Biochemistry1999,38, 15371546 1537
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ABSTRACT. N!-(5'-Phosphoribosyl)adenosin®’-monophosphate cyclohydrolase (Hisl, PR-AMP cyclo-
hydrolase) is a central enzyme in histidine biosynthesis catalyzing the hydrolysis of théa\tdond of

the purine substrate, a reaction unique to this pathway. A source of the recombinant monofunctional
Methanococcugannielii PR-AMP cyclohydrolase has been developed, and the first characterization of
a purified form of the enzyme is reported. The enzyme has a native molecular weight of 31 200 as
determined by analytical ultracentrifugation that agrees with the molecular mass determined by gel filtration
(34 kDa) and a subunit molecular weight of 15 486 based on MALDI-MS. An unusual characteristic of
the protein is the complexity observed on SEFFAGE, and N-terminal amino acid sequence analysis of

all the isolated constituents confirms their origin as PR-AMP cyclohydrolase. A highly conserved region
of the amino acid sequence is implicated in the self-cleavage events of the protein and provides an
explanation for the complexity of this protein. Bound to the enzyme is 1 equivdfthat can be removed

only by extended dialysis with 1,10-phenanthrolikg € 10~° M). Removal of the Z#" correlates with

the loss of enzyme activity. The enzyme is reversibly inhibited by inclusion of EDTA in the assay mixture,
demonstrating that free Mg (Ks = 4.9 &+ 0.7 uM) is required for catalytic activity. Further evidence for

a low-affinity binding site is indicated by the inhibitory effects of exogenous™am enzyme activity.

The pH dependence of the PR-AMP cyclohydrolase activity shows a single titration eventkij/ig

profile with a K, of 7.3 that is consistent with the functional role of a metal site in catalysis. These data
are discussed in the context of the mechanism of other nucleotide hydrolases.

The de novo biosynthesis of histidine occurs in plants and 1-pyrophosphate (PRPPR and requires integration with de
microorganisms and maintains an integrated role in the novo purine metabolism. Partial catabolism of a purine
balance of cellular nitrogen metabolisr, (2). Histidine nucleus to recycle carbon and nitrogen for the production
production is accomplished at significant metabolic expense, of another essential metabolite occurs only in the case of
highlighted by the precursors ATP and 5-phosphiabosyl- histidine, although related processes are involved in produc-

tion of the vitamins folic acid, riboflavin, and thiamir8,(
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1 Abbreviations: AAA, amino acid analysis; AAS, atomic absorption PR-AMP cyclohydrolase catalyzes the hydrolysis of the
spectroscopy; Bis-Tris, bis(2-hydroxymethyl)iminotris(hydroxymethyl)- . . 170 . .
methane; Bis-Tris Propane, 1,3-bisftris(hydroxymethyl)methylamino]- adenine ring of\'-(5'-phosphoribosyl)adenosine-gono-
propane; CHES, 2N-cyclohexylamino)ethanesulfonic acid; dgBi phosphate (PR-AMP) between N1 and C6 (Scheme 1). Smith
double-distilled deionized water; DEAE, diethylaminoethyl; DIPEAA, and Ames originally described the enzyme activiy, put

diisopropylethylamine acetate; DTT, dithiothreitol; EDTA, (ethylene- ; At ;
dinitrilo)tetraacetic acid; HA, hydroxylapatite; ICP-ES, inductively a detailed characterization has not been conducted prior to

coupled plasma emission spectroscopy; IPTG, isoprgpptthio- this StUC_W- The preceding step in the pathway involves the
galactopyranoside; HEPER;(2-hydroxyethyl)piperaziné¥-2-ethane- hydrolytic removal of pyrophosphate froht-(5'-phospho-

sulfonic acid; HR-FABMS, high-resolution fast atom bombardment [ nosine trioh h PR-ATP lvz HisE
mass spectroscopy; MWCO, molecular weight cutoff; MALDI-MS, bgsy Jadenos ﬁt P OSp ate ( fth )?atag ed Ey .dis
matrix-assisted laser desorption/ionization mass spectrometry; PCR,aN0 represents the commitment of the nucleotide to histidine

polymerase chain reaction; PR-AMRE-(5'-phosphoribosyl)adenosine  biosynthesis. In some organisms, independent genes encode
5'-monophosphate; PRPP, 5-phosphoribosyl 1-pyrophospHeeps the pyrophosphohydrolase (HisE) and cyclohydrolase (Hisl),

