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ABSTRACT. Homology-based modeling of phenylalanine dehydrogenases (PheDHs) from various sources,
using the structures of homologous enzy@ésstridium symbiosurglutamate dehydrogenase aBalcillus
sphaericudeucine dehydrogenase as a guide, revealed that an asparagine residue at positioB.145 of
sphaericuPheDH was replaced by valine or alanine in PheDHs from other sources. This difference was
proposed to be the basis for the poor discrimination byBhsphaericugnzyme between the substrates
L-phenylalanine and-tyrosine. Residue 145 of this enzyme was altered, by site-specific mutagenesis, to
hydrophobic residues alanine, valine, leucine, and isoleucine, respectively. The resultant mutants showed
a high discrimination, above 50-fold, betweetphenylalanine and-tyrosine. This higher specificity
towardL-phenylalanine was due 6, values forL-phenylalanine lowered more than 20-fold compared

to the values for-tyrosine. The greater specificity ferphenylalanine in the wild-typ8acillus badius
enzyme, which has a valine residue in the corresponding position, was also found to be largely due to a
lower Kn, for this substrate. Activities were also measured with a range of six amino acids with aliphatic,
nonpolar side chains, and with the corresponding oxoacids, and in all cases the specificity constants for
these substrates were increased in the mutant enzymes. As with phenylalanine, these increases are mainly
attributable to large decreasesHKp, values.

The label phenylalanine dehydrogenase (PhBDEC relevance, as these enzymes are useful as biocatalysts for
1.4.1.20) denotes a class of enzymes that catalyze thestereospecific synthesis of amino acids, and as diagnostic
reversible NAD-dependent oxidative deamination of a broad reagents for a variety of inborn errors of amino acid
range of hydrophobic amino acid substrates, with particular metabolism. Indeed, the thermostability of PheDH from
preference for aromatic side chains. The enzyme from B. sphaericuswould recommend its use as a diagnostic
Bacillus sphaericuss unusual within this class since its reagent. However, major interference from tyrosine makes
activities toward.-phenylalanine and-tyrosine are similar it unsuitable for measuring serurmphenylalanine levels in
(4, 2). In contrast, PheDH fromRhodococcus spM4 the diagnosis of phenylketonuria (PKW)(

shows 34-fold discrimination in favor af-phenylalanine The rational design of enzymes with altered substrate
(3). Similarly, with the enzymes fronBacillus badius  specificities for use in chemical synthesis or clinical diagnosis
and Sporosarcina ureaetyrosine gives only 9 and 5.4%, s a major goal of our protein engineering efforts. Several
respectively, of the specific activity with phenylalanine notable examples of successful redesign of substrate speci-
(1, 4). Itis of interest to understand the structural basis for ficities depend on prior knowledge of the high-resolution
this difference in discrimination between aromatic amino acid structure of the enzyme, or at least of the Corresponding
substrates that differ by only a single hydroxyl substituent. enzyme from another biological species. In the absence of
Determining the molecular details of substrate recognition gych information, site-directed mutagenesis may be guided
in the family of amino acid dehydrogenases has also practicalpy patterns of amino acid conservation, by the results of
chemical modification studies, or by molecular modeling if
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polyacrylamide gel electrophoresis. high. For instance, the overall sequence identity between
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Clostridium symbiosurglutamate dehydrogenase (GIuDH) as previously reported for PheDH Bf sphaericug9). The
and B. sphaericusPheDH is only 13%. Nevertheless, additional PheDH sequences, fradnbadius(17), S. ureae
molecular modeling based on the sequence alignment and18), and Rhodococcus spM4 (19) were added to the
the solved structure @f. symbiosun®GIluDH (7, 8) suggested  alignment with the aid of the program CLUSTALVRQ).
that the active sites have similar structur&s (Thus, for Construction of MutantsThe uracilated template method
example, three glycine residues that orient functional groups (21, 22) was employed for mutagenesis on Biesphaericus
and determine the basic shape of the active sites are allpdhgene inserted in thBanH| site of the vector M13mp19.
conserved in GIuDH, LeuDH (leucine dehydrogenase), and The mutagenic oligonucleotide GAGACGAATTTCATT-
PheDH. In addition, the lysine residue that interacts with GCCGGAATTCCTGAG (the underlined codon GCC replac-
the a-carboxyl group of the amino acid substrate, and also ing AAC) was designed to replace asparagine at position 145
aspartate 165 and lysine 125 (GluDH numbering), thought with alanine, while the sequence GAGACGAATTTCATT-
to be involved in the catalytic mechanisms of the enzymes XTCGGAATTCCTGAG (where X is degenerate, being
(8, 10, 11), are also conserved. The modeling study also either C, A, or G) was chosen to replace the same residue
pointed to differences in a small number of amino acid with leucine, isoleucine, and valine, respectively. Mutants
residues within the active site that govern the substrate were screened directly by sequencing using the dideoxy-
specificity of the different classes of enzymes, and this guided chain termination methodg).
site-directed mutagenesis in which the substrate specificity Expression and Purification of Wild-Type and Mutant B.
of B. sphaericu$heDH was successfully shifted toward that sphaericus PheDHWild-type and mutanpdh genes were
of leucine dehydrogenase (LeuDH)2j. Mutagenesis of a  subcloned into theBanHI site of the vector ptac85 and
similar amino acid residue in valine dehydrogenase likewise transformed intd&scherichia coliTG1. The correct orienta-
supports the validity of the modeling stud{3j. tion of the gene with the '5end positioned directly

