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ABSTRACT: Phenylalanine dehydrogenase catalyzes the reversible, pyridine nucleotide-dependent oxidative
deamination ofL-phenylalanine to form phenylpyruvate and ammonia. We have characterized the steady-
state kinetic behavior of the enzyme fromRhodococcussp. M4 and determined the X-ray crystal structures
of the recombinant enzyme in the complexes, E‚NADH‚L-phenylalanine and E‚NAD+‚L-3-phenyllactate,
to 1.25 and 1.4 Å resolution, respectively. Initial velocity, product inhibition, and dead-end inhibition
studies indicate the kinetic mechanism is ordered, with NAD+ binding prior to phenylalanine and the
products’ being released in the order of ammonia, phenylpyruvate, and NADH. The enzyme shows no
activity with NADPH or other 2′-phosphorylated pyridine nucleotides but has broad activity with NADH
analogues. Our initial structural analyses of the E‚NAD+‚phenylpyruvate and E‚NAD+‚3-phenylpropionate
complexes established that Lys78 and Asp118 function as the catalytic residues in the active site [Vanhooke
et al. (1999)Biochemistry 38,2326-2339]. We have studied the ionization behavior of these residues in
steady-state turnover and use these findings in conjunction with the structural data described both here
and in our first report to modify our previously proposed mechanism for the enzymatic reaction. The
structural characterizations also illuminate the mechanism of the redox specificity that precludesR-amino
acid dehydrogenases from functioning asR-hydroxy acid dehydrogenases.

Phenylalanine dehydrogenase (L-phenylalanine:NAD+ oxi-
doreductase, deaminating; EC 1.4.1.20) catalyzes the revers-
ible pyridine nucleotide-dependent oxidative deamination of
L-phenylalanine:

The enzyme was first isolated from aBreVibacteriumspecies
(1) and has since been identified from several other bacterial
sources, includingBacillusandSporosarcina(2), Nocardia

(3), andThermoactinomyces(4). A particularly stable phen-
ylalanine dehydrogenase was identified by Hummel and co-
workers inRhodococcussp. M4 (5), a soil bacterium that
expresses the enzyme at high levels when grown in the
presence ofL-phenylalanine. TheRhodococcusphenylalanine
dehydrogenase has limited substrate activity with phen-
ylpyruvate analogues, although phenylketobutyrate is a
reasonably good substrate for the enzyme. Enzyme-catalyzed
reductive amination of phenylketobutyrate is potentially
useful for the production of optically pureL-homophenyl-
alanine, a component of an angiotensin converting enzyme
(ACE) inhibitor used in the treatment of hypertension and
heart failure (6, 7). The enzyme is also being developed as
a biosensor to screen for phenylketonuria (8, 9) and has
industrial uses for the production of optically pureL-
phenylalanine (10), a component of the artificial sweetener
aspartame.

We recently reported the molecular structures of the
recombinantRhodococcussp. M4 phenylalanine dehydro-
genase in the inhibitory ternary complexes, E‚NAD+‚
phenylpyruvate and E‚NAD+‚3-phenylpropionate (11). The
enzyme crystallizes as a homodimer, with approximate
overall dimensions of 82 Å× 75 Å × 75 Å. Each monomeric
subunit is composed of large N- and C-terminal domains
that are separated by a deep cleft containing the active site.
The C-terminal domain contains a “Rossman” fold (12) and
provides binding interactions for the pyridine nucleotide. The
N-terminal domain binds the amino acid and is similar to
the amino acid binding domains of other amino acid
dehydrogenases of known structure (13-15). The two active
sites of the dimer are separated by a distance of ap-
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proximately 50 Å. The interactions that constitute the subunit
interface within the dimer are contributed primarily by
â-strand A (residues Met12 to Asp18) of each monomer.
Theseâ-strands run antiparallel, and their interaction con-
nects the five-stranded N-terminalâ-sheets of the two
subunits.

These structures revealed significantly different binding
modes for 3-phenylpropionate and phenylpyruvate in the
active site of the enzyme. 3-Phenylpropionate is positioned
with its CR at a distance of 4.2 Å from the C4 of the
nicotinamide, and direct hydride transfer to the nicotinamide
is easily envisioned. As such, the orientation of this ligand
mimics the orientation expected forL-phenylalanine. The
corresponding distance between the CR of phenylpyruvate
and the nicotinamide is greater than 6 Å, a consequence of
the hydrogen bonds formed by the keto oxygen of phen-
ylpyruvate with Lys78 and Gly40. These hydrogen bonds
effectively remove theR-keto acid from the dinucleotide,
preventing the direct reduction of this ligand to generate the
R-hydroxy acid product.

The goals of our investigation of phenylalanine dehydro-
genase are to explain the chemical mechanism and establish
the basis of the specificity for the reaction catalyzed by this,
and other, enzymes of the amino acid dehydrogenase family.
To this end, we have characterized the kinetic behavior of
the enzyme and determined the three-dimensional structures
of two additional species, namely the E‚NADH‚L-phenyl-
alanine and E‚NAD+‚L-3-phenyllactate ternary complexes.
This analysis has prompted a revision of our previously
proposed chemical mechanism for the enzymatic reaction
(11) and firmly establishes the nature of the discrimination
betweenR-amino acids andR-hydroxy acids as substrates
for oxidation by amino acid dehydrogenases.

EXPERIMENTAL PROCEDURES

Materials. Rhodococcussp. M4 was the generous gift of
Dr. Werner Hummel (Institut fu¨r Enzymtechnologie, Ju¨lich,
Germany) and was maintained on plates containing 1% yeast
extract (Difco), 1%L-phenylalanine, 0.4% K2HPO4, and 18
g/L of agar (Difco) at pH 7.5. For liquid cultures, the media
contained 2% yeast extract, 1.5%L-phenylalanine, 1%
glycerol, and 1% K2HPO4, at pH 7.5. Chemicals, buffers,
substrates, substrate analogues, dinucleotide substrates and
analogues,D-glucose-1-d (97 atom % D), Leuconostoc
mesenteroidesglucose-6-phosphate dehydrogenase,Strep-
tococcus faecalisNADH peroxidase, and Baker’s yeast
hexokinase were purchased from Sigma. Protease inhibitors
and streptomycin sulfate were purchased from Boehringer
Mannheim. [2-2H]-L-Phenylalanine (96 atom % D) was
purchased from Cambridge Isotope Labs.

Bacterial Growth.A single colony from an agar plate was
cultured in liquid medium at 30°C for approximately 48 h.
This starter culture was used to inoculate 500 mL of fresh
medium, and this culture was subsequently used to inoculate
6 L of medium in 2-L baffled culture flasks (1 L/flask). The
cells reached late log phase in approximately 20 h, at which
time they were collected by centrifugation, weighed, resus-
pended in buffer, and stored at-70 °C. Both the pH and
the level of L-phenylalanine were monitored during the
growth, and sterile 1% K2HPO4 and solidL-phenylalanine
were added to maintain the pH and to keep the concentration
of amino acid as high as possible (ca. 1 mM).

Enzyme Purification.All procedures were performed at 4
°C. Frozen cells were thawed and protease inhibitors were
added directly to the suspension of cells (typically, 2.3 mg/L
leupeptin, 52 mg/L TLCK,1 20 mg/L soybean trypsin
inhibitor, 1.6 mg/L aprotinin, 1.1 mg/L pepstatin, and 36
mg/L PMSF). An equal volume of acid-washed glass beads
(<106 µm, Sigma) was added to the suspension, and the
cells were broken in a Bead-beater apparatus (Bio-spec
Products). The cell debris and glass beads were pelleted by
centrifugation at 12 000 rpm for 45 min. Nucleic acids were
precipitated from the supernatant by the addition of strep-
tomycin sulfate (1% final concentration). The resulting
suspension was centrifuged for 45 min at 12 000 rpm to pellet
the nucleic acids.