FAR, N'-[(5'-phosphoribulosyl)formimino]-5-aminocarboxamide ribo- s : : : :
nucleotide adenosine monophosphate; PVDF, polyvinylidene difluoride; while in eubacteria, these functions are fused into a smgle

SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel electro-  gene. Even more complex scenarios exist in certain eucary-
phoresis; SP-sepharose, sulfopropyl-sepharose; TAE, Tris-acetate EDTAjptes such as yeast where the HiblisE functions are found

TBE, Tris-borate EDTA; TCEP, tris(2-carboxyethyl)phosphine; TFA, - 5y geparate domains within a multifunctional enzyme
trifluoroacetic acid; Tris, tris(hydroxymethyl)aminomethane; TSP, . . . L
3-(trimethylsilyl)propionic-2,2,3,3% acid sodium salt; VB, Vogel ~ containing the HisD domain (hisitdinol dehydrogenase) that

Bonner. catalyzes the final step in the histidine pathwag). (
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Scheme 1: Conversion of PR-AMP t6-BroFAR by Lyzers were from Pierce. Chelex 100 (5000 mesh), low-

PR-AMP Cyclohydrolase molecular weight range markers, and Bradford reagents were
from Bio-Rad. Ultralow-molecular weight range SBS
PAGE markers were from Sigma. PVDF Immobilon-P

03PO 20,4pP0.
HO../ O NH, Howd O : S .
+ N o NHz transfer membranes, low-protein binding filters (0.22 and
N Nl N N\> PR-AMP cyclohydrolase : NH
Sy /N
o N
HO

SH SH 0.45;m"_|),_ and Centricon and Centriprep concentrators were
N from Millipore.
—Sj "Nopoy? on General Methods All procedures, restriction digests,
H i transformation ofe. coli, and general molecular biological
?"’0“ manipulations were carried out using standard protoddls (
0PO;* 12). E. coli DH5a or XL-1 Blue (Stratagene) cells were used

as host strains for propagation and isolation of plasmid DNA
Incorporation of these enzymes into multifunctional systems constructs. DNA sequence analysis of tig plasmids was
has been associated with a regulatory function for gene performed at the Purdue DNA Sequencing Facility on a

expression especially in the case of yeast ( Pharmacia ALF Express Sequencer using fluoresc@ys

We have developed a recombinant form Nf-(5'- (Pharmacia) end-labeled primers (standard T7 or T3 primers)
phosphoribosyl)adenosin®'-monophosphate cyclohydro- and cycle sequencing.
lase fromMethanococcugannielii Hisl for these studies Protein sequence analysis was performed at the Purdue

