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The complete aminoacid sequence (296 amino acids) of Chromobacterium violaceurn phenylalanine hydroxylase (PAH) was determined by nucleotide analysis of a DNA clone isolated using both a synthetic oligonucleotide probe based on the NH2-terminal amino acid sequence and an antibody against this enzyme. The AWL I fragment (-1.9 kilobase pairs) containing the entire PAH gene was subcloned in pBluescript I1 and induced byisopropyl-j3-D-thiogalactopyranoside. In order to eliminate fusion proteins the XbaI/ClaI fragment which contained the PAH gene from the Bluescript construct was subcloned into pMAC 5-8 containing the TAC promoter. The recombinant protein reacts with antibody raised to authentic C. violaceurn PAH and its NH2-terminal20-amino acid sequence and COOH-terminalamino acid residue were identical with the wild-type protein. Key physical and chemical characteristics of the recombinant protein, Le. its copper content and Michaelis-Menten parameters, were the same as wild-type. Comparison ofamino acid sequences revealed a highly conserved region between C. violaceurn PAH and three different mammalian aromatic amino acid hydroxylases. This conserved area may well be a catalytically important domain of these pterin- and metal-requiring aromatic amino acid hydroxylases. The over-expression of C. violaceurn PAH in Escherichia coli will facilitate the analysis of the enzyme mechanism by various spectroscopic methods.



an equivalent of reduced pterin cofactor and of molecular oxygen to hydroxylate an aromatic aminoacid. All contain a metalion at theiractivesite.These enzymes share many physical andbiochemical properties (5-8), in particular those frommammalian sourcespossessa highly homologous Cterminal region (9) that is thought to bea catalytic domain. PAH from Chromobacterium violaceum(ATCC 12540) (1015) exhibits many of the mechanistic characteristics of the mammalian liver enzymes. However, C. violaceum PAH is a monomeric enzyme that contains 1 mol of copper (Cu2+)at the active site, whereas mammalian PAH active is as a tetramer and contains 1 mol of iron (Fe3+)/subunit (TableI). We reporthere the complete DNA and amino acid sequence of C. violaceum PAH and theover-expression of this enzyme in E. coli. The cloned enzyme exhibits the samephysical and chemical characteristics as the wild-type enzyme and itsoverexpression facilitates the purification of this protein. We have also found extensive amino acid homology between C. violaceum PAH and three other amino acid hydroxylases leading to our inference that these enzymes are descended from a common ancestral protein. EXPERIMENTALPROCEDURES