The nucleic acid-free supernatant was dialyzed against 25
mM TEA (pH 7.8) containing 50 mM NaCl (buffer A). A
precipitate formed during dialysis and was removed by
ultracentrifugation. The clarified extract was loaded onto a
5- × 35-cm column of Q Sepharose Fast Flow (Pharmacia)
and was then eluted by using a 2-L gradient of NaCl that
increased nonlinearly from 0.05 to 1.0 M. Phenylalanine
dehydrogenase activity emerged between 0.65 and 0.80 M
NaCl, and the active fractions were pooled and dialyzed
against 50 mM TEA (pH 7.8) containing 50 mM NaCl
(buffer B). This solution was loaded onto a 100-mL Red A
dye column (Amicon), which was subsequently washed with
buffer B until A280 decreased to below 0.1. Phenylalanine
dehydrogenase was eluted from the column by using 50 mM
TEA (pH 7.8) containing 1 M NaCl. Active fractions were
pooled, dialyzed against buffer B, and then applied to a 1-
× 10-cm Mono Q anion-exchange column (Pharmacia) that
had been preequilibrated in buffer B. The enzyme emerged
from the column between 0.45 and 0.55 M NaCl using a
100-mL nonlinearly increasing gradient of NaCl (0.05-1.0
M). Active fractions were pooled and stored either as a 50%
glycerol solution or as an ammonium sulfate precipitate (2.4
M final concentration). The enzyme retained activity for
greater than 6 months at 4°C.

Analytical Methods.The isoelectric point of phenylalanine
dehydrogenase was determined by isoelectric focusing on a
polyacrylamide gel containing ampholytes (Phastsystem,
Pharmacia). The subunit molecular mass was estimated by
SDS-PAGE. The apparent native molecular mass was
determined by size-exclusion chromatography on a Superdex
200 column (Pharmacia) with molecular mass standards (Bio-
Rad). The absorbance at 280 nm of a 1.0 mg/mL solution
of phenylalanine dehydrogenase in a buffer of 25 mM TEA
(pH 7.8) containing 400 mM NaCl was determined in a
Gilford 260 spectrophotometer.

Enzyme Assay.The reaction rates ofRhodococcussp. M4
phenylalanine dehydrogenase were monitored spectropho-
tometrically with a Gilford 260 spectrophotometer maintained

1 Abbreviations: CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid;
CHES, 2-(N-cyclohexylamino)ethanesulfonic acid; DEAE, diethylami-
noethyl; EDTA, ethylenediaminetetraacetic acid; EPPS,N-(2-hydroxy-
ethyl)piperazine-N ′-3-propanesulfonic acid; FPLC, fast protein liquid
chromatography; NHD+, oxidized â-nicotinamide hypoxanthine di-
nucleotide; NHDP+, oxidizedâ-nicotinamide hypoxanthine dinucleotide
phosphate; NGD+, oxidized â-nicotinamide guanine dinucleotide;
PMSF, phenylmethyl sulfonyl fluoride; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; TEA, triethanolamine;
TLCK, L-1-chlor-3-(4-tosylamido)-7-amino-2-heptanon-hydrochloride.
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at 25 °C by a circulating water bath and thermospacers.
Absorbance changes were recorded on a 10-mV strip chart
recorder. pH measurements were determined directly in the
cuvette using a Radiometer PHM62 pH meter equipped with
a combined microelectrode. Reactions were initiated by the
addition of a small volume (25µL) of cold enzyme to a
temperature-equilibrated solution containing various con-
centrations of substrates.

Equilibrium Constant Determination.Three cuvettes con-
taining 1.0 mM NAD+ and 1.0 mML-phenylalanine in 100
mM EPPS buffer (pH 8.01) were prepared and monitored
for the production of NADH at 340 nm and 25°C after the
addition of enzyme. Once equilibrium had been reached, the
final absorbance at 340 nm was recorded, the pH was
measured, and the equilibrium constant was calculated using
eq 1, where millimolar concentrations of the products,
NADH, phenylpyruvate, and NH4+, were determined using
ε340 ) 6.22 mM-1 cm-1.

Alternate Nucleotide Substrates.The kinetic parameters
exhibited by alternate nucleotide substrates were determined
at saturating levels ofL-phenylalanine (55 mM). Oxidized
nucleotide solutions were calibrated enzymatically withL.
mesenteroidesglucose-6-phosphate dehydrogenase and ex-
cess glucose-6-phosphate. All assays were performed in 100
mM CAPS buffer (pH 10.0), and the reaction rates were
monitored at the indicated wavelengths using the indicated
molar extinction coefficients. NADH, NHDH, NGDH,
NADPH, 2′,3′-cyclic-NADPH, and NHDPH,ε340 ) 6220
M-1 cm-1; thioNAD(P)H, ε395 ) 11 300 M-1 cm-1; 3-py-
ridinealdehyde-NADH,ε358 ) 9300 M-1 cm-1; and 3-acetyl-
pyridine-NAD(P)H,ε363 ) 9100 M-1 cm-1.

Stereochemistry of Hydride Transfer. NADH and [4S-2H]-
NADH were prepared from NAD+ in 100 mM ammonium
bicarbonate (pH 8.0), using yeast hexokinase,L. mesenteroi-
desglucose-6-phosphate dehydrogenase, and an excess of
ATP, MgCl2, and either glucose or glucose-1-d, respectively.
The reduced nucleotides were purified on a 1-× 10-cm
Mono Q anion-exchange column using a gradient of am-
monium bicarbonate that increased nonlinearly from 0.01
to 1.0 M (16). The reduced nucleotides eluted from the
column at approximately 180 mM ammonium bicarbonate.
The NADH and [4S-2H]NADH solutions were each made
1.0 mM in phenylpyruvate, after which phenylalanine
dehydrogenase was added, and the reaction was monitored
spectrophotometrically until complete. Each sample was
concentrated by rotary evaporation to remove excess am-
monium bicarbonate. The samples were analyzed by mass
spectrometry at the Albert Einstein College of Medicine
Laboratory for Macromolecular Analysis using FAB-MS and
a Finnigan MAT.

Initial Velocity, Product, and Dead-End Inhibition Studies.
All kinetic mechanism studies were performed in 100 mM
CHES buffer (pH 9.2). NAD+ solutions were calibrated
enzymatically by using an excess of glucose-6-phosphate and
glucose-6-phosphate dehydrogenase, and NADH solutions
were calibrated by usingS. faecalisNADH peroxidase and
an excess of hydrogen peroxide. Phenylpyruvate solutions
were calibrated using phenylalanine dehydrogenase and an

excess of NADH and NH4+. Finally, L-phenylalanine solu-
tions were calibrated spectrophotometrically using an extinc-
tion coefficient of 151.5 M-1 cm-1 (17) at 263.7 nm in 100
mM phosphate buffer (pH 7.1).

Steady-State Kinetic Analysis.Reciprocal initial velocities
were plotted against the reciprocal of the variable substrate
concentration, and the data were fitted to the appropriate rate
equations by the weighted least-squares method, assuming
equal variances of the velocity. The Fortran fitting programs
of Cleland (18) were modified to run on a personal computer.
Intersecting initial velocity patterns were fitted to eq 2, while
parallel initial velocity patterns were fitted to eq 3. Competi-
tive, uncompetitive, and noncompetitive inhibition were fitted
to eqs 4, 5, and 6, respectively. Double-reciprocal plots used
to obtain kinetic parameters of alternate nucleotides were
fit to eq 7.

pH Dependence of the Phenylalanine Dehydrogenase
Reaction. The kinetic constantsV andV/K were determined
at various pH values for each substrate by varying the
concentration of that substrate at saturating concentrations
of all other substrates. When phenylpyruvate was used as
the variable substrate, NADH was present at a saturating
concentration, and NH4+ was held at either saturating or 0.1
Km (5 mM) concentration. Reactions were performed at
overlapping pH values to eliminate specific buffer effects.

Data Analysis of pH Profiles.The pK values of groups
whose ionizations affect the kinetic parameters were obtained
by fitting the pH profiles to eqs 8-11. These equations
describe curves that decrease with a unit slope below pK1

and above pK2 (eq 8), decrease with unit slope below pK1

and then decrease with a slope of 2 below pK2 (eq 9),
decrease with a unit slope above pK1 (eq 10), or decrease
with a unit slope below pK1 and above pK2, and decrease
with a slope of 2 below a pK of (pK0 - pK1) (eq 11). In
these equations,H represents the H+ concentration, andC
is the pH-independent value ofY, the kinetic parameter
whose pH-dependent behavior is being investigated, at the
optimal state of protonation.