because of its availability, high degree of homology with Center for Macromolecular Structure. Samples were sepa-
all known Hisl enzymes, and its monofunctional character rated by SDSPAGE and transferred to PVDF membrane
(6, 8). This high-level production system has facilitated the using a Bio-Rad Mini Trans-Blot apparatus before being
first purification and characterization of any form of this subjected to Edman sequencing on an Applied Biosystems
unigue enzyme. The synthesis of the substrite(5'- Procise 491 microsequencer.
phosphoribosyl)adenosinémonophosphate (PR-AMP) has Protein concentrations were determined with the method
been achieved by development of a second recombinantof Bradford (L3) and corroborated by total amino acid
source of the functional enzymes, ATP phosphoribosyl analysis.
transferase (HisG) andNt-(5'-phosphoribosyl)adenosine The SDS-PAGE was performed using Tris-Tricine gels
5'-triphosphate phosphohydrolase (HisE) encoded by a single(16.5% T and 3% C), without spacer gels, for visualization
overproduction plasmid construct. A ready supply of sub- of lower-molecular weight proteind 4). Gels were fixed in
strate has facilitated the purification and direct b\Ms assay a 5% glutaraldehyde solution to prevent diffusion of lower-
of the enzyme-catalyzed conversion of PR-AMP te 5 molecular weight peptides before staining using the method
ProFAR ©). PR-AMP cyclohydrolase appears to have a described by Lloyd 15). Low-molecular weight range
unique origin in histidine biosynthesis. The characterization markers from Bio-Rad contained phosphoryl&asg4 000
of this enzyme is a first step in developing approaches toward Da), bovine serum albumin (66 200 Da), ovalbumin (45 000
potential inhibitors. The mechanism by which PR-AMP Da), carbonic anhydrase (31000 Da), trypsin inhibitor
cyclohydrolase catalyzes this transformation is not known; (21 500 Da), and lysozyme (14 400 Da). Alternatively,
however, the reaction is potentially related to those of other ultralow-molecular weight range markers from Sigma con-
hydrolytic enzymes that use a Zractivated hydroxyl such  tained triosephosphate isomerase (26 600 Da), myoglobin
as adenosine and cytidine deaminagel(). (17 000 Da)-lactalbumin (14 200 Da), aprotinin (6500 Da),
oxidized insulin chain B (3496 Da), and bradykinin (1060
MATERIALS AND METHODS Da). Densitometry analysis of gels was performed using a
Materials. General biochemicals, buffers, and 1,10- PDI Discovery Series Densitometer equipped with Quantity
phenanthroline were from Sigma/Aldrich. Inorganic pyro- One Software.
phosphatase was purchased from Boehringer Mannheim. Construction and Expression of phisGl)E-tac Primer-
Tris(2-carboxyethyl)phosphine (TCEP) was from Pierce. adapted PCR was used to obtain the mutancoli hislE
Zinc atomic absorption standard (1000 ppm) was from VWR. gene from the genomic DNA oE. coli strain UTH903
pET-28(b} and Escherichia coliBL21(DE3) cells were [hisl(—)] (15). The primers were as followshislE (sense),
from Novagen. pBluescript II-SKf)+ andE. coli XL-1 Blue 5-GAATTC TGC AGG AGA TCA GGA TAT GTT AAC-
were from Stratagene. Oligonucleotide primers were syn- 3'; and hislE (antisense), 5GGG AAG CTT ACT GAT
thesized at the Purdue Center for Macromolecular StructureGCC GTT TAC GCA GGT-3 The sense primer contained
using an ABI automated synthesizer or purchased from the natural ribosome binding site AGGAR), anEcoRI and
Midland Certified Reagent Co. (Midland, TX). Qiagen DNA Pst site, and the antisense primer containediadlll site.
prep kits were purchased from Qiagen. Flexiprep DNA  Each PCR mixture contained—100 ng of UTH903
purification kits were purchased from Pharmacia. Restriction genomic template DNA, 1.5 mM Mggl100-125 pmol of
enzymes, T4 polymerase, and T4 ligase were from Promegaprimers, 250uM dNTPs, and 2.5 units of AmpliTaq
New England Biolabs, Stratagene, or U.S. Biochemical. Genepolymerase in a 100L total volume and was overlaid with
Clean Il kits were from Bio101. Amplitaq was from Perkin- 100xL of mineral oil. Thermal cycling conditions included
Elmer. Wizard PCR Preps and Tag DNA polymerase were 2.0 min at 94°C, 1.0 min at 95°C, 2.0 min at 42°C, and
from Promega. DEAE and SP-sepharose fast flow, Superose2.5 min at 72°C; steps 24 were repeated for 35 cycles
12 HR 10/30, and Superdex-200 HR 16/60 gel filtration followed by a 5.0 min finishing step at 7Z. The resultant
media were from Pharmacia. Hydroxylapatite was from PCR product was purified by phenol chloroform extraction,
Calbiochem. The Spectra/Por 4 12601000 MWCO and analyzed by electrophoresis on a 1% agarose gel. The
membrane was from Spectrum, and 10000 MWCO Side-a- product was sequentially digested witst andHindlll and



Cyclohydrolase in Histidine Biosynthesis

ligated into hisGIE-tac(16) which had been digested with
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(34 uM in 1 mL) were scanned at various pH values in the

the same restriction enzymes and purified from an agarosefollowing buffers: 50 mM KHPO/NaOH (pH 11.3), 30 mM

gel using the Gene Clean kit (Bio101). Five clones which
did not complement UTH903h[sI(—)] were chosen for
further analysis by overproduction of the HisG and
Hisl(—)E proteins. Transformation @&. coli FB1 cells with
these five clones and subsequent SIPAGE analysis of

soluble protein samples from induced cultures demonstrated

overproduction of proteins with the expected molecular
masses for HisG (33.2 kDa) and HislE (22.7 kDa).
Preparation of PR-AMP.Induced E. coli FB1 cells
containing the pisGI(—)E-tac plasmid described above were
used to produce PR-AMP. Soluble protein extracts [HisGlI-
(—)E] of these induced cells were prepared by ultrasonication
followed by centrifugation to remove cellular debris and
precipitation of ribonucleic acids with streptomycin sulfate
(1.0%). In 30 mL of 230 mM Tris-HCI (pH 7.7), 1 mM
EDTA, and 15 mM MgC} were mixed PRPP (250mol),
ATP (258umol), inorganic pyrophosphatase@.4 unit/mL
final concentration), and 3 mg of HisGHE extract. The
mixture was incubated at 3 for 3—4 h, and the reaction