Materials-Radiolabelednucleotides were purchased from Du Pont-NewEnglandNuclear,and nitrocellulose filters were from Schleicher & Schuell. Restriction enzymes were from Bethesda Research Laboratories, New England Biolabs, Boehringer Mannheim, and United StatesBiochemical Corp. Sequenase” andDNA sequencing reagents were from United States Biochemical Corp. The vector Xgtll was purchased from Promega; DASHI1 vector, double-digested with BamHI and HindIII, and pBluescript I1 Ks(+) were from Stratagene; and pUC19, M13mp18, and M13mp19 were from IBI. pMAC Phenylalanine hydroxylase (PAH’; phenylalanine 4-mon5-8 containingthe TAC promoter was obtained by digesting ooxygenase; EC 1.14.16.1) is a member of the tetrahydrop- pRW-2 with XbaI andClaI (pRW-2 was a kind gift from R. Wagner terin-dependent aromatic amino acid hydroxylases that in- of The Pennsylvania State University). Sequence primers for M13 obtained from United States Biochemical Corp., and primers clude tryptophan hydroxylase (TrpOHase; EC 1.14.16.4) and were for pUC19 sequencing were made at theBiotechnology Center at the tyrosine hydroxylase (TyrOHase; EC 1.14.16.2) (1-4). These Penn State University. E. coli strain Y1090 was obtained from Proenzymes catalyze a mixed oxidation reaction that consumes mega, the DH5a strainwas obtained from Bethesda Research Laboratories, and the strainsJC9387 and JM109 were kind gifts from Dr. M. Tien (The Penn State University). *This work was supported by GrantDMB 8614179 fromthe Purification, NH2-terminal Amino Acid Sequence, COOH-terminal National Science Foundation. The costs of publication of this article were defrayed in part by the payment of page charges. This article Amino Acid Residue, and Preparationof Antibodies against Authentic must therefore be hereby marked “advertisement” in accordance with C. violaceum Phenylalanine Hydroxylase-C. violaceum phenylalanine hydroxylase was purified and assayed as described previously (12). 18 U.S.C. Section 1734 solely to indicate thisfact. The nucleotide sequencefs) reported in this paper hasbeen submitted The NH,-terminal amino acid sequence was obtained by the Biomoto theGenBankTM/EMBLDataBank with accession number(s) lecular Resource Center (San Francisco, CA). The COOH-terminal amino acidresiduewascleavedusingcarboxypeptidase M,55915. P and its $ T o whom correspondence and reprint requests should be ad- identity was determined at the Biotechnology Center at The Penndressed: 152 Davey Laboratory, University Park, PA 16802. Tel.: 814- sylvania State University.Anti-C. violaceum PAH rabbit IgG was obtained by injecting authentic enzyme into a rabbit following a 865-2882. ’ The abbreviations used are:PAH,phenylalanine hydroxylase; procedure of Herbert and Kristensen (18) and used without further SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electropho- purification. The antibody recognized two bands of molecular mass approximately -60 kDa and 34 kDa as determined on a SDS-PAGE resis; IPTG, isopropyl-P-D-thiogalactopyranoside; TrpOHase, trypgel of crude E. coli and C. violaceum cell lysates respectively. It is tophan hydroxylase; TyrOHase, tyrosine hydroxylase; kbp, kilobase pair(s). known that polyclonal antibodies often contain antibodies that are