In this paper, we have taken a similar approach, using the downstream of théac promoter in the vector was confirmed
known tertiary structures of. symbiosunGluDH (4) and by EcoRI digests, since there are two asymmetrically
alsoB. sphaericus.euDH (14) as a guide to align the amino  positionedEcaRI sites within the gene and one within the
acid sequences of PheDHs from various sources to identify vector.
the likely structural basis of differing levels of discrimination The wild-type and mutanB. sphaericusenzymes were
between phenylalanine and tyrosine. The resulting hypothesispurified as described previousl§3). Purity was monitored
has been tested by site-directed mutagenesis and detailely SDS-PAGE (12%) 24). The concentration of purified
kinetic analysis of the mutant enzymes. Our results again B. sphaericusPheDH was determined by absorbance at
suggest that, even when overall amino acid sequence identity280 nm using an extinction coefficient of 1.%7 103 g
is below 20%, precise conclusions may be drawn regardingmL cm™? (4).

the functional role of key residues. Expression and Purification of B. badius EnzyrbeB.
The structure of a PheDH, froRhodococcus spM4, has badiusPheDH enzyme was purified as previously described
now been directly determined by X-ray crystallograph)( (4). Concentration of the enzyme was calculated from

but was not available during the mutational study described absorbance at 280 nm using an extinction coefficient of
in this paper 2). It should be noted also that, even with an 6.3 x 102 gt mL cm™ (4).
authentic structure now available, the basis for phenylalanine  Molecular Weight Determinatioihe molecular weights
and tyrosine discrimination in PheDH has not as yet been of the native enzymes were determined by FPLC gel filtration
addressed. (LCC-500, Pharmacia) on a Superose 6 HR 10/30 column
(Pharmacia) at a flow rate of 0.5 mL/min. The elution buffer
MATERIALS AND METHODS contained 50mM phosphate buffer, pH 7.9, with 0.15M NacCl.
Materials. Restriction enzymes and T4 DNA ligase were The column was calibrated with apoferriti(= 443 000),
from Life Technologies Inc, calf intestinal alkaline phos- C. symbiosunglutamate dehydrogenasi (= 295 000),
phatase was from Promega Corp. (UK), and T4 polymerasesweet potatog-amylase 1, = 200 000), rabbit muscle
used in the synthesis of the second strand during mutagenesialdolase 1, = 158 000), bovine albuminM, = 68 000),
was from Cambio. DNA sequencing was performed using and hen egg albumir; = 45 000).
the 7-deaza dGTP kit and Sequenase Version 2.0 (United Subunit molecular weights were estimated from a 12%
States Biochemicals, USA). The Geneclean Il kit was SDS-PAGE gel with the following molecular weight
obtained from BIO 101 (La Jolla, CA). Oligonucleotides for markers: bovine albuminM, = 66 000), egg albumin
mutagenesis were synthesized by Genosys Biotechnologies(M, = 45 000), rabbit muscle glyceraldehyde-3-phosphate
Inc. (UK). Oligonucleotides for DNA sequencing were dehydrogenaseM, = 36 000), bovine erythrocyte carbonic
synthesized using the Cyclone Plus DNA synthesizer. anhydrase NI, = 29 000), bovine pancreas PMSF-treated
Sepharose CL-6B and Butyl Sepharose 4 fast flow were from trypsinogen i1, = 24 000), soybean trypsin inhibitok =
Pharmacia Biotech (UK). Procion Red P3BN was from 20 000), and bovine milke-lactalbumin M, = 14 200).
Imperial Chemical Industries (UK). Amino acid (free acid) Enzyme Assay®xidative deamination was assayed at
and oxoacid (sodium salts) substrates of greater than 98%25 °C by measuring the reduction of NADat 340 nm in a
purity were purchased from Sigma Chemical Company (UK). 1-cm cuvette. TheK, values of the mutant enzymes for
NADT (Grade I, free acid, 98% purity) and NADH (Grade NAD™ were obtained by fixing the concentration of
I, disodium salt, 100% purity) were from Boehringer phenylalanine at 1 mM (at least 10-times the appakgnn
Mannheim (UK). all cases) and varying the NATzoncentration. The reaction
Sequence AlignmerheDH sequences were aligned using mixture also contained 5@mol of glycine-KOH buffer,
the structure oC. symbiosun@GluDH (7, 16) as a reference  pH 10.4, 100umol of KCI, and the appropriate amount of
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GluDH (C.sym) :175 YMYGQYRKIVGGFYNGVLTGKARSFGGSLVRPEATGYGSVYYVEAV : 220
PheDH (B.sph) : 136 HAQKE--------- TNFINGIPEQYGGSGDSSIPTAQGVIYALKAT : 172
PheDH (B.bad) : 135 HAMKE--------- TNCIVGVPEAYGGGGDSSIPTAMGVLYGIKAT : 171
PheDH(S.ure) :137 HAMKE--------- TNYIVGKPVEYGGGGDSSIPTALGVFYGIKAT : 173
PheDH(T.int) : 126 HAARE--------- SKSFAGLPKSYGGKGDTSIPTALGVFHGMRAT : 162
LeuDH (B.sph) :125 LIHQE--------- TDYVTGISPAFGSSGGPSPVTAYGVYRGMKAA : 161