The pH dependence of the pKi of the competitive, dead-end
inhibitor 3-phenylpropionate was determined by measuring

Keq′ ) [NADH][phenylpyruvate][NH4
+]/

[NAD+][ L-phenylalanine] (1)

ν ) VmaxAB/[KaB + KbA + AB + KiaKb] (2)

ν ) VmaxAB/[KaB + KbA + AB] (3)

ν ) VmaxA/[(Km(1 + I/Kis) + A] (4)

ν ) VmaxA/[Km + A(1 + I/Kii )] (5)

ν ) VmaxA/[Km(1 + I/Kis) + A(1 + I/Kii )] (6)

ν ) VmaxA/[Km + A] (7)

log Y ) log[C/(1 + H/K1 + K2/H)] (8)

log Y ) log[C/(1 + H/K1 + H2/K1K2)] (9)

log Y ) log[C/(1 + K1/H] (10)

log Y ) log[C/(1 + H2/K0 + H/K1 + K2/H)] (11)
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its Ki value versusL-phenylalanine as a function of pH. The
Ki values were obtained by fitting the data at any pH value
to eq 4. The pK value for the group whose ionization
influenced phenylpropionate binding was determined by
fitting the reciprocal of theKi value to eq 10.

Structural Determination of the E‚NADH‚L-phenylalanine
Complex.RecombinantL-phenylalanine dehydrogenase was
purified from E. coli BL21 (DE3) cells carrying the over-
expression plasmid pBL-1B, as previously described (11).
Crystals of the E‚NADH‚L-phenylalanine complex were
grown at room temperature by macroseeding small crystals
into 20-µL batch setups on Plexiglas depression plates. The
batch solution was prepared by quickly mixing a 7.5 mg/
mL solution of enzyme, buffered in 50 mM triethanolamine
(pH 7.8), containing 100 mM NaCl, 10 mM NADH, and 20
mM L-phenylalanine with an equal volume of precipitant
solution composed of 2.55 M Na+/K+ phosphate, 100 mM
CHES (pH 8.7), and 4% (v/v) 2-propanol. The crystals grew
as rectangular, bladed tablets and achieved typical dimensions
of 0.6 mm × 0.3 mm × 0.2 mm within 6 days. They
belonged to the orthorhombic space groupP212121, with unit
cell dimensions ofa ) 64.8 Å,b ) 110.6 Å, andc ) 113.3
Å and with a dimer in the asymmetric unit.

Prior to X-ray data collection, the crystals were equili-
brated overnight in a synthetic mother liquor composed of
1.6 M Na+/K+ phosphate, 50 mM CHES (pH 8.7), 2%
(v/v) 2-propanol, 10 mM NADH, and 20 mML-phenyl-
alanine. The following day the crystals were rapidly trans-
ferred in a stepwise fashion to a cryoprotectant solution
containing 1.9 M Na+/K+ phosphate, 50 mM CHES (pH 8.7),
2% (v/v) 2-propanol, 10 mM NADH, 20 mML-phenyl-
alanine, and 10% (v/v) ethylene glycol. The crystals were
suspended in a loop of 20µm surgical thread, flash-cooled
to -160°C in a stream of nitrogen gas, and stored in liquid
nitrogen until data collection.

X-ray data to 1.25-Å resolution were collected from a
single crystal at the Structural Biology Center Beamline 19-
ID located at the Advanced Photon Source. The crystal was
exposed to radiation of wavelength 0.7433 Å, and the X-ray
reflections were recorded on the SBC APS2 3× 3 CCD
array detector, which was positioned at a distance of 155
mm from the crystal. A total of 700 frames was collected

while using a per-frame oscillation angle of 0.25° and an
exposure time of 2.5 s.

The frames were processed by using the program DENZO
and scaled using SCALEPACK (19). From the 700 frames,
1 286 363 reflections were integrated, which reduced to
216 285 unique reflections after scaling. Relevant X-ray data-
collection statistics for this data set are given in Table 1.

The structure of the E‚NADH‚L-phenylalanine complex
was solved by difference Fourier techniques, with the protein
coordinates of the E‚NAD+‚phenylpyruvate complex serving
as the initial model. After several cycles of refinement by
using the program TNT (20), solvent molecules, the dinucle-
otide, andL-phenylalanine were positioned into the electron
density map by using the software program FRODO (21).
Alternate cycles of least-squares refinement using TNT and
model building using the software program TURBO-FRODO
(22) were subsequently performed to refine the model of the
complex.

The electron density map was very well-defined. The
following amino acid residues were modeled into the density
in alternate conformations: Ser4, Met74, Ser123, Glu247,
and Glu347 in subunit I, and Asp55, Met74, Ser110, Ser123,
Leu170, Asp174, Ser192, Ser255, and Ser271 in subunit II.
The averageB-values for all main-chain backbone atoms
were 15.81 and 15.04 Å2 for subunits I and II, respectively.
The averageB-value for the solvent was 34.16 Å2. A
Ramachandran plot of the nonglycinyl main-chain dihedral
angles revealed Ala239 as the only significant outlier in each
subunit. The strainedφ and æ angles in this residue were
previously attributed to the hydrogen bond formed between
Ala239 and the nicotinamide ribose of the dinucleotide (11).
The finalRfactor for all measured X-ray data from 30 to 1.25-Å
resolution was 19.5%. Relevant refinement statistics are
given in Table 2. The subunits of the dimer superimpose,
with a root-mean-square deviation of 0.80 Å for all main-
chain backbone atoms, and the active sites are identical
within experimental error.

Structural Determination of the E‚NAD+‚L-3-phenyllactate
Complex.Crystals of the E‚NAD+‚L-3-phenyllactate complex
were grown as described for the previous complex. The batch
solution was prepared by mixing a 7.5 mg/mL solution of
enzyme, buffered in 50 mM triethanolamine (pH 7.8)

Table 1: Intensity Statistics

E•NADH•L-phenylalanine complex

resolution range (Å)

overall 50-2.69 2.14 1.87 1.70 1.57 1.48 1.41 1.35 1.29 1.25

observations 1286363 125627 152076 149601 143046 137449 130721 121972 114047 107971 103853
independent reflections 216285 20318 22443 22328 22124 21994 21873 21693 21567 21435 20510
completeness (%) 96.5 87.6 99.4 99.4 99.0 98.6 98.1 97.7 97.1 96.5 92.1
avgI/avgσ(I) 24.4 26.5 34.8 33.6 26.2 18.9 13.4 8.7 6.0 4.6 3.4
Rfactor (%)

a 6.1 5.2 5.3 5.7 6.9 8.7 10.8 14.5 18.5 21.9 25.5

E‚NAD+‚L-3phenyllactate complex

resolution range (Å)

overall 50-3.02 2.39 2.09 1.90 1.76 1.66 1.58 1.51 1.45 1.40

observations 735380 79016 90318 88323 86254 77804 72876 68373 63667 57835 50914
independent reflections 156183 15377 16099 15938 15935 15761 15628 15542 15476 15370 15057
completeness (%) 97.0 91.8 99.2 98.9 99.1 98.2 97.8 97.3 96.9 96.3 94.7
avgI/avgσ(I) 22.1 24.8 31.8 30.0 25.3 16.8 11.1 8.0 5.8 4.2 3.0
Rfactor (%)

a 5.3 3.9 4.6 5.4 6.6 8.5 11.5 14.5 17.7 22.2 27.1
a Rfactor ) (Σ|I - Ih|/ΣI) × 100.
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containing 100 mM NaCl and 10 mM NAD+, with an equal
volume of precipitant solution composed of 2.4 M Na+/K+

phosphate, 100 mM CHES (pH 8.7), 4% (v/v) 2-propanol,
and 20 mML-3-phenyllactate. These crystals also grew as
rectangular, bladed tablets and belonged to the orthorhombic
space groupP212121, with unit cell dimensions ofa ) 64.6
Å, b ) 110.4 Å, andc ) 113.4 Å and with a dimer in the
asymmetric unit.