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Chromobacterium Phenylalanine Hydroxylase from reactive with E.coli and phage proteins. Libraries and Screening-A genomic DNA library in Xgtll that was constructed by the method of Huynh etal. (19), plated on E.coli Y1090, and screened with polyclonal rabbit antibody and'251-labeled protein A gave two positive clones (19). One of the positive clones that contained a 1-kbp EcoRI fragment was further screened with mixed-sequence oligonucleotides consisting of a 17-mer with128-fold degeneracy which were created mostlyat the third baseof each codon as deduced from the amino acidsequence at the NH2-terminal region (amino acids 1-6) of C. uiolaceum PAH. However, the clone did not hybridize with the 17-mer mixed-sequence probe suggesting that it was not a full-length sequence. A second library which contains -20kbp genomic DNA was constructed in a DASH I1 vector, plated on E. coli JC9387, and screened with both the 1-kbp EcoRI fragment, which proved to contain the C-terminal sequence, and the mixedsequenceoligonucleotidesprobe,which containedtheN-terminal sequence (20). DNA Seouencing Analvsis-Small DNA inserts from Dhaae DNA were subclo'ned in& apprbpriately digested M13 for singie- a i d double-strandedDNAsequencing by usingcommerciallyavailable primers. A 3.5-kbp SmaI fragment was subcloned into pUC19 for double-strandedDNAsequencing usingseveral differentcustommade oligonucleotide primers based on the sequences in M13 or on the sequences extended from those primers. These clones were sequenced on both DNA strands by the Sequenase@ method (21) and the G-C-rich region was sequenced extensively (Fig. 1). The DNA sequence wasanalyzedfor protein sequence and for homology by using the computer program package distributed by Genetic Computer Group (Universityof Wisconsin). Subcloning of the C. violaceum PAH Gene into Expression VectorsThe C. uiolaceum PAH gene fragment was excised by digestion with ApaL I from a clonein pUC19, and both ends were filledin by Klenow fragment. This segment was then ligated into the expression vector pBluescript I1 Ks(+) that had been digested with SmaI and dephosphorylated with calf intestinal alkaline phosphatase. The DNA sequence of theresultantconstruct(pABP) was analyzed. The C. uiolaceum PAH gene fragment was excised from pABP by digestion with XbaI and ClaI. The resulting fragment was ligated into pRW-2 (17), which had also been digested with XbaI and ClaI, to give the construct (pLJL-I-213C). Detection of Expression of Recombinant C. violaceurn Phenylalanine Hydroxylase-The IPTG induced cultures of pABP clones in E. coli JM109, and the uninduced cultures of pLJL-I-213C in DH5a were suspended in 2 X sample buffer andsubjectedtoSDS-PAGEas described by Laemmli (22). The protein bandswere transferred onto a nitrocellulose filter electrophoreticallyfor Western-blot analysis and the positive clones were detected using goat anti-rabbit IgGalkalinephosphataseconjugate(Stratagene, CA) and5-bromo-4chloro-3-indoyl/nitro blue tetrazolium color detection. Purification of Cloned C. violaceum Phenylalanine HydroxylmeC. violaceum PAH was purifiedfrom3.6-liter cultures of a strain expressing the protein. Step 1: the cells were harvested by centrifugation (6,000 X g) for 30 min a t 4 "C (6 h after induction with IPTG for cells containing pABP). The pellet (63 g) was resuspended in 16 ml of glycerol and 0.6 ml of 10% Triton X-100 and thoroughlymixed at 4 "C for 1 h with constant stirring. Cold 50 mM sodium acetate buffer (pH 6) (190 ml) containing 1.8 mg of phenylmethylsulfonyl fluoride, 0.6 mg of DNase, and 28.3 mg of lysozyme then was added to the paste, and the suspension was gently stirred at 4 "C for 1.5 h (or until the mixture was uniform). The extracts were then centrifuged at 110,000 X g for 30 min a t 4 "C, and the supernatant was saved. Step 2: to the supernatant (210 ml), streptomycin sulfate was added slowly to a concentration of 0.1% (2.2 ml of 10% stock). After stirring for 30 min a t 4 "C, the suspension was centrifuged a t 39,000 X g for 20 min. To the supernatant, 1% CuS04 was addedto a concentration of 0.01% and incubated a t 4 "C for 30 min with gentle