CHES/NaOH (pH 9.4 and 10.0), 30 mM Bis-Tris Propane-
HCI (pH 9.0, 8.6, 8.0, 7.5, 7.1, and 6.5), and 30 mM Bis-
Tris-HCI (pH 6.0). The data for the PR-AMRKpwere fitted
using eq 1 for a singlek:

Ly Ly[10Pr PR

[10PHPRa) 4 1] @
whereY is equal to the change in absorbance at 300 nm and
L; andL; represent the lower and upper limits of the function,
respectively.

Construction of phisl-TATag.Primer-adapted PCR was
used to obtain th&l. vannielii hisl gene from the pET-921
plasmid @). The primers, with restriction sites in noncoding
regions, were as followsM. vannielii hisl (sense), 5GCA
TGA ATT CAT ATG GGC ATT AAA GAC ATT-3'; and
hisl (antisense), 53GGG CAA GCT TCA TTA ATC TAG
TTT ATC TCC-3. These primers were designed wiEhoR|

progress was monitored by the increase in absorbance at 29QndNdd sites and a start codon in the sense primer and a

nm for PR-AMP €290 = 2800 Mt cmt at pH 7.5) 6) or

by conversion of PR-AMP via Hisl to'8ProFAR €300 =
6069 Mt cm™) (16). The crude reaction mixture was diluted
to 150 mL [with 10 mM imidazole hydrochloride (pH 6.5)],
loaded onto a Q-Sepharose FF column (15.0>cA5 cm),
and eluted using a linear gradient (5 mL/min) from 10 mM
imidazole hydrochloride (pH 6.5) to 10 mM imidazole (pH
6.5) and 0.5 M LiCl over 900 mL. The PR-AMP (eluting at
285 mL into the gradient) was identified by UwWis
absorbance, and fractions with Agso/Azg ratio of 6.5-8.0
[50 mM KH,PQ, (pH 7.5) and 1 mM EDTA] were pooled
and dried by lyophilization. The white solid was triturated
with 4 x 30 mL portions of ice-cold ethanol and dried by
lyophilization again before storage-aR0 °C. Typical yields

for the process, as determined by absorbance of the pool a

290 nm, were 3635%. PR-AMP concentrations for all
samples were determined using the published extinction
coefficient at 290 nm of 2800 M cm™t in 50 MM KH,PQO,
(pH 7.5) and 1 mM EDTA%). This extinction coefficient
was verified by complete turnover of PR-AMP with Hisl to
5-ProFAR é3oo = 6069 M1 Cm_l) .

PR-AMP was analyzed by HPLC on a Hamilton PRP-1
column (250 mmx 4.1 mm) using isocratic elution at a rate
of 1.0 mL/min with 25 mM diisopropylethylamine acetate
(DIPEAA) (pH 7.0) and 2.5% CECN. The retention times
of PR-AMP, AMP, and ATP under these conditions were
6.9, 9.9, and 26.9 min, respectiveljti NMR of PR-AMP
(500 MHz, D,O; referenced to external TSP in0®) 6 8.63
(s, 1H), 8.44 (s, 1H), 6.27 (d, 1K,= 3.2 Hz), 6.02 (d, 1H,
J=5.5Hz), 4.69 (t, 1HJ = 5.4 Hz), 4.46 (m, 3H), 4.34
(bs, 2H), 4.13 (bm, 1H), 4.01 (m, 3H}*C NMR of PR-
AMP (121 MHz, D,O; referenced to external dioxane in
D.0) 6 150.3, 147.4, 145.2, 143.3, 119.6, 95.1, 88.3, 87.0,
84.9, 75.2, 72.9, 70.6 (2Cs), 64.0, 63 NMR of PR-
AMP [300 MHz, 20% DO, 10 mM Bis-Tris Propane (pH
6.5), and 1 mM EDTA, referenced to external 10%Pig,
in D,O] 6 2.56 (s), 2.35 (s); HR-FABMS—Ve glyceroal)
calcd 558.0639 [M— H] -, observed 558.0663 [M- H] .