The crystals were prepared for data collection in a manner
similar to that described for the previous complex. The
synthetic mother liquor used to stabilize the crystals was
composed of 1.5 M Na+/K+ phosphate, 50 mM CHES (pH
8.7), 2% (v/v) 2-propanol, 5 mM NAD+, and 20 mML-3-
phenyllactate, and the crystals were transferred stepwise into
1.8 M Na+/K+ phosphate, 50 mM CHES (pH 8.7), 2% (v/
v) 2-propanol, 5 mM NAD+, 20 mM L-3-phenyllactate, and
10% (v/v) ethylene glycol. The crystals were cryocooled and
were stored in liquid nitrogen until data collection.

X-ray data to 1.4-Å resolution were collected from a single
crystal at the Structural Biology Center Beamline 19-ID. The
data were collected as described for the previous complex,
with the exception of an exposure rate of 4 s/frame. A total
of 600 frames was collected, and the frames were processed
by using DENZO and scaled by using SCALEPACK. From
these frames, 735 380 reflections were integrated, which
reduced to 156 183 unique reflections after scaling. Relevant
X-ray data statistics are listed in Table 1.

The structure of the E‚NAD+‚L-3-phenyllactate complex
was solved by difference Fourier techniques. Alternate cycles
of least-squares refinement and model building reduced the
Rfactor to 18.3% for all measured X-ray data from 30- to 1.4-Å
resolution. Relevant refinement statistics for this complex
are listed in Table 2. Residues Ser4, Asp55, and Met74 of
subunit I were modeled in multiple conformations, as were
residues Asp55, Met74, Ser192, Leu224, and Ile273 of
subunit II. The averageB-values for all main-chain backbone
atoms were 18.41 and 15.12 Å2 for subunits I and II,
respectively. Alanines239 were again found to be the only
significant outliers in the Ramachandran plot for the dimer.
The main-chain backbone atoms of the two subunits super-
impose, with a root-mean-square deviation of 0.78 Å. The
electron density for the NAD+ in subunit II was somewhat

weak; the coordinates for this dinucleotide were included at
60% occupancy in the refinement. Otherwise, the active sites
of the two subunits are identical.

RESULTS

Phenylalanine Dehydrogenase Purification.Approxi-
mately 25 mg of homogeneousRhodococcusphenylalanine
dehydrogenase can be purified 850-fold in a 44% overall
yield from ca. 100 g of cells. Maintaining the ionic strength
aboveI ) 0.05 M throughout the purification was essential
for enzyme stability. The subunit molecular mass was
estimated by SDS-PAGE at 39 500 Da, and the apparent
native molecular mass by gel filtration was approximately
150 000 Da by comparison to standards (Bio-Rad), suggest-
ing a tetrameric quaternary structure. The isoelectric point
was ca. 5.6, and the A280 for a 1.0 mg/mL solution was 0.56.

Equilibrium Constant.The apparent equilibrium constant,
Keq′, for the phenylalanine dehydrogenase reaction was
determined to be 3.98× 10-6 M at pH 7.95 and 25°C, using
eq 1. The true equilibrium constant must take into account
the proton released during the reaction (eq 12)

This value was calculated to be 4.50× 10-14 M2, corre-
sponding to a free energy change,∆G°, of 18.2 kcal/mol.

Alternate Nucleotide Substrates.Table 3 lists the kinetic
parameters,V andV/K, of the alternate nucleotide substrates
tested in the forward reaction relative to NAD+. 2′-phos-

Table 2: Least-Squares Refinement Statistics

E•NADH•L-phenylalanine E•NAD+‚L-3-phenyllactate

resolution limits (Å) 30-1.25 30-1.40
Roverall (%)a/reflections/completeness (%) 19.5/215573/96 18.3/155817/97
Rworking (%)/reflections/completeness (%) 19.3/193973/86 18.0/140183/87
Rfree (%)/reflections/completeness (%) 23.8/21600/10 22.9/15634/10
no. of protein atoms 5176 5157
no. of solvent atomsb 936 852

weighted root-mean-square deviations from ideality
bond length (Å) 0.014 0.016
bond angle (deg) 2.53 2.40
planarity (trigonal) (Å) 0.007 0.009
planarity (other planes) (Å) 0.012 0.013
torsional angle (deg)c 14.7 15.0

a Rfactorsare calculated asΣ|Fo - Fc|/Σ|Fo|, whereFo is the observed structure factor amplitude andFc is the calculated structure factor amplitude.
Rworking is theRfactor calculated for the reflections included in the least-squares refinement of the working model,Rfree is for reflections that were
randomly excluded from the least squares refinement procedure, andRoverall is for all measured reflections.b These include 928 water molecules, 2
sodium ions, 4 potassium ions, 1 2-propanol, and 1 inorganic phosphate for the E‚NADH‚L-phenylalanine complex; and 844 water molecules, 1
sodium ion, 4 potassium ions, 3 2-propanols, and 1 inorganic phosphate for the E‚NAD+‚L-3-phenyllactate complex.c Torsional angles were not
restrained during refinement.

Table 3: Kinetic Parameters of Alternate Nucleotide Substrates with
Rhodococcussp. M4 Phenylalanine Dehydrogenase

nucleotide

redox
potential

(mV)
Km

(mM) Vrel V/Krel

NAD+ -320 90( 20 100 100
NHD+ -320 40( 30 70( 10 190( 140
NGD+ -320 170( 40 90( 10 50( 10
thioNAD+ -285 60( 10 100( 10 150( 30
3-pyridinealdehydeNAD+ -263 50( 10 55( 5 100( 20
3-acetylpyridineNAD+ -258 110( 10 350( 30 300( 40

Keq d Keq′ [H+] ) [NH4
+][φpyruvate][NADH][H+]/

[NAD+][ L-phenylalanine] (12)
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phorylated nucleotides, for example, NADP+, were not
substrates for the enzyme.

Initial Velocity, Product, and Dead-End Inhibition Studies.
In the forward direction, the initial velocity studies obtained
by varying the concentration ofL-phenylalanine at several
fixed levels of NAD+ exhibited an intersecting pattern on a
double-reciprocal plot (data not shown). TheKm value of
NAD+ was determined to be 1.4 mM, and theKm value for
L-phenylalanine was determined to be 5.5 mM. Initial
velocity studies were performed in the reverse direction for
all combinations of two varied substrates, at saturating levels
of the third. When the variable substrates were either NADH
and phenylpyruvate or NH4+ and phenylpyruvate, the patterns
were intersecting, indicating a sequential addition of these
substrates. The initial-velocity pattern obtained with variable
concentrations of NADH and NH4+ exhibited parallel lines
at a saturating concentration of phenylpyruvate. TheKm

values determined for these substrates were 0.03 mM for
NADH, 0.12 mM for phenylpyruvate, and approximately 47
mM for NH4

+. Table 4 summarizes theKi values and types
of inhibition displayed by a series of product inhibitors.

Table 5 summarizes the types of inhibition displayed by
a variety of dead-end inhibitors (shown in Figure 1). The
best competitive inhibitor in the forward reaction was
3-phenylpropionate, with aKi of 0.7 mM. In the reverse
direction,D-phenylalanine was the best competitive inhibitor
with a Ki of 0.04 mM. Most compounds tested were linear,
competitive inhibitors against bothL-phenylalanine and
phenylpyruvate, with two exceptions. Phenylglycine is a poor
inhibitor versusL-phenylalanine, andD-phenylalanine dis-
played unexpected noncompetitive inhibition versusL-
phenylalanine.