TABLE I Physical characteristics of rat liver and c. violaceurn phenylalanine hydroxylase Active form Subunit molecular weight Metal (Der subunit)



" Ref. 16. *Ref. 10by SDS-PAGE.



Rat liver"



C. violaceurn*



Tetramer 50,000 Fed+



Monomer 33,000 cu2+



18455 stirring. Step 3: the solution onice was adjusted to pH5.0 with acetic acid and stirredgently for 15 min.The resulting precipitate was then removed by centrifugation a t 27,000 X g for 5 min. The pH of the supernatant protein solution on ice was readjusted to 6.0 with 1 N Trisbase,andtheprotein was precipitated by addition ofsolid ammonium sulfate to 70% saturation. Step 4: the precipitate was dissolved in a minimum volume of cold 50 mM sodium acetate buffer (pH 6), and the solution was applied to a 3 X 110-cm Sephadex G100 (Pharmacia, Sweden) column previously equilibrated with 50 mM sodium acetatebuffer (pH 6) containing20 mM sodium chloride. The protein was eluted with the same buffer (flow rate 1.0~1.4 ml.min-'1. Step 5: the active fractions were pooled and applied onto a DEAESephacel (Pharmacia) column (3 X 30 cm) previously equilibrated with 50 mM sodium acetate buffer (pH 6) containing20 mM sodium chloride. The column was washed with 300 ml of the equilibration buffer, and the enzyme was eluted with 50 ml of a linear gradient (20-300 mM sodium chloride) in50 mM sodium acetatebuffer (pH 6) (flow rate 1.6 ml.min-I). The fractions containing the enzyme were pooled and the protein was precipitated by the addition of solid ammonium sulfate to 70% saturation. The precipitate was collected by centrifugation a t 27,000 X g for 30 min at 4 "C and kept at 4 "C. Step 6: a small portion of the pellet was resuspended in a minimal volume of cold 50 mM sodium acetate buffer (pH 6), and the undissolved precipitate wasremovedby centrifugation. The buffer was exchanged with 50 mM sodium acetate (pH 6) containing 50 mM sodium chloride by step-by-step dialysis or byusinga Centricon concentrator (Amicon). The protein solution was then applied to a Mono Q column (0.5 X 5 cm) (fast protein liquid chromatography, Pharmacia) which was equilibrated with50 mM sodium acetate buffer (pH 6) containing50 mM sodium chloride. The protein was eluted in five isocractic steps (0-6 min, 50 mM NaCl; 6-10 min, 100 mM NaC1; 10-16 min, 150 mM NaCl; 16-20 min, 1 M NaC1; 20-30 min, 50 mM NaCl; flow rate 1 ml .rnin"). PAH was eluted a t a 150 mM sodium chloride concentration, and theactive fractions were concentrated to a small volume using a Centriprep concentrator (Amicon). Protein and Enzyme Assays, EPR Spectra, and Atomic Absorption-The proteinassay was performedwith BCA protein assay reagent(Pierce Chemical Co.) with bovine serumalbuminas a standard. The enzyme assay was carried out as described previously (12), and steady-state kineticswere measured as before (15). X-band E P R spectra were measured as notedpreviously (Refs. 11 and 13) at the Departmentof Chemistry, Johns Hopkins University. The copper content was measured by a graphite furnace method a t 325 nm on a Perkin-Elmer 3030 Atomic Absorption Spectrometer (Departmentof Mineral Science, The Pennsylvania State University). RESULTS



NH,-terminal Sequence and COOH-terminal Amino Acid of Authentic C. violaceurn Phenylalanine Hydroxylase-The C. violaceurn PAH was purified to >95% purity as judged by SDS-PAGE. The NH2-terminal 20 amino acidsequence of the proteinwas determined tobe; Met-Asn-Asp-Arg-Ala-Asp-



Phe-Val-Val-Pro-Asp-Ile-Thr-Thr-Arg-Lys-Asn-Val-GlyLeu. Residues 1-6 were selected as the basisfor a degenerate oligonucleotide to probe for C. violaceum PAH genomic DNA clones. TheCOOH-terminalamino acidresiduewasalso identified as valine after carboxypeptidase P degradation. Cloning of C. violaceum Phenylalanine HydroxylaseGeneA 40,000 plaques of the genomic DNA library inXgtll yielded two plaques positive against rabbit antibody, and one was purified to homogeneity. The size of the DNA insert in this clone was found to be1 kbp, but the insert did nothybridize with a 17-mer mixed-sequence oligonucleotides probe. This 1-kbp fragment,however, was subcloned, sequenced (sequence not shown) and then used to screen anothergenomic library createdinDASH 11. Approximately 500,000 plaques were screened with the nick-translated 1-kbp EcoRI fragment (20). Seventeen positive plaques were purified to homogeneity and sixcloneshybridizedwith the "P-labeledmixed-sequence oligonucleotides probeuponSouthern blot analysis (20). Clones that hybridized to both probes were characterized by restrictionmapping (e.g. Fig. l), andthesmallestinsert containing both NH2- and COOH-terminal sequences was a
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Chromobacterium Phenylalanine Hydroxylase from



pABP HgiEll



4.86 Kb



FIG. 3. Schematic diagram of pABP5. The A p a L I cut genomic DNA insert containing the complete C. violaceurn PAH genewas introduced into theSrnaI site of the expression vector pBluescriptI1 Ks(+) downstream of its lac promoter. Xbal



FIG. 4. Schematic diagram of pLJL-I-213C. The XbaIIClaI cut insert containing the C. violaceurn PAH gene was ligated into a similarily digested pMAC5-8 vector downstreamof a TAC promoter.