fog — B> s % i

Ficure 1: Sequence alignment of PheDHs using structural information €osymbiosunGluDH andB. sphaericud. euDH showing the

residue (bold) that is thought to be an important determinant of phenylalanine/tyrosine specificity. Sequences shown are for GluDH from
C. symbiosun¢C. sym) (L6), PheDH fromB. sphaericugB. sph) 7), PheDH fromB. badius(B. bad) (7), PheDH fromS. ureaqS. ure)

(18), PheDH fromT. intermediuqT. int) (28), and LeuDH fromB. sphaericugB. sph) (4). The secondary structure @. symbiosum

GIuDH is indicated above the sequences and tha&.a$phaericudeuDH below.a-Helices are indicated as cylinders afiétrands as

arrows. Residue numbers are indicated at both ends of each sequence.

enzymes in a total volume of 1 mL. The true extrapolated Table 1: Comparison of Amino Acid Residues in PheDHBof

K value for NAD' in the wild-type enzyme was determined sphaericushat Are Replaced with Chemically Distinct Residues in
(2) as ¢nap+/o from primary and secondary plot&5) of the PheDHs oB. badius S. ureagandT. intermediusAmino Acid
data using varying concentrations ophenylalanine and ~ Positions Are Based on tH#. sphaericu?heDH Sequence

NAD*. To determine kinetic parameters for amino acid amino acid

substrates, the NADconcentration was fixed at 2.5 mM, position B. sphaericus B.badius S.ureae T.intermedius
and the amino acid concentration was varied. 54 T C c c
The disappearance of NADH during reductive amination 4 E K K K
o : . . 105 A E E E
at 25 °C was monitored at 340 nm in a 1-mL mixture 138 Q M M A
containing 5Qumol of glycine-KOH, 10Qumol of KCI, 0.1 145 N \Y \Y A
umol of NADH, 400umol of ammonium chloride, varying 262 K E D D
amounts of oxoacids, and appropriate amounts of enzyme ggé § é AG VG
at a pH of 8.6. . . . . 354 K M M |
The range of concentrations of each amino acid or oxoacid 358 T A A A

substrate was at least 10-fold, with a minimum of three

different concentrations both above and belowKhevalue. (Figure 1). In the three-dimensional structures of bGth
One unit of enzyme was the amount that catalyzed the symbiosunGluDH andB. sphaericus.euDH, this threonine
formation or disappearance ofdnol of NADH/min. Steady- is close to the terminus of the amino acid substrate side chain.

state kinetic parametens,, andk.,, were obtained by fitting In GIuDH, this residue is involved in hydrogen bonding with
data from duplicate activity readings to the Michaelis lysine 89 and serine 380, which in turn interact with the
Menten equation using the method of Wilkins@®)in the y-carboxyl group of the glutamate substra (n LeuDHs

program Enzpack version 3.0 (Biosoft) (Figure 2) and PheDHs, both K89 and S380 are replaced
by hydrophobic residues, leucine and valine, respectively,
RESULTS which have been shown, using the GIuDH framework, to

Three-Dimensional Modeling and Sequence Alignment. be important for accommodating hydrophobic substrates
Multiple sequence alignment of PheDHSs, using the structure (29, 30). The y-carbon of the threonine residue .
of C. symbiosun®GIluDH as a guide, reveals the presence of sphaericusLeuDH is within 5 A of the §-carbon of a
10 residues in PheDHs @. badius Thermoactinomyces modeled leucine substrate (Figure 3)J). In PheDHs, the
intermedius andS. ureaghat are replaced with chemically larger aromatic substrate would be much closer to the
distinct residues at the corresponding amino acid positions corresponding residue, which is valine B badiusand S.
in theB. sphaericugnzyme (Table 1). In considering which  ureaeand alanine ifT. intermediugFigure 1). PheDH from
of these residues might account for the varying degree of Rhodococcussp. M4 (not shown) displays much lower
discrimination among PheDHs toward phenylalanine and overall sequence similarity but nevertheless also has a
tyrosine as substrates, molecular modeling drew our attentionhydrophobic residue, phenylalanine, in this position, corre-
to a critically placed asparagine residue at position 145 in sponding with its high substrate preference for phenylalanine
B. sphaericusin GluDH and LeuDH, a strictly conserved over tyrosine. Asparagine at this position has in fact been
threonine residue is found at the corresponding position found so far only inB. sphaericusand modeling suggests
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Table 2: Kinetic Parameters of Wild-Type and Mutdht
sphaericusand Wild-TypeB. badiusPheDH Enzymes for Aromatic
Substrates