Stereochemistry of Hydride Transfer.The mass spectrum
of authenticL-phenylalanine orL-phenylalanine synthesized

enzymatically from phenylpyruvate, NH4
+, and NADH gave

a molecular ion atm/z ) 165.9 (data not shown). The mass
spectrum ofL-phenylalanine synthesized enzymatically from
phenylpyruvate, NH4+, and [4S-2H]-NADH showed a mo-
lecular ion at m/z ) 166.9, corresponding to [2-2H]-
phenylalanine (data not shown).

pH Dependence of the Kinetic Constants. Table 6 lists all
of the pK values obtained from fits of the various pH profiles
in the forward and reverse directions. Figure 2A illustrates
the pH dependence ofV in the forward direction, and the
best fit of the data was obtained when eq 3 was used,
suggesting the presence of two ionizable groups which must
be deprotonated for catalysis in the forward direction. These
two enzyme groups exhibited pK values (7.2( 0.1) too close
to resolve. Figure 2B illustrates the pH dependence of log
V/KL-Phe. Two groups, exhibiting pK values of 7.0( 0.5
and 8.7( 0.4, must be unprotonated, while a third group,

Table 4: Steady-State Inhibition by Product Inhibitors

variable substrate product inhibitor Kis (µM) Kii (µM) fixed substrate inhibn patterna

NAD+ NADH 7.9 ( 1.4 L-phenylalanine c
L-phenylalanine NADH 0.09( 0.02 0.05( 0.01 NAD+ nc
NAD+ φpyruvate 1.1( 0.4 2.6( 0.3 L-phenylalanine nc
L-phenylalanine φpyruvate 0.4( 0.1 0.9( 0.1 NAD+ nc
NAD+ NH4

+ 1200( 800 5200( 4200 L-phenylalanine nc
L-phenylalanine NH4+ NAD+ n/d

a c, competitive inhibition; nc, noncompetitive inhibition; and n/d, not determined.

Table 5: Steady-State Inhibition by Dead-End Inhibitors

variable substrate dead-end inhibitor Kis (mM) Kii (mM) fixed substrate(s) inhibitiona

L-phenylalanine D-phenylalanine 0.4( 0.1 0.17( 0.02 NAD+ nc
NAD+ D-phenylalanine 0.7( 0.3 0.7( 0.1 L-phenylalanine nc

L-phenylalanine L-phenyllactate 7.5( 0.3 NAD+ c
L-phenylalanine phenylethylamine 7.4( 1.0 NAD+ c
L-phenylalanine phenylpropionate 0.71( 0.03 NAD+ c
L-phenylalanine trans-cinnamate 1.6( 0.1 NAD+ c

phenylpyruvate D-phenylalanine 0.037( 0.002 NADH, NH4
+ c

NH4
+ D-phenylalanine 0.5( 0.1 2( 5 NADH, phenylpyruvate nc

phenylpyruvate L-phenyllactate 13( 1 NADH, NH4
+ c

NH4
+ L-phenyllactate 90( 10 70( 10 NADH, phenylpyruvate nc

NADH L-phenyllactate 42( 4 phenylpyruvate, NH4+ uc

phenylpyruvate phenylethylamine 15( 2 NADH, NH4
+ c

phenylpyruvate phenylpropionate 3.2( 0.5 NADH, NH4
+ c

phenylpyruvate trans-cinnamate 4( 1 NADH, NH4
+ c

a c, competitive inhibition; nc, noncompetitive inhibition; and uc, uncompetitive inhibition.

FIGURE 1: Chemical structure ofL-phenylalanine andL-phenyla-
lanine substrate analogues used in this study. I) L-phenylalanine,
II ) D-phenylalanine, III) L-3-phenyllactate, IV) 2-phenylethyl-
amine, V ) 3-phenylpropionate, VI) trans-cinnamate, VII)
phenylglycine, and VIII) phenylpyruvate.
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exhibiting a pK value of 10.4( 0.3, must be protonated for
optimal binding.

Figure 2C shows the pH dependence of the maximum
velocity in the reverse direction. Fits of logV versus pH
yielded pK values of 8.1( 0.3 and 9.4( 0.3 for groups
which must be deprotonated and protonated, respectively,
for optimal activity in this direction. The pH dependence of
log V/K NH3 was also bell-shaped, and fits of the data-yielded
pK values of 9.4( 0.1 and 10.0( 0.2 for groups which
must be deprotonated and protonated, respectively, for
optimal binding and reaction in this direction (data not
shown).

The log V/Kphenylpyruvate pH profile is bell-shaped and
depends on the ionization of two groups, one exhibiting a
pK value of 7.5( 0.2 that must be deprotonated and the
other, a group at 9.3( 0.3 that must be protonated, for
optimal binding (Figure 2D). 3-Phenylpropionate was chosen
as the competitive inhibitor versus phenylpyruvate, whose
pH dependence would be evaluated because of its relatively
low Ki. When the pKi value of phenylpropionate was
determined as a function of pH, the protonation of a single

residue exhibiting a pK value of 9.9( 0.2 was observed to
decrease theKi value (data not shown).

Molecular Structure of the E‚NADH‚L-phenylalanine and
E‚NAD+‚L-3-phenyllactate Complexes. The overall molecular
structure of the E‚NADH‚L-phenylalanine and E‚NAD+‚L-
3-phenyllactate complexes is like that of the two previously
reported ternary complexes of phenylalanine dehydrogenase
(11), such that the superposition of the polypeptide backbone
atoms on those of the E‚NAD+‚phenylpyruvate structure
yields root-mean-square deviations of 0.292 and 0.196 Å2

for the E‚NADH‚L-phenylalanine and E‚NAD+‚L-3-phenyl-
lactate models, respectively. AnR-carbon trace of subunit I
of the E‚NADH‚L-phenylalanine complex is shown in Figure
3. In the orientation shown, the dinucleotide is observed
along the bottom surface of the active site cleft, and the
amino acid substrate is seen at the cleft’s base. As indicated
earlier, the active sites within the dimer are virtually identical
in both of the complexes reported here. For the sake of
simplicity, our discussion will refer to subunit I of each
complex.

The electron density corresponding to the dinucleotide and
the ligand in the two complexes is displayed in Figure 4,
and for both complexes, the fit into the density is unambigu-
ous. Both nicotinamide rings adopt thesyn-conformation
about the glycosidic bond, as was observed previously in
the complex of the enzyme with NAD+ and 3-phenylpro-
pionate. This conformation is generally observed for “B”
side-specific enzymes, which transfer the 4S hydrogen of
NADH.2

The interactions that bind the dinucleotides are practically
identical for the E‚NADH‚L-phenylalanine and the E‚NAD+‚
L-3-phenyllactate complexes. The binding interactions of the
two ligands, however, are dramatically different, as illustrated
in the active-site representations of Figure 5. In the E‚NADH‚
L-phenylalanine complex (Figure 5a), the orientation of

2 In the previously determined structure of the E‚NAD+‚phenylpyruvate
complex, the nicotinamide ring is rotated approximately 180° about
the glycosidic bond and is, thus, in theanti-conformation. This
conformation does not allow direct hydride transfer to and from theB
side of the dinucleotide (11). The large active site appears to easily
accommodate flipping of the nicotinamide ring between thesyn-and
anti-conformers; however, the significance of this conformational
flipping, if any, is currently unknown.

Table 6: pH Dependence of the Kinetic Parameters of
Phenylalanine Dehydrogenase

parameter eq fitted pK0 - pK1 pK1 pK2

log V/KNAD 2 9.1( 0.2 11.0( 0.3
log V/KL-phenylalanine 5 7.0( 0.5 8.7( 0.3 10.4( 0.3
log Vforward 3 7.2( 0.2 7.2( 0.2

log V/KNADH 2 7.3( 0.2 9.9( 0.2
log V/Kphenylpyruvate 2 7.6( 0.2 9.3( 0.2
log V/Kammonia 2 9.4( 0.2 10.0( 0.2
log Vreverse 2 8.1( 0.3 9.4( 0.2

pKd(phenylpyruvate) 4 7.6( 0.3
pKi(phenylpropionate) 4 9.9( 0.2

FIGURE 2: pH profiles. (a) pH dependence of logVforward in the
direction of phenylalanine oxidation. Experimental points are
shown, and the smooth curve is a fit of the data to eq 3. (b) pH
dependence of V/KL-Phe. Experimental points are shown, and the
smooth curve is a fit of the data to eq 5. (c) pH dependence of log
Vreverse in the direction of phenylpyruvate reductive amination.
Experimental points are shown and the smooth curve is a fit of the
data to eq 2. (d) pH dependence ofV/Kphenylpyruvate. Experimental
points are shown, and the smooth curve is a fit of the data to eq 2.