clones containing pABP expressed PAH that cross-reacted with rabbit anti-C. violaceum PAH antibodies as indicated by Western blotting (not shown). Upon induction with ITPG highermolecularweight protein along with PAH cross-reacted with the antibodies. The production of PAH before inductionindicatedthatthe cloned DNAcarriedits own promoterandShine-Dalgarnosite.The highermolecular weight proteins were probably the result of fusion proteins with the NH, terminus of P-galactosidase. The problem with fusion proteins was eliminated by subcloning a 1.9-kbp ClaI/ XbaI restriction fragmentfrom pABP carrying the PAHgene into a similarly digestedpMAC5-8 vector containing theTAC promoter(inDH5a).Theresulting plasmidwas termed pLJL-I.213C (Fig. 4). The PAH expressed by these clones cross reacted with rabbit anti-C. violaceum PAH antibodies, without the production of fusion proteins (Fig. 5 ) . Purification of the enzyme generated from the cloned gene is summarized in Table 11. Characterization of the Purified C. violaceum Phenylanine Hydroxylase-Purified enzyme was characterized by various methodsand comparedwith theauthentic enzyme. (The enzyme usedherehad a specific activity of 1 2 ~ 1 4units. mg".) The copper content of the cloned enzyme is the same astheauthentic enzyme (1 mol/mol of subunit)andthe Michaelis-Mentenparametersareidenticalwithinexperimental error (Table 111). The EPR spectra (Figs. 6 and 7) showed thecharacteristics of a type I1 copper and were identical to authentic C. violaceum PAH. Homology to Mammalian PAH, TrpOHase, and TyrOHase-The amino acidsequence for ratPAHhas been published (23), and the sequence of this and C. violaceurn



Chromobacterium Phenylalanine Hydroxylase from



FIG.5. Western blot analysis of C. violaceum PAH expressed in E. coli DH5a. The cultures were appliedon a 12% acrylamide gel for SDS-PAGE. Lane A , the C. uiolaceum-purified PAH; lane H, DH5n culture which contained pWL-I-213C; lane C, PAH preparation a t step 3; lane D,purified recombinant PAH; lane E , DH5n culture which contained no plasmid. TABLE I1 Purification of C. uiolaceum phenylalanine hydroxylase expressedin E. c o l i f ~ A R P 5 Total protein



Total activity



mg



units



Specific activity units.mg"



1,380 Step 1 3,420 Step 2 2,234 3,680 2,666 Step 3 1,870 Sephadex G-100 2,602 265 2.107 70 Mono Q " Average specific activity is 1 2 ~ 1 units.mg". 8



0.4 0.6 1.4 9.8 31"



TABLE 111 Steady-state kinetic parametersof C. uiolaceum phenylalanine hydroxylase Authentic



Clone



176 f 25 Km(Phc) ( P M ) 38 f 10 KmlDMPH,) ( P M ) 210 f 36 Km,o,, ( P M ) 34.4 f 2.5 VITlaX1' " Micromoles of tyrosine formed.min" mg-'.



174 f 71 30 f 10 180 f 15 34.7 f 15.2
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FIG.7. EPR spectra for the cupric site in C. violaceum phenylalanine hydroxylase upon addition of a 6-methyltetrahydropterin cofactor. A, authentic C. violaceurn PAH: frequency 9.09 GHz, microwave power 20 milliwatts modulation amplitude 8 G, gain 2 X IO', scan time 4 min, temperature 77 K. B, cloned C. uiolaceum PAH: frequency 9.22 GHz, microwave power 20 milliwatts, modulation amplitude 8 G, gain2 X IO', scan time 8 min, temperature 77 K. marked (24%). The amino acid sequences of bacterial PAH and mammalian aromatic amino acid hydroxylases are compared in Fig. 8, showing a highly homologous region exists among these hydroxylases. These mammalian enzymes are known to contain highly homologous amino acid sequences within their COOH-terminal domain (9), and the bacterial PAH homology is in the same region. DISCUSSION