KealKm
substrate enzyme Ky (mM) Keat (D) (sTmMY)

L-phenylalanine wt 1.%0.070 68+ 1.4 62
N145A 0.042+ 0.0035 34+ 0.94 809
N145Vv 0.021+ 0.0031 174 0.97 810
N145] 0.014+ 0.00088 13+ 0.30 929
N145L 0.032+ 0.0031 8.5+ 0.28 266
B. badius 0.087+ 0.0087 3%-1.5 448
L-tyrosine wit 1.3+ 0.10 68+ 2.1 52
N145A 2.0+£0.21 31+ 1.3 15
N145Vv 1.2+ 0.065 23+ 0.42 19
N145] 1.3+ 0.13 21+ 0.81 16
N145L 0.69+ 0.049 9.4+ 0.22 14

B. badius 8.6+ 0.78 34+ 1.6 3.9
phenylpyruvate wt 0.3#0.035 113+5.3 305
o N145A 0.030+ 0.026 71+£2.0 2367
Ficure 2: Structure of the substrate binding pocket of LeuDH from N145V  0.025+ 0.0019 60+ 1.3 2400
B. sphaericug14) showing the positions of residue threonine 134 N145]| 0.012+ 0.0013 43+15 3583
and thed-carbon of the modeled leucine substrate. Drawn with N145L 0.009%+ 0.00075 23+ 0.46 2421
MIDASPLUS (38, 39). p-hydroxy-  wt 0.19£0016 90+2.8 474
. . .. phenylpyruvate N145A  0.092 0.0076 14+0.38 141
that the amide group of asparagine 145 may provide N145V 0.614+ 0083 88+ 4.6 144
relatively favorable possibilities for interaction with the N145] 0.55+0.035 80+21 145
N145L 0.22+ 0.021 30+ 1.1 136

hydroxyl group of a tyrosine substrate and less so for the
nonpolar phenyl ring. Mutations of asparagine 1458in
sphaericusPheDH to the aliphatic nonpolar amino acids,

a2 Kinetic parameters for the oxo-acid substrates in the reductive
amination reactions for thB. badiusenzyme were not determined.

alanine, valine, leucine, and isoleucine were therefore made
to determine the contribution of these residues to substrateTable 3: Discrimination between Hydroxylated and

specificity. Non-Hydroxylated Substrates in PhebH
Mutagenesis.The four site-directed mutations N145A, phenylalanine: phenylpyruvate:
N145L, N145I, and N145V were successfully made by the enzymes tyrosine hydroxyphenylpyruvate
Kunkel method, and in each case the entire DNA sequence B, sphaericus\T 1.2 0.64
was checked to confirm that no secondary mutations had N145A 54 16.8
occurred. This check was repeated after subcloning into the “135?/ 42 %2-;
expression vector (by subcloning back into ptac85). N142L ?9 178
Purification and Analysis of Molecular Weight of Mutant g padiuswT 115 ND

EnzymesThe four mutant enzymes were all overexpressed
in good yield and in a soluble form by following the standard
procedure for the wild-type enzyme. Wild-type and mutant
B. sphaericus®heDH proteins were purified to more than
99% homogeneity as judged from a 12% SEFFAGE. All

five enzymes showed the same mobility on SEFRAGE,

aND: not determined. The figures given for each form of PheDH
are the ratios between the valueskaf/K, for the non-hydroxylated
substrate and the corresponding hydroxylated substrate.

nation and reductive amination reactions are presented in
Table 2. Briefly, substitutions of asparagine 145 (N145) by

and the subunit molecular weights were estimated to be 39aliphatic nonpolar amino acids increase the specificity
kDa. In FPLC gel filtration experiments, the retention times constant K../Kr) for L-phenylalanine 8- to 12-fold and that
of the native mutant enzymes were the same as for the wild-for phenylpyruvate in the reverse reaction 4- to 15-fold
type, indicating an apparent native molecular weight of 380 relative to the wild type. At the same time, specificity
kDa, and showing that the various substitutions of asparagineconstants forL-tyrosine and phenylhydroxypyruvate are
145 do not disrupt the native quaternary structure. lowered about 3-fold in both cases, thus resulting in a large
Km for Coenzyme NAD The true extrapolate,, for overall increase in the effective discrimination between the
NADT for the wild typeB. sphaericuheDH is 0.24 mM hydroxylated and non-hydroxylated substrates. Table 3 shows
(12). The appareniy, values for NAD" in the mutants were  the ratio of specificity constants for the two aromatic
estimated by using a fixedphenylalanine concentration of  substrates in the oxidative deamination and reductive ami-

1 mM. Since this is more than 20 times the apparent wild-
type Kn, value for this substrate, these apparkptvalues
are likely to be very close to the true extrapolated values.
The values obtained ranged from 0.19 mM for N145I and
0.21 mM for N145A to 0.26 mM for both N145V and
N145L. The fact that these are so similar to the wild-type
value suggests that the mutations do not greatly affect
coenzyme binding.