FIGURE 3: R-Carbon trace of one subunit ofL-phenylalanine
dehydrogenase. NADH andL-phenylalanine are shown as ball-and-
stick representations. This figure, Figure 5, and Figure 6 were
produced using the program MOLSCRIPT (37).
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L-phenylalanine is nearly perfect for hydride transfer to the
dinucleotide, with a distance of 3.54 Å separating the CR of

L-phenylalanine and the C4 of the nicotinamide ring. The
R-amino group of this ligand is within hydrogen-bonding

FIGURE 4: Representative electron density for the nucleotides and the ligands. The maps shown were calculated with coefficients of the
form (Fo - Fc), whereFo was the native structure factor amplitude, andFc was the calculated structure factor amplitude from the models
lacking the coordinates for the dinucleotides and the ligands. (a) Electron density corresponding to NADH andL-phenylalanine. The map
was calculated using X-ray data from 30- to 1.25-Å resolution and contoured at 3σ. In the orientation shown, theB side of the nicotinamide
ring is toward the viewer. (b) Electron density corresponding to NAD+ andL-3-phenyllactate. The map was calculated using X-ray data
from 30- to 1.4-Å resolution and contoured at 3σ. To provide a clearer view, the electron density in this panel is rotated relative to that in
the above panel by approximately 80° in a counterclockwise direction about the long axis of the drawing. In this orientation, theB side of
the nicotinamide ring is away from the viewer. This figure was produced with the program FROST (G. Wesenberg, University of Wisconsin).
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distance of the carboxyl group of Asp118, the carbonyl
oxygen of Pro117, and an active-site water molecule. The
R-hydroxyl group ofL-3-phenyllactate does not form these
same hydrogen bonds, but instead interacts with theε-amino
group of Lys78 and the main-chain nitrogen of Gly40 (Figure
5b). Relative to that ofL-phenylalanine, the CR of L-3-
phenyllactate is positioned deeper inside the active-site cleft.
The distance of this carbon to the C4 of the nicotinamide is
5.14 Å, and its orientation is such that direct transfer of its
hydrogen to the nicotinamide is not possible. The binding
interactions of theR-carboxylate group of the ligands also
differs between the two complexes. In the E‚NADH‚L-
phenylalanine complex, theR-carboxylate interacts with the
ε-amino groups of Lys66 and Lys78 and the carboxamide
of Asn262. In theL-3-phenyllactate-containing complex, the
R-carboxylate is rotated such that only the interaction with
Lys66 is maintained.

DISCUSSION

The cleavage of the CR-N bond of L-amino acids is
accomplished by a variety of enzymes. These include the
pyridoxal phosphate-dependent transaminases, of which
many have been described using various combinations of
amino acid and keto acid substrates (23). Deaminations of
L-amino acids by elimination of ammonia to generate the

unsaturated acid are typified by the reactions catalyzed by
phenylalanine ammonia-lyase (24) and aspartase (25). A
third, and common, catalytic strategy is exemplified by the
amino acid dehydrogenases, which generate ammonia and
reduced pyridine dinucleotide from the oxidative deamination
of the amino acid (26). The latter have been of mechanistic
interest for over three decades, but only recently have the
three-dimensional structures of any amino acid dehydroge-
nase been determined. At present, the structures ofL-
glutamate dehydrogenase (13), L-leucine dehydrogenase (14),
L-alanine dehydrogenase (27), L-phenylalanine dehydroge-
nase (11), and meso-diaminopimelate dehydrogenase (15)
have been reported.meso-Diaminopimelate dehydrogenase
is unique among this group, because it catalyzes the oxidative
deamination of aD-amino acid.

The rapid purification to homogeneity of phenylalanine
dehydrogenase could be accomplished from cultures of
Rhodococcussp. M4 grown in the presence ofL-phenyl-
alanine as the sole nitrogen source. The purification protocol
that was developed takes advantage of the highly selective
binding of phenylalanine dehydrogenase to the Red A dye
matrix, which has been used previously to purify other
NAD+-dependent phenylalanine dehydrogenases (4, 28). The
specific activity of 935 U/mg for theRhodococcussp. M4
phenylalanine dehydrogenase compares favorably to the

FIGURE 5: Closeup views of theL-phenylalanine dehydrogenase active site when complexed with NADH andL-phenylalanine (a) and
NAD+ andL-3-phenyllactate (b). In each panel, those amino acid residues located within approximately 3.3 Å of the dinucleotide and the
ligand are displayed. Selected atomic distances are indicated by dashed lines.
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values reported for phenylalanine dehydrogenase fromBacil-
lus badius(68 U/mg,29) andRhodococcus maris(162 U/mg,
28). The homogeneousRhodococcussp. M4 enzyme can be
stored in 50% glycerol without loss of activity for more than
6 months, in contrast to other phenylalanine dehydrogenases
which have been reported to lose activity rapidly (3, 28).

Phenylalanine dehydrogenases exhibit a narrow range of
subunit molecular masses between 36 and 42 kDa, and the
39.5 kDaRhodococcussp. M4 enzyme falls into the middle
of this range. There is considerable variation in the quaternary
structures of these enzymes. The enzymes fromB. badius,
Bacillus sphaericus,and Sporosarcina ureaehave been
reported to be octomers (2, 29), the Thermoactinomyces
intermediusenzyme has been reported to be a hexamer (4),
the R. marisK-18 enzyme has been reported to be a dimer
(28), and theNocardiasp. 239 enzyme has been reported to
be a monomer (3). The quaternary structure of theRhodo-
coccussp. M4 phenylalanine dehydrogenase appears to be
dependent on ionic strength and/or the conformational state
of the enzyme. When the apo-enzyme is subjected to size-
exclusion chromatography under low-salt conditions (50 mM
NaCl), it behaves as a tetramer. However, when crystallized
as a ternary dead-end complex under conditions of high salt
(1.2 M Na+/K+ phosphate), the enzyme clearly packs in the
crystalline lattice as a dimer, with the monomeric subunits
related by a noncrystallographic 2-fold axis. The generation
of a tetrameric species within the lattice by crystallographic
symmetry operations is not possible, because each of the
2-fold rotational axes of theP212121 lattice also contains a
translational element. Amino acid dehydrogenases are known
to undergo a conformational transition from an “open” form
to a “closed” form upon the binding of substrates or inhibitors
in the amino acid binding site (13, 15). Superposition of the
open and closed forms ofmeso-diaminopimelate dehydro-
genase on the structures we have determined demonstrates
that the ternary complexes of phenylalanine dehydrogenase
represent the closed conformation (data not shown). At the
ionic strength used for the size-exclusion experiment, the
enzyme is presumably in its open conformation. At present,
no structures have been obtained for either the apo-enzyme
or the binary complex with dinucleotide, but preliminary
analysis of two different crystal forms grown from poly-
(ethylene glycol) in the presence of NAD+ suggests that both
crystals contain a tetramer in the asymmetric unit (unpub-
lished data). The amino acid binding site is expected to be
unoccupied in these crystals, and the enzyme should,
therefore, assume the open conformation.

The equilibrium constant of 4.50× 10-14 M2, determined
for the phenylalanine dehydrogenase reaction, is typical of
other amino acid dehydrogenases (26). Although amino acid
synthesis is favored thermodynamically, the physiological
role of the enzyme in this soil bacterium is likely to be the
degradation ofL-phenylalanine for use as a carbon and
nitrogen source. This reasoning is supported by the observa-
tion that enzyme levels are substantially increased in the
presence ofL-phenylalanine in the media (5) and that
Rhodoccocussp. M4 can grow on media with 1%L-
phenylalanine as the sole carbon and nitrogen source.

The specificity for alternate amino acid and keto acid
substrates has been determined forRhodococcusphenyl-
alanine dehydrogenase (30); however, the ability of alternate
dinucleotide substrates to support phenylalanine oxidation

has not been reported. The enzyme exhibits a strict specificity
against 2′-phosphorylated dinucleotides but broad specificity
for nonphosphorylated dinucleotides (Table 3). The 2′- and
3′-hydroxyl groups of the adenosyl ribose form strong
hydrogen bonds with the carboxylate of Asp205 in the crystal
structures (distances of 2.81 and 2.69 Å, respectively), and
these hydrogen bonds would be disrupted by the presence
of a 2′-phosphate. TheV/K values for NHD+, thioNAD+,
and 3-acetylpyridineNAD+ are all greater than for NAD+.
There is no correlation between the maximum velocities
exhibited by various NAD+ analogues and their redox
potentials, which suggests that chemistry is unlikely to be
rate-limiting in the direction of phenylalanine oxidation.

