements from the wild-type to the most active mutant
changes. After screening toward analogues of the native sub-can be quite significant; rate enhancements as high as 3 orders
strate, mutants active towandlysine were found. Sequencing of magnitude were observed. In four casesigoleucine,
revealed mutations at all three sites (see Results). The mosb-glutamate, b-phenylalanine, and-4-chlorophenylalanine)
important mutation is likely Arg195Met. The positive charge mutant BC621 showed activity for a substrate that the wild-
on arginine most likely stabilizes the negative charge of the type was completely inactive toward. For the unbranched alkyl
a-carboxyl group on the.-carbon in the native substrate, bp-amino acids, the activity of mutant BC621 increased with
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increasing side-chain length, with 2-aminooctanoate showing 2-aminooctanoate and isoleucine) is not known. However this
the highest activity. The branched and cyaieamino acids, could be due to an impurity that coelutes with thenantiomer.
with the exception ob-tert-leucine, also showed activity with  Control reactions, with no 2-keto acid substrate, also show a
mutant BC621, albeit not as high as the activity displayed toward peak that elutes at the same timelasnantiomer. We have
some of the unbranched-amino acids. Poor activity was been unable so far to resolve theamino acid from this
observed for the acidio-amino acids assayed. No activity was impurity. These results demonstrate that even though five
measurable fop-phenylglycine and the aforementionedert- mutations were introduced into the wild-type DAPDH, the high
leucine. This is most likely due to the steric hinderence of the selectivity toward thevo-enantiomer was preserved.
bulky substituents on thew-carbon. However, activity was
observed fom-phenylalanine angbara-substitutedo-phenyl-
alanine. We know now, based on the kinetic information shown  Through the use of rational and random directed evolution
in Table 3, that the concentrations of substrates used to generatéechniques we have created the first known broad substrate
the data for this table are most likely near or below Kyg range, nicotinamide cofactor dependent, and highly stereo-
Thus, the rates presented therein are likely Wwbcrates. For  specificb-amino acid dehydrogenase. This enzyme was found
example, theVmax for b-cyclohexylalanine was determined to  after one round of mutagenesis targeted at the substrate binding
be 9.3 U/mg, which is 3.7-fold higher than the activity reported Site and two rounds of random mutagenesis over the entire gene.
for the conditions used in Table 2. Only five mutations were necessary to bring about a significant
Enantioselectivity of DAPDH mutant BC621 was determined Proadening of the substrate range of the very substrate specific
on all substrates in Table 2 that the enzyme was appreciablyWild-type enzyme. The mutant enzyme exhibits significant
active toward. In all cases, except for alanine, the enantiomeric 2Ctivity toward the synthesis of a number of straight, branched,
excess of the@-enantiomer was- 95%. and in most cases it and cyclic aliphatic and aromatizamino acids. The mutations
was > 99%. We were unable to accurately measure the ee of did not affect the engntioselectivity of the enzyme, as the
the alanine reaction due to the apparent presence of an€€ value of the-enantiomer was found to be 95 ¥99% for
endogenousE. coli alanine racemas¥. In fact, when we the mutant enzyme catalyzed reaction product. This enzyme
substitute-alanine for pyruvate in the reaction mixture, we could be very useful in the inexpensive production of highly
observed the formation of a significant amountLeélanine, enantiomerically pur@-amino acids.
indicating an alanine racemase is present as an impurity in either  Acknowledgment. Funding for this work was provided by
the mutant DAPDH or the glucose dehydrogenase. To use thesehe National Institutes of Health (1IR43GM07107-01).
enzymes forD_-aIanine _s_ynthesis, the ala_nine racemase would Supporting Information Available: Chromatography condi-
have to be either purified out or selectively inhibitédThe tions for analyzing the enantiomeric purity of the products

reason for the slightly lower ee values for some substrates (e'g"produced by the mutamtamino acid dehydrogenase (BC621).
- This material is available free of charge via the Internet at
(34) Walsh, C. T.J. Biol. Chem1989 264 (5), 2393-6.

(35) Thornberry, N. A.; Bull, H. G.; Taub, D.; Wilson, K. E.; Gimenez-Gallego, http://pubs.acs.org.
G.; Rosegay, A.; Soderman, D. D.; Patchett, A.JABiol. Chem.1991,
266 (32), 21657-65. JA0603960

Conclusions
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