Kinetic Parameters for Aromatic Substrates, End Kca
values for the aromatic substrates in the oxidative deami-

nation reactions. The highest discrimination achieved be-
tween phenylalanine and tyrosine (specificity congtatianind
specificity constarfesing is over 50-fold, seen in the mutants
N145A and N145l, as compared with only 1.2-fold in wild
type B. sphaericuheDH. The mutant N145| also shows
the highest discrimination factor in the reductive amination
reaction, 25-fold, as compared with 0.64-fold in the wild-
type enzyme (which shows a slight preference for
hydroxyphenylpyruvate, mainly due to a favoraligvalue).
The overall improvement in the discrimination factor in
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Table 4: Kinetic Parameters for Aliphatic Amino Acids B
sphaericusPheDHs

Table 5: Kinetic Parameters for Aliphatic OxoacidsBn
sphaericusPheDH$

Keal K KealKm
substrates enzyme Kgy (mM) keat(s™H)  (sTmM™) substrates enzyme Kg (MM) keat(s™))  (sTmMTY)
L-leucine wit 0.55+ 0.066  0.70+ 0.026 1.3 a-ketoisocaproate wt 26 2.7 27+ 2.0 1.4
N145A 0.032+ 0.0015 0.98+0.012 31 N145A 0.224+0.019 24+0.72 109
N145V 0.013+ 0.0013 0.84+ 0.030 65 N145V 0.21+0.013 18+ 0.37 86
N145] 0.015+ 0.0020 1.2+ 0.056 80 N1451 0.21+0.013 28+0.55 133
N145L 0.021+ 0.0017 0.45+ 0.0098 21 N145L 0.22+0.017 15+ 0.37 68
L-isoleucine  wt 0.14+ 0.023  0.14+ 0.009 1.0 pL-0-ketof3- wt 13+1.8 7.2+ 0.40 0.55
N145A 0.017+0.0011 0.50t 0.012 29 methyln-valerate N145A 0.74-0.067 19+ 0.52 26
N145V 0.0095+ 0.00077 0.15t 0.0034 16 N145V 0.76+0.071 9.6+ 0.27 13
N1451  0.014+ 0.00097 0.19+ 0.0033 14 N1451 1.0+0.069 16+ 0.34 16
N145L 0.0082+ 0.00091 0.1 0.0039 13 N145L 1.6+0.15 13+0.42 8.1
L-norleucine wt 0.79t 0.069 3.2+ 0.054 4.0 o-ketocaproate  wt 13 0.70 51+ 1.3 3.9
N145A 0.031+0.0021 3.4-0.070 110 N145A 0.25+0.018 66+ 1.6 264
N145V 0.0744+0.0088 5.6£0.21 76 N145V 0.15+ 0.012 40+1.1 267
N1451 0.052+0.0041 5.4+0.17 104 N1451 0.25+0.019 61+1.8 244
N145L 0.056+ 0.0039 3.3+ 0.060 59 N145L 0.224+0.017 42+1.2 191
L-methionine wt 2.4 0.19 1.2+ 0.034 0.44 a-ketoy-methio- wt 11+ 0.73 27+ 0.78 3.7
N145A 0.078+ 0.0055 3.14 0.085 40 butyrate N145A 0.26:-0.018 61+ 1.5 235
N145V  0.13+0.0090 2.9+0.083 22 N145V 0.29+0.011 34+ 0.044 117
N145] 0.144+ 0.0043 3.1+ 0.036 22 N1451 0.43+0.032 47+1.2 109
N145L  0.15+ 0.015 1.8+ 0.064 12 N145L 0.28+0.024 25+ 0.78 89
L-norvaline  wt 3.3t 0.22 1.4+ 0.038 0.42 a-ketovalerate wit 52-4.4 33+ 1.8 0.63
N145A 0.114+0.014 1.8+ 0.11 16 N145A 1.4+ 0.060 544+ 0.78 39
N145V  0.18+0.018 1.9+ 0.077 11 N145V 2.2+ 0.070 40+ 0.47 18
N145] 0.144+ 0.014 2.0+ 0.078 14 N145] 2.6+ 0.26 61+ 2.4 23
N145L  0.11+0.0089 0.9 0.026 8.3 N145L 2.9+0.18 40+1.0 14
L-valine wit 2.0£0.10 0.91+£ 0.020 0.46 o-ketoisovalerate wt ND ND 0.55*
N145A  0.14+0.015 0.85-0.034 6.1 N145A 3.3+0.45 54+0.78 16
N145V 0.274+ 0.047 1.4+ 0.10 5.2 N145VvV 4.2+ 0.16 46+ 0.72 11
N145] 0.23+ 0.032 1.6+ 0.074 7.0 N1451 4.3+0.17 59+ 0.98 14
N145L  0.274+0.037 0.62+ 0.034 2.3 N145L 7.44+0.50 36+1.0 4.9

N145] PheDH is thus 48-fold in the oxidative deamination
reaction and 39-fold for reductive amination.