Determination of the pKof PR-AMP.The K, of the
6-amino group in PR-AMP was determined by analysis of

HindlIl site and stop codon in the antisense primer.

The PCR mixtures contained 6:10 ng of template DNA,
1.5-3.0 mM MgCh, 150-200 pmol of primers, 200250
uM dNTPs, and 2.5 units of AmpliTaq polymerase (using
Perkin-Elmer-supplied buffer) or 2.5 units of Promega Taq
polymerase, in a 10QL total volume overlaid with 7%L
of mineral oil. All thermal cycling was performed using a
PC-100 thermal cycler (MJ research). Thermal cycling steps
included 30 s at 94C, 2.0 min at 55C, and 2.5 min at 72
°C for 30 cycles, followed by a 10 min extension step at 72
°C. PCR products were analyzed by 1.5% agarose gel in
TAE buffer and purified by Wizard PCR Preps. The resulting
products were digested witcoRl andHindlIl and cloned
into pBluescript [I-SK¢). Plasmids containiniyl. vannielii

isl were functionally verified by their ability to confer
growth toE. coli UTH903 fhisl(—)] on VB minimal media.
DNA sequence analysis confirmed the desinégl coding
sequence for the plasmid,higl-SK. The Ndd—Hindlll
restriction fragment frompsl-SK was separated on a 1.5%
TAE agarose gel, excised, and purified using the Gene Clean
Biol01 kit. Ligation of this fragment into théldd and
Hindlll sites of pET-28(b} created an N-terminal His tag
fusion with Hisl. The recombinants were screened for the
insert DNA using the same restriction enzymes to identify
an appropriate clone namedipl-T7-tag.

The His tag leader sequence frofmg-T7-tag was deleted
by digestion withNcd andNdd and extension with T4 DNA
polymerase, followed by blunt end ligation with T4 DNA
ligase. The desired clonénsl-T7-Atag (His tag eliminated)
was initially identified byXba —HindlIl restriction analysis
on analytical agarose gels. The clone was subsequently
analyzed with DNA sequencing to confirm the integrity of
the hisl gene.

Overproduction of PR-AMP Cyclohydrolase. E. dli21-
(DE3) cells were freshly transformed withipl-T7-Atag (12)
by selection on LB/kanamycin (3@g/mL) plates at 37C
for 12 h. Single colonies were used to inoculate 3 mL cultures
and allowed to grow for 812 h before inoculating 25 mL
of fresh LB/kanamycin with the entire 3 mL culture and

the change in absorbance at 300 nm. Samples of PR-AMPgrowth for another 1216 h. The culture was then transferred
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to 1 L of LB/kanamycin and grown to Odgonmof 0.9 before
induction by addition of 1 mM IPTG. Cells were grown for
4—5 h beyond induction to the stationary phase (k=
3.5), harvested by centrifugation, and stored-80 °C.

Purification of PR-AMP Cyclohydrolas®@urification was
carried out at £C unless otherwise noted, and buffers were
prepared at room temperature. Indu¢adcoli BL21(DE3)
cells (1 L) containingphisl-T7-Atag were allowed to thaw
on ice in 10 mL of 50 mM Tris-HCI (pH 7.5) and 250 mM
NaCl with 5 mM ZnC} and lysed by ultrasonication using
a Branson model 250 sonifier. This sample was diluted to
20 mL with 50 mM Tris-HCI (pH 7.5) and centrifuged at
1100@ for 15 min. The supernatant was made 1.2% in
streptomycin sulfate, incubated for 15 min on ice, and
centrifuged at 11009for 15 min. The resulting supernatant
was diluted to 45 mL with 50 mM Tris-HCI (pH 7.5) and
loaded directly onto DEAE Sepharose FF (5 «mb cm)
and SP Sepharose FF (15 cm2.5 cm) columns linked in
series at a flow rate of 5.0 mL/min. PR-AMP cyclohydrolase
was collected in the flow through (100 mL) before loading
directly onto an hydroxylapatite (HA) column (4.0 cm
2.5 cm). The column was washed with 4 volumes of 10 mM
KH2PO, (pH 7.5), and the protein was eluted with a linear
gradient in phosphate made with 200 mL of 10 mM KH
PO, (pH 7.5) and 200 mL of 400 mM KEPO, (pH 7.5).
Hisl eluted from 100 to 120 mL into the gradient, and
fractions with a specific activity o&16.0 units/mg were
pooled, filtered through a 0.22m low-protein binding filter
into a sterile vial, and stored at°€. Enzyme activity was
stable at this point for 1 month. Longer-term storage of PR-
AMP cyclohydrolase was achieved by concentrating+@ 1
mg/mL using a Centriprep 10, precipitating by adding
polyethylene glycol (PEG) 3350 (31% final concentration),
followed by MgCL (10 mM final concentration), and
centrifuging at 12009. The resultant pellet was stored at
—20 °C until it was used.