Rhodococcussp. M4 phenylalanine dehydrogenase cata-
lyzes the direct hydride transfer of the 4Shydrogen of NADH
to the re face of the imine of phenylpyruvate to form
L-phenylalanine. The stereospecificity of hydride transfer is
a conserved characteristic of amino acid dehydrogenases,
with most enzymes catalyzing the transfer of the 4Shydrogen
to the imine of the keto acid. The exceptions to this rule
includeL-alanine dehydrogenase (31, 32), L-lysine ε-dehy-
drogenase (33), andmeso-diaminopimelate dehydrogenase
(15). The stereospecificity of theRhodococcusenzyme is
concordant with the position of NADH andL-phenylalanine
in the three-dimensional structure reported here and confirms
that this dead-end complex represents a stereochemically
relevant complex.

The importance of each of the groups on the substrate to
binding was examined using structurally similar dead-end
inhibitors. 3-Phenylpropionic acid (hydrocinnamic acid) is
a competitive inhibitor versus eitherL-phenylalanine or
phenylpyruvate and exhibits aKi value versusL-phenylala-
nine that is lower than theKm for L-phenylalanine. The tight
binding of 3-phenylpropionate suggests that the interactions
observed in the crystal structure between the amino group
of L-phenylalanine and the enzyme are unnecessary for
correct binding. This interpretation of the kinetic data is
substantiated by the superposition of the three-dimensional
structures of the E‚NADH‚L-phenylalanine and E‚NADH‚
3-phenylpropionate complexes (Figure 6), which shows that
the position of 3-phenylpropionate in the active site is nearly
identical to that ofL-phenylalanine. Thetrans-isomer of
cinnamic acid (trans-3-phenyl-2-propenoic acid) is less
effective than 3-phenylpropionate as an inhibitor, suggesting
that this rigid inhibitor is poorly accommodated in the active
site compared to phenylpropionate, which binds to the
enzyme in acis-oid conformation (11, and Figure 6).
2-Phenylethylamine is a poor inhibitor, with an inhibition
constant an order of magnitude higher than that for 3-phen-
ylpropionate. This observation signifies the importance of
the R-carboxylate group of the substrate for binding.D-
Phenylalanine exhibits unusual behavior, binding tightly as
a competitive inhibitor versus phenylpyruvate (Ki ) 37 µM)
but an order of magnitude less tightly as a noncompetitive
inhibitor versusL-phenylalanine (Kis ) 370µM). There are
at least two possible explanations that may account for this
behavior: D-phenylalanine may bind more tightly to the
E‚NADH complex than to the E‚NAD+ complex, and it may
bind as a mimic of the intermediate carbinolamine.

The kinetic mechanism ofRhodococcussp. M4 phenyl-
alanine dehydrogenase is ordered bi-ter with NAD+ and
L-phenylalanine binding in that order to form a ternary
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FIGURE 6: Closeup views of the ligand orientations in the four inhibitory ternary complexes ofL-phenylalanine dehydrogenase. The coordinates
of the three ternary complexes containing NAD+ were superimposed on those of the NADH-containing complex to create the overlays displayed.
(a) Overlay of the E‚NADH‚L-phenylalanine and E‚NAD+‚L-3-phenyllactate complexes. Residues and ligands corresponding to the E‚NADH‚L-
phenylalanine complex are in gray, and those corresponding to the E‚NAD+‚L-3-phenyllactate complex are in red. (b) Overlay of the E‚NADH‚
L-phenylalanine (gray) and the E‚NAD+‚3-phenylpropionate (green) complexes. (c) Overlay of the E‚NAD+‚L-3-phenyllactate (red) and E‚NAD+‚
phenylpyruvate (blue) complexes. The NAD+ in the latter complex binds in a nonproductive fashion and has been omitted for clarity. The dashed
line indicates the hydrogen bond of length 2.64 Å between the main-chain nitrogen of Gly40 and theR-hydroxyl moiety ofL-3-phenyllactate. The
hydrogen bond of length 2.96 Å between the keto oxygen of phenylpyruvate and N of Gly40 is obscured in the drawing.
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complex, followed by the ordered released of NH4
+, phen-

ylpyruvate, and NADH:

This ordered-binding sequence has been reported for other
amino acid dehydrogenases (26), including theR. maris
phenylalanine dehydrogenase (28). Ohshima et al. (4)
reported that theT.intermediusphenylalanine dehydrogenase
releases products in the order of phenylpyruvate, ammonia,
and NADH. The ordered release of NH4

+, phenylpyruvate,
and NADH for theRhodococcusdehydrogenase is supported
by the parallel initial velocity pattern obtained by varying
NH4

+ and NADH at a fixed, saturating level of phenylpyru-
vate. These initial velocity studies were confirmed through
the analysis of the inhibition patterns exhibited by the dead-
end inhibitorsD-phenylalanine andL-3-phenyllactate (Table
5). Both of these inhibitors are competitive versus phen-
ylpyruvate, and both exhibit uncompetitive inhibition versus
NADH and noncompetitive inhibition versus NH4

+, the three
patterns expected for the ter-reactant portion of the kinetic
mechanism shown in the above scheme. The unexpected
noncompetitive inhibition displayed by phenylpyruvate ver-
sus the varied substrateL-phenylalanine (Table 4) suggests
that an abortive E‚NAD+‚phenylpyruvate complex can form.
This suggestion has been experimentally borne out, because
this complex has been prepared, crystallized, and structurally
characterized (11).

The pH dependence of the kinetic parametersVmax, Vmax/
Km, andKi describes the ionization behavior of residues in
the active site that are required for optimal activity and
substrate or inhibitor binding, as well as the preferred
protonation state of substrate molecules (34). The pK value
of 9.9 accurately represents the pK for the enzymic group
that must be protonated for 3-phenylpropionate binding,
because the pH dependence of theKi of a competitive
inhibitor is free of any kinetic effects which may perturb
the intrinsic pK value exhibited by the group (34). The three-
dimensional structure of the E‚NAD+‚3-phenylpropionate
complex allows us to unambiguously identify this group as
Lys66, which interacts electrostatically with the carboxyl
group of the inhibitor. This residue is completely conserved
in all phenylalanine, leucine, and glutamate dehydrogenase
sequences, and the corresponding residue in theClostridium
symbiosumglutamate dehydrogenase-L-glutamate complex
(K113) makes a similar interaction with theR-carboxylate
of bound glutamate (13).

The pH dependence ofV/KL-Phe is dependent on the
ionization state of three groups. The group exhibiting the
highest pK value, 10.4, must be protonated, and is likely to
be the side chain of Lys66, which binds theR-carboxyl group
of 3-phenylpropionate andL-phenylalanine. The second
group observed in theV/KL-Phe pH profile must be unpro-
tonated and exhibits a pK of 8.7. This pK may represent the
ionization of theR-amino group ofL-phenylalanine (pK )
9.3); however, the weak binding of 2-phenylethylamine

compared to 3-phenylpropionate argues that the amino group
contributes little to binding. An alternative assignment that
we favor for the group demonstrating this ionization behavior
is Lys78, which is completely conserved in allL-amino acid
dehydrogenases and is observed to interact with theR-car-
boxylate ofL-phenylalanine and an active-site water mol-
ecule. The third group in the pH profile displays a pK value
of 7.0 and must be unprotonated. We believe this pK value
is attributable to Asp118, a highly conserved residue
observed in the active sites of both phenylalanine and
glutamate dehydrogenase. The assignment of these proto-
nation states to Lys78 and Asp118 is supported by the pH
dependence ofV in the direction of phenylalanine oxidation.
This profile indicates the presence of two enzymic groups,
each with a pK of 7.2, that must be deprotonated for optimal
catalytic activity.