Detailed inspection of th&, values shows that in the
wild-type B. sphaericusnzyme, the values are similar for
L-phenylalanine (1.1 mM) and-tyrosine (1.3 mM). How-
ever, in the mutants, thi€, for L-phenylalanine is at least
20-fold lower than for-tyrosine, with a maximum difference
of 93-fold seen in the mutant N145] (0.014 mM for
L-phenylalanine and 1.3 mM fartyrosine).ke,: values for

the two substrates in each mutant are, however, surprisingly valine

similar.

To ascertain whether the higher specificity fophenyl-
alanine in PheDHs of other organisms is also due to a lower
Km value compared to that for-tyrosine, the kinetic
parameters for th®&. badiusenzyme, which has a valine
corresponding to position 145 of tige sphaericugnzyme,
were determined (Table 2). The results were qualitatively
rather similar to those obtained for tBe sphaericusnutants,
and it can be seen that tig, for L-phenylalanine is indeed
100-fold lower than that for-tyrosine, while the twdk.a
values are very similak, values, however, were somewhat
higher for both substrates with ti& badiusenzyme, 2-6-
fold for L-phenylalanine, and-412-fold for L-tyrosine. The
values for the N145A mutant are closest to those found for
the wild-typeB. badiusenzyme.

Kinetic Parameters for Aliphatic Substrate&inetic
parameters for six aliphatic hydrophobic amino acids and

aND: Kptoo high to be determined. *: determined from the gradient
of a specific activity vs substrate concentration curve.

Table 6: Improvement in Performance of Mutant PheDHs with
Aliphatic Substrate’s

substrates N145A N145V N1451 N145L
leucine 23.8 50.0 61.5 16.2
isoleucine 29.0 16.0 14.0 13.0
norleucine 27.5 19.0 26.0 14.8
methionine 90.9 50.0 50.0 27.3
norvaline 38.1 26.2 33.3 19.8
13.3 11.3 15.2 5.0

a-ketoisocaproate 77.9 61.4 95.0 48.6
o-ketof3-methyln-valerate ~ 47.3 23.6 29.1 14.7

a-ketocaproate 67.7 68.5 62.6 49.0
o-keto-y-methiobutyrate 63.5 31.6 29.5 24.1
a-ketovalerate 61.9 28.6 36.5 22.2
a-ketoisovalerate 29.1 20.0 25.5 8.9

an each case, the figure given is the ratio, for a particular substrate,
of the specificity constants of the mutant enzyme and the wild type.
Thus, for example, with.-methionine, the specificity constants for
N145V and wild-type are 22 and 0.44'smM™1, respectively. The
corresponding ratio, given in the table, is 50.

increases, as for the aromatic substrates, are mainly attribut-
able to reduction inKy, values. The largest increase in
specificity constant, 91-fold relative to the wild-type, is seen
with methionine as substrate for the N145A mutant (40 s
mM~! compared to 0.44 $§ mM! in the wild-type).
Norleucine is also a reasonably good substrate for all four
mutants; although the highdst, figure of 5.6 s (N145V)

the corresponding oxo-acids are shown in Table 4 and Tableis much lower than most of the corresponding figures for

5. Specificity constants for all these substrates are much

eitherL-phenylalanine oc-tyrosine, the lowK, values for

increased in the mutant enzymes (Table 6), and thesenorleucine result in specificity constants for three of the
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mutants well in excess of the wild-type figure of 62's  formation of a single hydrogen bond and the overall net

mM~1 for L-phenylalanine. energy of the hydrogen bonding process in solution is pointed
out in that study. It is the overall energy change that drives
DISCUSSION the binding of a substrate to an enzyme. For example, in the