Protein AnalysisA total protein analysis was carried out

D’Ordine et al.

5'-ProFAR

Absorbance

260 280 300 320
Wavelength (nm)

240 340 360

Ficure 1: Conversion of PR-AMP to'4ProFAR. Full spectrum

of the conversion of PR-AMP to'8roFAR at 30°C in 50 mM
Tris-HCI, 10 mM MgC} (pH 7.5), 0.8 mg of PR-AMP cyclohy-
drolase, and 61 mM PR-AMP. Spectra were acquired every 2.0
min after addition of enzyme, and the final spectrum was obtained
at 24 min. Isosbestic points are observed at 223, 247, and 274 nm.

performed in triplicate on a Varian CARY 4 UWis
spectrophotometer, and the initial rates were estimated over
the first 1.0-2.0 min. Determination of thk.,/K, pH profile

was carried out in 30 mM Bis-Tris Propane-HCI (pH 9.0,
8.6, 8.0, 7.5, 7.1, and 6.5) and 30 mM Bis-Tris-HCI (pH
6.0). Substrate saturation curves at each pH value were
defined by a minimum of eight substrate concentrations over
the range of 0.548 uM PR-AMP with observation at 260
nm (Aezeonm= 8020 Mt cm1) and 5.0 mM MgC]. Values

for the steady state kinetic parameters were calculated, with
no weighting applied, using the MichaeliMenten hyper-
bolic model, and thd./Kn data were fit as a function of
pH (Origin 5.0, Microcal Software, Inc.) using the model
described above (eq 1).

Effect of Free Magnesium and Zinc on Adfy. All
experiments were performed in Chelex 100-treated 30 mM
HEPES (pH 7.5) at 30°C, and duplicate initial rate
measurements were conducted. All PR-AMP cyclohydrolase

on multiple samples of purified Hisl. The observed difference solutions were dialyzed versus the same buffer with Chelex
between the Bradford analysis and total protein amino acid 100 (4 g/L) for 24 h. All PR-AMP samples were titrated to
analysis (AAA) was+9.5%, with AAA giving the higher pH 4.5 with dilute HCI and passed through a column (10
value. Protein concentrations reported here are based on thenm x 30 mm) of Chelex 100 to remove adventitious metals.
Bradford analysis. The apparent steady statg for Mg?* was determined in

PR-AMP Cyclohydrolase Assay and Kinetic Constants. €XPeriments where a constant amount of enzyme (02
The cyclohydrolase assay was based uponAbgonm of was used to initiate the reactions in which PR-AMP B2)
6700 M-t cm* at pH 7.5 (or aAezsonm Of 8020 Mt cmi L and Mg* (1-200 uM) were preincubated in 1 mL. The
at pH 7.5) for the conversion of PR-AMP t&-BroFAR (see background rate for thes.e. experlments in the absence 8f Mg
Figure 1). These extinction coefficients were determined by Was less than 5% specific activity.
subtraction of the starting absorbance value at 300 or 260 EDTA was used as an inhibitor of PR-AMP cyclohydro-
nm from the final absorbance value after complete turnover lase to demonstrate the requirement for free MgR-AMP
of known concentrations of PR-AMP (23.5, 50.7, and 61 cyclohydrolase (1.(tg) was added to assay preincubation
uM) by PR-AMP cyclohydrolase. Routine assays were mixtures containing Mg (150, 250, or 35@M), PR-AMP
conducted at 30C in a Varian CARY 3 UV~vis spectro- (72uM), and varying amounts of EDTA (8550uM). Initial
photometer in a total volume of 1 mL with either 30 mM rate measurements were assessed in the firsG8& after
HEPES (Chelex-treated) (pH 7.5) or 50 mM Tris-HCI (pH mixing, and the fractional activity was plotted as a function
7.5) and 1 mM EDTA with 5 mM MgGl and 50uM PR- of EDTA concentration. The 1§ of zZn*" for PR-AMP
AMP. Reactions were initiated by adding 6-Q.2 ug of PR- cyclohydrolase was determined by varying fre€Znon-
AMP cyclohydrolase. centrations (640 uM) under conditions of constant PR-