The pH dependence ofV in the direction of phenylalanine
synthesis requires that one enzymic group with a pK of 9.4
must be protonated, while another enzymic group exhibiting
a pK value of 8.1 must be unprotonated. We assign the higher
pK value and a positive charge to Lys78, the residue we
observed previously to form a strong hydrogen bond
(distance of 3.1 Å) with the carbonyl oxygen of phenylpyru-
vate (11). We believe the lower pK of 8.1 is attributable to
the side chain of Asp118 and, thus, assign a negative charge
to the carboxyl group of this residue. In the reaction catalyzed
by glutamate dehydrogenase, the homologous aspartate
residue (D165 in theC. symbiosumenzyme) has been
assigned a neutral charge in the E‚NADH‚R-ketoglutarate
complex (13), primarily on the basis of the pH dependence
of theKi value forR-ketoglutarate and the dead-end inhibitor,
oxalylglycine (35). However, the pH dependence of theKi

value for phenylpyruvate reveals that either the deprotonation
of Lys78 or the protonation of Asp118 increases theKi value
of phenylpyruvate (Figure 2D). This difference in charge
represents an important distinction between the mechanisms
of these two amino acid dehydrogenases and necessitates
the modification of the mechanism we presented earlier for
phenylalanine dehydrogenase (11) in which Asp118 was
shown to be protonated and interacting with the carbonyl
oxygen of bound phenylpyruvate.

The observation of the catalytic water molecule in the
E‚NADH‚L-phenylalanine complex supports its presence at
the start of the oxidative reaction, as proposed in our previous
mechanism. This water molecule has well-defined electron
density (B-value) 23.96 Å2), and it forms strong hydrogen
bonds with theR-amino group of the amino acid substrate
and theε-amino group of Lys78, the distances of which are
2.57 and 2.62 Å, respectively. The angle between these
interactions is 90.6°, yielding a distance of 3.68 Å between
the amino groups of the substrate and the catalytic lysine.
We previously proposed that the deprotonation ofL-phenyl-
alanine prior to its oxidation occurs through direct proton
transfer to this lysine. The arrangement of hydrogen bonds
observed in the E‚NADH‚L-phenylalanine complex seems
to indicate, however, that proton transfer between the
substrate and the lysine is not direct but instead is mediated
through the catalytic water molecule. In their mechanism for
glutamate dehydrogenase, Stillman et al. proposed that
L-glutamate is deprotonated by the catalytic aspartate (13).
The position of the carboxylate of Asp118 in the E‚NADH‚
L-phenylalanine complex suggests that it functions to stabilize
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the positively charged imino intermediate that is formed upon
the oxidation of the amino acid. As a higher degree of
stabilization is afforded by an electrostatic interaction
between the imine and a negatively charged carboxyl group,
we favor the water-mediated proton transfer to Lys78 over
deprotonation by Asp118 as the mechanism for deprotonation
of the amino acid substrate.

We have combined our kinetic and structural findings to
reformulate our chemical mechanism for the reversible,
NAD+-dependent, oxidative deamination reaction catalyzed
by L-phenylalanine dehydrogenase. As illustrated in Figure
7, the first step of this mechanism entails the binding of
NAD+, L-phenylalanine, and the catalytic water molecule
to the active site. The amino acid binds in this initial complex
as the protonated amine, and Lys78 and Asp118 are
unprotonated. TheR-amino group of the substrate forms
hydrogen bonds with Asp118, Pro117, and the water
molecule. TheR-carboxylate of the substrate interacts
electrostatically with Lys66 and forms hydrogen bonds with
Asn262 and Lys78. In step 2,L-phenylalanine is deprotonated
via a water-mediated proton shuttle to Lys78. Hydride
transfer from the deprotonated amino acid to NAD+ occurs
subsequently in step 3. As depicted in the figure, this hydride
transfer is accompanied by proton loss from Lys78. The loss
of a proton during the oxidation ofL-phenylalanine is
mandated by the requirement of a negative charge on the
carboxyl group of Asp118 in the E‚NH4

+‚phenylpyruvate‚
NADH product complex. As indicated earlier, kinetic
evidence suggests that the catalytic aspartic acid of glutamate
dehydrogenase is uncharged in the analogous E‚NH4

+‚R-
ketoglutarate‚NADH product complex, and as such, proton
loss to preserve the negative charge on this residue is not a
requirement of the mechanism of glutamate dehydrogenase.
Loss of a proton from the catalytic lysine of glutamate
dehydrogenase to the solvent has, however, been demon-
strated to be a prerequisite for binding the catalytic water

molecule. The transient-state kinetic studies of Fisher and
co-workers indicate that this proton is released after the
hydride-transfer step in the reaction catalyzed by theC.
symbiosumenzyme but before the hydride-transfer step in
the reaction catalyzed by the beef liver enzyme (36). We
expect transient-state kinetic studies of the phenylalanine
dehydrogenase reaction will aid in the clarification of the
mechanism of the proton loss we show in step 3 of our
proposed reaction scheme, because presently the fate of this
proton and the time of its release relative to hydride transfer
cannot be established from our available data.

Iminophenylpyruvate, in protonated form, is the first
intermediate generated upon the oxidation ofL-phenylalanine.
The substituents are oriented about the CR in trigonal fashion;
thus the imine nitrogen of the intermediate lies at a position
between that occupied by theR-amino group and that
occupied by the HR of L-phenylalanine. Barring a substantial
change in the polypeptide backbone, the distance between
the imine nitrogen and the carbonyl oxygen of Pro117 is
too far for any significant interaction, and as such, the
intermediate is stabilized solely by an electrostatic interaction
with the ionized carboxyl of Asp118. This interaction also
positions the intermediate for addition of the catalytic water,
which follows in step 4 and is assisted by Lys78. The reaction
yields a tetrahedral carbinolamine, the second intermediate
along the oxidative pathway. Proton transfer from Lys78 to
Asp118 (step 5) allows both of these residues to facilitate
the elimination of ammonia from the intermediate (step 6)
to form the productR-keto acid, phenylpyruvate, and
complete the catalytic cycle.

The difference in the orientation and binding interactions
of L-phenylalanine and phenylpyruvate in the active site
(Figure 6) indicates that the carbinolamine undergoes a
substantial rotation during the course of the eliminative
reaction. This movement disrupts the interactions of the
R-carboxylate andR-hydroxyl groups of the carbinolamine

FIGURE 7: Chemical mechanism forL-phenylalanine dehydrogenase derived from kinetic and structural analyses. The oxidative deamination
of L-phenylalanine to phenylpyruvate is shown as the forward reaction.
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intermediate with Lys78 and Asp118, respectively. The only
interaction maintained by theR-carboxylate of the keto acid
product is the electrostatic interaction with Lys66. The keto
oxygen of the product is positioned such that it forms strong
hydrogen bonds with theε-amino group of Lys78 and the
main-chain nitrogen of Gly40.

In our analysis of the first models ofL-phenylalanine
dehydrogenase, we attributed the inability of the enzyme to
catalyze the direct reduction of phenylpyruvate to the
formation of specific hydrogen bonds with key residues in
the active site. Superposition of the E‚NAD+‚phenylpyruvate
and E‚NAD+‚L-3-phenyllactate structures (Figure 6) dem-
onstrates that the same active-site residues responsible for
preventing the enzymatic reduction of phenylpyruvate,
namely, Lys78 and Gly40, also prevent the enzymatic
oxidation ofL-3-phenyllactate. In both instances, hydrogen
bonds with these residues serve to draw theR-carbon of the
ligand away from the nicotinamide ring of the dinucleotide.
In addition, the catalytic water molecule observed in the
E‚NADH‚L-phenylalanine complex is not present in these
complexes, because its binding site is occupied by the
ligands. It is the hydrogen bond interactions of this water,
along with those of Pro117 and Asp118, that position
L-phenylalanine for deprotonation and subsequent hydride
transfer to NAD+. Thus, while the results of our kinetic
experiments with 3-phenylpropionate and 2-phenylethyl-
amine argue that the interactions of theR-amino group of
L-phenylalanine are relatively unimportant for substrate
binding, the structures of the complexes we have determined
demonstrate that the interactions of thisR-amino group
within the active site are, indeed, necessary for catalysis.
Given the structural similarity ofL-phenylalanine dehydro-
genase to other amino acid dehydrogenases, we expect that
the interactions responsible for redox specificity and catalysis
in this enzyme also govern the specificity and catalysis of
many enzymes of this family.
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