Substitution of asparagine 145 B sphaericus?PheDH absence of substrate, tyrosine 34 and aspartate 176 in tyrosyl
by aliphatic hydrophobic amino acids has resulted in enzymestRNA synthetase form hydrogen bonds with enzyme-bound
with greatly increased discrimination between the substrateswater. Likewise, the tyrosine substrate in solution forms
L-phenylalanine and-tyrosine. Thek., values are similar ~ hydrogen bonds with water molecules. When the substrate
for both substrates with each mutant, but for all four mutants, binds to the enzyme, hydrogen bonding between Y34 and
the K, values fon_-phenylalanine are substantially lower than D176 of the enzyme and the tyrosine substrate must
that forL-tyrosine, with factors of up to 93-fold, as observed compensate for the loss of hydrogen bonding to the displaced
in the N145| mutant. In PheDH frorB. badius which has water. Substitution of tyrosine 34 by phenylalanine, which
a valine corresponding to N145 &. sphaericus?heDH, breaks one of the hydrogen bonding interactions with the
Km for L-phenylalanine (0.088 mM) is also much lower than substrate resulted in a 15-fold decrease in the selectivity for
for L-tyrosine (8.6 mM) (Table 2). As with the N145 mutants, tyrosine @4). Likewise, it is possible that, upon binding of
the keat values for both substrates in tle badiusenzyme the tyrosine substrate B. sphaericu$heDH, new hydrogen
are similar. Reproduction of this trend in the mutants bonding interactions in the bulk solvent and of asparagine
confirms that the residue at position 145 determines the with the substrate might similarly compensate for the loss
differential specificity among the PheDH enzymes toward of the original hydrogen bonds, perhaps explaining the
L-phenylalanine and-tyrosine as substrates. similar specificity constants observed fephenylalanine and

The dominant influence of alterationski, in determining L-tyrosine in the wild-type enzyme. In the N145 mutants,
the effective substrate preference inevitably raises a questiorthe loss of hydrogen bonding between tyrosine and water
as to the physical significance of tig, for the amino acid could no longer be compensated by hydrogen bonding
substrate in this case. Michaelis constants are frequentlybetween substrate and the amide group of N145, and sub-
loosely taken as an indication of binding affinity, but for a stantially weakened binding of tyrosine should result. There
number of mechanisms this identification is unjustified. For is indeed approximately a 3-fold diminution ka./Kn for
PheDH under these conditions, however, our evidence sotyrosine in the mutants (Table 2), but this results mainly from
far (2) points to a rapid-equilibrium random-order mecha- decreased values fde¢, rather than increases ik, and
nism. If this is indeed the mechanism, tig, for each would in any case not explain the more than 90-fold
substrate can be identified with th& for its dissociation, difference in specificity constants farphenylalanine and
not from the corresponding binary complex, but from the L-tyrosine seen in some of the mutants.
ternary complex32). This would then imply that N145 and The increase in specificity for phenylalanine can, however,
its various replacements, either natural or engineered, controlbe reasonably explained in part by the increased hydropho-
the tightness of binding of-phenylalanine and-tyrosine bicity of the active site and in part by van der Waals
to the E-NAD" complex, but that tight binding does not interaction between the substituent in the N145 position and
guarantee optimal orientation for catalysis, which is presum- the substrate. This would also be consistent with the increase
ably ensured by other interactions with the aromatic ring and in specificity constants for a variety of hydrophobic aliphatic
a-carbon substituents. substrates in the mutants, which is again mainly attributable

The obvious possible factors bearing upon the discrimina- to decreasedK,, values (Tables 4 and 5). Conversely, the
tion between phenylalanine and tyrosine as substrates includeliminution in k.o for L-tyrosine seen in the mutants could
steric hindrance, hydrogen bonding, and hydrophobic or vanreflect a suboptimal orientation enforced by the unfavorable
der Waals interactions. Steric exclusion of tyrosine, due to interaction of the extra hydroxyl group with an increasingly
the presence of thp-hydroxyl group, has been suggested hydrophobic environment. An interesting comparison can be
as the basis for the preference fephenylalanine irk. coli made between these PheDH mutants with an aspartate-to-
phenylalanyl-tRNA synthetas&3). Substitution of alanine  valine mutation (D425V) of tyrosine hydroxylas&5.

294 by a smaller glycine resulted in an enzyme able to Replacement of a carboxylate with a methyl group in residue
activate tyrosine and form an enzymigrosyl-AMP com- 425 of tyrosine hydroxylase also results in a significant
plex, unlike the wild-type enzyme. Steric hindrance is an decrease (80-fold) i, for phenylalanine substrate.
inadequate explanation in the present case, however, since The differences in specificity for different aliphatic
the same effect is seen even when the asparagine residue isubstrates in the various N145 mutants can be explained by
replaced by a smaller alanine in the N145A mutant. the balance of two opposing factors, hydrophobicity and
Moreover, the enhanced discrimination results mainly from steric effects, which are likely to play a more important role
improved binding of phenylalanine rather than hindered in the acceptance or rejection of these substrates than with
binding of tyrosine. tyrosine. Hydrophobicity of an amino acid is proportional