The determination of steady state kinetic constants wasAMP (72 4M) and Mg* (1.0 or 10 mM). The fractional
performed in Chelex-treated 30 mM HEPES (pH 7.5) and activity was plotted as a function of Znconcentration.
1.0 mM MgCb at 30°C with PR-AMP concentrations being Gel Filtration. Gel filtration chromatography (at room
varied from 0.96 to 48uM. All determinations were  temperature) on a Superdex 200 HR 16/60 column was
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performed in 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, and
500 mM NaCl at a flow rate of 0.75 mL/min. The void
volume of the column was determined to be 36 mL with a
total bed volume of 122 mL. Catalase (232 000 Da, elution

Table 1: Purification oM. vannielii PR-AMP Cyclohydrolase

volume protein  activity
purification step (mL) (mg) (units/mg) units % yield

- crude extract 23 253 6.8 1720 100
volume of 66..1 mL), aldolase (158 000 Da, 68.3 mL), povme streptomycin (1.2%6) 43 232 72 1670 97
serum albumin (67 000 Da, 77.4 mL), and chymotrypsinogen DEAE-SP-sepharose 110 98 11.3 1107 64
A (25000 Da, 93.9 mL) were used as molecular mass hydroxylapatite 40 43 17.6 756 44

standards under the same conditiohg) (

Analytical UltracentrifugationSedimentation equiliborium ~ RESULTS
analysis of purified PR-AMP cyclohydrolase was performed
on a Beckman XL-A analytical ultracentrifuge. Three
samples of Hisl (0.2, 0.6, and 0.6 mg/mL with 0.5 mM
EDTA) were analyzed (275 nm) by sedimentation equilib-
rium in 50 mM Tris-HCI (pH 7.5) and 500 mM NacCl at
20 000 rpm for 16-20 h at 20°C. The liquid column size
was 3 mm, and the partial specific volume of solute (vbar
= 0.743 mL/g), based on the monomeric Hisl amino acid
sequence, was calculated using Sedntéf). (The density
(p = 1.02 g/mL) of the solution was calculated using the
same program with the buffer conditions, ionic strength, and
temperature as described above. These values were used f
data analysis and fitting with Sedeq119) to a nonequilib-

Preliminary Hisl StudiesOur preliminary studies with the
bifunctional E. coli HislE protein and the mutant strain
UTH903 Thisl(—)] were directed at the production of PR-
AMP. Protein extracts from induce&. coli FB1 cells
containing thephisGl(—)E-tac plasmid provided an efficient
source of PR-AMP starting with PRPP and ATP. No
evidence was observed for additional nucleotide intermedi-
ates in these substrate preparations. These initial investiga-
tions highlighted the potential intricacy of the bifunctional
protein activities. Furthermore, truncation mutants of the
HiskE functional domain at D129 (based on alignment data
hat suggested separation of active site domains) provided a
. e ; functional Hisl protein that was overproduced and purified
rium model for two species (initial estimates .Of 25. and 64 (data not shown). Complementation experiments have dem-
kDa) that were allowed to float during fitting iterations.  onqtrated that this construct contained a functional Hisl

Metal lon AnalysisSamples of PR-AMP cyclohydrolase protein, and the overproduced purified protein displayed
for metal ion analyses via inductively coupled plasma catalytic activity. However, the circumspect stability of this
emission spectroscopy (ICP-ES) (20 metals, Al, B, Ba, Ca, mutant as the His tag affinity-purified protein, and the
Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sr, discovery of additional metal cofactor requirements, high-
and Zn) and atomic absorption spectroscopy (AAS) for Zn lighted the complexity of the multifunctiond. coli HisIE
were prepared by extensive dialysis at@ for 2—3 days. enzyme. These observations motivated a more focused effort
Up to 10 mg of protein at 1.0 mg/mL was dialyzed against on the native monofunctional Hisl froml. vannielii (6).