This work describes the cloning and sequence of a C. violaceum phenylalanine hydroxylase gene and thesubcloning of the gene into an E. coli plasmid expression vector. The authenticityof the clone is established by comparison of the amino-terminal sequence and the terminal carboxyl amino acid from native protein with that predicted by the DNA. The first 20 NH2-terminal amino acids deduced from the DNA sequence give the same sequence as the one found in the wild-type protein sequence (Fig. 2). The carboxylterminal aminoacid deduced fromthe cloned DNA and found in the native protein is valine. The strong binding of the antibody raised against the native C. violaceum PAH to the enzyme cloned in E. coli also supports the authenticityof this I / clone. Several other characteristics of the wild-type enzyme also were examined with the cloned enzyme. The copper content of the enzyme was one per subunit (Refs. 10 and 11).The EPR signal of cupric ion at the active site with or without pterin cofactor was the same as the native protein (Fig. 6 and 7 ) (Refs. 11 and 13). The cloned enzyme also did not hydroxFIG.6. EPR spectra of C. violaceum phenylalanine hydroxylase. A , authentic C. uiolaceum PAH: frequency 9.08 GHz, micro- ylate tyrosine (10) (data not shown). Owing to thehigh expression level of the enzyme in E.coli, wave power 10 milliwatts modulation amplitude5 G, scan time4 min, temperature 77 K. R,cloned C. uiolaceum PAH; frequency 9.22 GHz, the purificationof the enzyme is greatly simplified (Table 11) microwave power 20 milliwatts, modulation amplitude 2 G, scan time (cf. Ref. 12). The specific activity of the enzyme also has been 8 min, temperature 77 K. improved by avoiding anumber of concentration and dialysis steps. The simplified purification method gave us very high PAH were aligned using a DotPlot computer program (GCG specific activity for the enzyme ( 3 0 ~ 5 units. 0 mg"), although package). There is a striking homology (35%) commencing a t this activity dropped to 1 2 ~ 1 6units.mg" upon storage at acid152 of the 4 "C. The specific activity reported for the wild-type C. uioamino acid 77 andcontinuingtoamino bacterial protein. The overall homology is lower but still quite laceum PAH was 12-14 units-mg-l (Refs. 10 and 12). This
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Phenylalanine Hydroxylasefrom Chromobacterium