The second possibility to consider is the loss of a putative to its surface are&6), and therefore the substitutes for N145
hydrogen bond between asparagine 145 and the hydroxylin the mutants increase in hydrophobicity in the order alanine
group of tyrosine. The contributions of hydrogen bonding > valine > leucine, isoleucine. However, steric hindrance
in Bacillus stearothermophilugrosyl-tRNA synthetase have  of substrate binding also increases in that order. Therefore,
been previously explored, a context where the ability to in the comparison of the N145V and N145A mutants, for
distinguish between phenylalanine and tyrosine (150 000- example, the higher hydrophobicity of valine compared to
fold in favor of tyrosine in this case) is biologically critical ~alanine results in tighter binding of the substrate phenyl-
(34). The crucial distinction between absolute energy of alanine K, = 0.021 mM for N145V compared with 0.042
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mM for N145A), but nevertheless not so productiveky,( Although the present study was based on homology
for N145V = 17 s compared to 3473 for N145A). Steric modeling, without the benefit of a directly determined 3D
hindrance in N145V probably prevents phenylalanine from structure for PheDH, the X-ray crystal structure for PheDH
binding in the catalytically optimal orientation. Comparing from Rhodococcusp. M4 has recently been reportelby,
the mutants N145I and N145L, it appears thattheranch This enzyme has a high preference for phenylalanine over
in leucine makes a larger contribution to steric hindrance tyrosine, and it also possesses a hydrophobic residue,
compared to theg-branch in isoleucine, although the side phenylalanine (F138), corresponding to the Asn 145 position
chains are of equal size. This is evident from the generally of B. sphaericusheDH. Our examination of the published
lower specificity constants of N145L for most of the structure for the enzymesubstrate complex d®hodococcus
substrates in both the oxidative deamination and reductive PheDH reveals that F138 is at the base of the active-site
amination reactions. pocket, abou4 A away from the.-phenylalanine (or other)
The largest increase in specificity constant is seen with substrate. This is consistent with our conclusion that hydro-
the substrate methionine in the N145A. The long side chain phobicity in the interior of the binding pocket has a major
of methionine is probably sterically hindered by residues bearing on phenylalanine/tyrosine discrimination in this class
larger than alanine, explaining lower specificity constants of enzymes. It should, however, be pointed out that, whereas
seen in the other mutants. For leucine, isoleucine, and nor-the PheDH’s ofB. sphaericusB. badius, S. uregaeandT.
leucine and their corresponding oxo-acids, the relative trendsintermediusshare at least 49% amino acid identities, the
in the values of the specificity constants are still the same enzyme fromRhodococcushows only 27% identity with
as in the wild type (norleucine leucine> isoleucine and  these othersl). Specifically, some of the residue differences
ketocaproate> ketoisocaproate> keto-methyln-valerate) in the Rhodococcugnzyme map at the substrate binding
(Tables 4 and 5). This suggests that shape features of thesite. For example, all the other PheDHs listed have a leucine
active site affecting differential substrate specificity are residue corresponding to position 51 of tBe sphaericus
preserved in these mutants. The wild-type enzyme has similarenzyme, but this residue is replaced with alanine in the
specificity constants for valine (0.46'smM) and norvaline Rhodococcugnzyme. This residue is abioéi A away both
(0.42 s mM) and also for the corresponding oxoacids from F138 and from the bound substrate. The smaller alanine
o-ketoisovalerate (0.55°%$ mM) and a-ketovalerate (0.63  residue at this position may be important in accommodating
s 1 mM). However, in the mutants the specificity constants the large F138 side chain and may also have some influence
for straight-chain norvaline and-ketovalerate are higher on the overall substrate specificity.

than for branched valine andketoisovalerate, respectively, The availability of a solved high-resolution structure for
possibly because the flexible straight chain allows optimal PheDH should in theory provide a much less speculative
hydrophobic interaction. starting point for mutagenesis. Clearly, however, the se-

The fact that substitution of asparagine 145 increases thequence differences mentioned above would diminish the
specificity constants for all aliphatic hydrophobic amino acids certainty of predictions for thé@. sphaericusenzyme on
suggests that this residue could also be one of the sequencevhich we have worked. While evidently it should now be
differences between PheDH and LeuDH that determine thepossible to apply the detailed knowledge Rfiodococcus
differing specificity of these two enzymes. Previous analysis PheDH to relatively confident mutagenesis for that specific
(12) has highlighted the importance of Gly 124 and Leu 307 enzyme, the real message of the work described here is that,
(in PheDH) in this regard. In all LeuDHs, however, the even without the benefit of a 3D structure directly determined
residue corresponding to Asn 145 is threonine, which has afor the enzyme in question, well-guided homology modeling
pB-branch and, though polar, is less hydrophilic than aspar- may still permit a precise and successful outcome to site-
agine. Since the mutants withpabranch, N145V and N145I,  directed mutagenesis.
perform better with aliphatic substrates than the mutant with
a y-branch, N145L, it appears that steric effects are NOTE ADDED AFTER ASAP POSTING

significant herg. o This article appeared ASAP on August 30, 2002 with an
_In the_ practical application of these enzymes for PKU incorrect phenylalanine residue cited in the penultimate

diagnosis, a lovky, value forL-ph_enyIaIanlne IS an_advan- paragraph of the text. The correct residue (F138) appears in

tage. The levels of-phenylalanine and-tyrosine in the this version posted September 24, 2002.
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