CY PAH



FIG. 8. Alignment of amino acid sequences for C.violaceum, rat, and human hydroxylases. Boxes show the identical amino acidsfor these three proteins. The asterisk illustrate residues that are also identical to TrpOHase
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may indicate that there is another form of the active enzyme between mammalian PAH, TrpOHase, and TyrOHase. The or the dissociation of a distance between PAH and TyrOHasewas calculated at -750 which is not stable upon isolation catalytic moiety from the enzyme. The presence of another million years, and the distancebetween TrpOHase and PAH copper ion on the protein is unlikely, because the enzyme is calculated at -600 million years (cf. homology was 53%). used for the atomic absorption experiment had a specific All of these mammalian enzymesuse non-heme iron as a Pseudomonus activity of 52 units mg". The molecular mass of C. violaceurn catalytic metal. Another bacterial PAH from PAH has been reported to between be 31,200 and -33,000 Da sp. (ATCC 11299a) has been isolated andis activated by Fez+ (10). The molecular mass predicted by sequence analysis is (17, 28). C. violaceurn PAH is the only known mono-copper containing pterin-requiring aromatic amino acid hydroxylase, 36,000 Da, which is in good agreement. Eukaryotic PAH is highly homologous to both TrpOHase so this enzyme might have developed separately from the iron-containingPAHs while maintainingtheimportant andTyrOHase(9). All three enzymes exhibitsubstantial homology surrounding 5 common cysteineresidues at the core amino acid residues. The cloning of C. violaceum PAH gene presented in this of their primary sequences and less homology at the amino terminal end. There is evidence that the catalytic activity of paperhas revealed animportantcatalyticdomaininthe PAH and TyrOHaseresides in a 36-kDa proteolytic fragment aromatic aminoacid hydroxylases, whichwill be examinedby that is lacking an 11-kDa amino terminus and a 5-kDa car- site-directed mutagenesis. The availability of large amounts boxyl terminus (cf.Fig. 8) (1,3,4,16,24, and25). The amino- of this enzyme through over-expression also permits its furterminal domainof these enzymes is known to be a regulatory ther spectroscopic examination. domain which controlsthephosphorylationandsubstrate Acknowledgments-We thank Dr.T. A. Dix (Department of Chemactivation of the enzyme. The 36-kDa domain possesses enzymatic activity without the need for prior activation (e.g. istry,University of California,Irvine, CA)for the formation and screening of h g t l l library, Drs. T. A. Dix and S. 0. Pember (Du phosphorylation). Pont) for raising the rabbit antibody, and also Drs. M. Tien and A. Comparison of the primary structure homology between Andrawis (Departmentof MCB, The Pennsylvania State University) PAH from rat, human, andC. violaceum has revealed an area for their helpful discussions on our cloning. We also thank Dr. B. of conservation. The primary structureof C. violaceurn PAH Gaffney (Johns Hopkins University) for the measurement of EPR is 24% homologous to rat and human PAHs and also 11% spectra. homologous toeukaryoticTrpOHaseandTyrOHase.The REFERENCES highly conserved region is between amino acids 77 and 152 1. Kaufman, S., and Fisher, D. B. (1974) Molecular Mechanism of which is analogous totheproteolytic36-kDamammalian Oxygen Activation (Hayaishi, O., ed) pp. 295-368, Academic PAH catalytic domain (35% homology). This region is most Press, New York likely to contain the metal binding domain of these proteins. 2. Kaufman, S. (1985) Biochem. SOC.Trans. 13,433-437 No other sequence homology was observed between the C. 3. Ledley, F. D., DiLella, A. G., Kwok, S. C. M., and W o o , S. L. C . violaceum PAH and knowncopper containingproteinse(1985) Biochemistry 24, 3389-3394 quences. Sequences of dihydropterine reductase and dihydro- 4. Ledley, F. D., Grenett, H. E., and W o o , S. L. C. (1985) Am. J. H u m . Genet. 37,A235 folate reductase which utilize pterin cofactors for their enzy5. Brenneman, A. R., and Kaufman, S. (1964) Biochem. Biophys. matic activities showed no homology towards C. violaceum Res. Commun. 17,177-183 PAH. 6. Shiman, R., Akino, M., and Kaufman, S. (1971) J. Biol. Chem. McCracken et al. suggested that there were two equatorial 246, 1330-1340 7. Friedman, P. A., Kappelman, A. H., and Kaufman, S. (1971) J. imidazoles coordinated to Cu2+of C. violaceurn PAH on the Biol. Chem. 247,4165-4173 basis of ESEEM spectroscopy (14). Kohzuma et al. (26) sup8. Friedman,P. A,, Lloyd, T. G . , andKaufman, S. (1972) Mol. ported this observation through copper-histidine model comPharmacal. 8,501-510 plexes of the active site. The conserved histidines 138 and 9. Grenett, H. E., Ledley, F. D., Read, L. L., and W o o , S. L. C. 143, therefore, may well be the copper binding ligands at the (1987) Proc. Natl. Acad. Sci. U. S. A. 84, 5530-5534 active site of C. violaceurn PAH. Several glycine residues also 10. Nakata. H.. Yamauchi.. T.,. and Fuiisawa, H.(1979) J. Biol. Chem. 254,'1829-1833 are conserved and might be elements for chain bending. In the case of arthropod hemocyanines (27), many of the com- 11. Pember. S. 0..Villafranca. J. J.. and Benkovic, S. J. (1986) Biochemistry'25,6611-6619 pletely conserved glycines occurred at or close to the beginning 12. Pember, S. O., Villafranca, J . J.,and Benkovic, S. J. (1987) of a @-strandor an a-helix. Methods Enzymol. 142, 50-56 Grenett et al. (9) have calculated the evolutionary distance 13. Pember, S. O., Benkovic, S. J., Villafranca, J. J., Pasenkiewicz'
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