400 mL of 30 mM HEPES (pH 7.5) containing 4 g/L Chelex  oyerproduction and PurificationThe M. vannielii his!
100 (50-100 mesh) resin for68 h, with changes after 12 gene was originally subcloned from the pET-921 plasmid
16 h (2 L) and 36-34 h (2 L). The Spectra/Por 4 12080 () into pET-28(b)+ to take advantage of the His tag leader
14000 MWCO dialysis membrane was prepared according sequence for N affinity purification and hasten the
to standard procedure2@) and rinsed with HEPES buffer  examination of the purified enzyme. The subsequent dif-
prepared by stirring with 4 g/L Chelex 100 for 24 h before ficuity in the removal of the His tag leader sequence in the
use. All HEPES solutions were made from the sodium salt fysjon protein, the discovery of metal cofactors, and the
and titrated with NaOH to pH 7.5, and the Chelex 100 used sensitivity to thiol reagents led to the removal of the His tag
in these preparations was regenerated to the sodium formcoding DNA to produce native Hisl in the same vector.
All containers (plastic and glassware) were triple rinsed or Expression of théisl gene in this plasmid construct harbored
soaked in HEPES containing Chelex 100 (4 g/L), and plastic in E. coli BL21(DE3) cells provided an efficient source of
materials were used whenever possible. As a control to pR-AMP cyclohydrolase. Protein purification was optimized
correct for any matrix effects, a standard curve was con- py the addition of ZnGlto the lysis buffer and the use of
structed with known quantities of Zh from a reference two negative Chromatographies (DEAE and SP Sepahrose)
solution of zinc nitrate. ICP-ES samples (&0 mL, 0.5~ followed by elution from hydroxylapatite (HA) as sum-
1.0 mg/mL) were analyzed at the Chemical Analysis Labora- marized in Table 1. The protein in the final preparation
tory (University of Georgia, Athens, GA), and AAS samples  showed two minor and one major species that together
(7 mL, 0.25-0.65 mg/mL) were analyzed at the Indiana State constitute>95% of the isolated protein as determined by
Chemist’s Laboratory (Purdue University). scanning densitometry analysis of the Coomassie blue-stained
1,10-Phenanthroline Dialysireparation of apo-PR-AMP ~ SDS-PAGE gel (Figure 2). All of these bands were
cyclohydrolase (50QiL at 1.1 mg/mL) was conducted in  determined to have the same N-terminal sequenchl.as
10000 MWCO Side-a-Lyzers (Pierce) by dialysis against 1 vannielii Hisl. The purified enzyme was analyzed by
L of 30 mM HEPES (pH 7.5) and 5 mM 1,10-phenanthro- N-terminal sequencing and lacked an N-terminal methionine,
line, in the presence of 3 g/L Chelex 100 (5000 mesh) while the next 25 amino acids were an exact match for the
(21). The PR-AMP cyclohydrolase activity was sampled over known primary sequence of thd. vannielii Hisl protein.
24 h until the residual specific activity remained constantat  The molecular mass of the isolated (major band) protein
3%. These samples were further dialyzed against Chelex 100was estimated to be 15 200 Da by SBISAGE, and three
treated HEPES prepared as described above, to removenajor molecular ions were observed in the MALDI-MZ2|
1,10-phenanthroline before submission of triplicate samples spectrum of Hisl: 15 486, 10 698, and 4818, respectively.
for ICP-ES analysis. Control dialyses were performed in the The largest molecular weight observed was consistent with
absence of 1,10-phenanthroline. the calculated value of 15 490.1 for the protein lacking an
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Ficure 2: Purification of PR-AMP cyclohydrolase via Tris-Tricine 0 401 i'\ )
SDS-PAGE analysis: lane 1, molecular weight markers from Bio- = -
Rad; lane 2, crude extract; lane 3, streptomycin cut; lane 4, DEAE- 8 204 i\ h
SP-sepharose; lane 5, HA fraction; and lane 6, molecular weight o ‘
markers from Sigma. In the crude extract (lane 2), the dominant 0. g E—— __ = I
band is 40% of the total protein, and in lane 5, this band is 86% of 0 5 10 15 20 25
the total protein in that lane as calculated by densitometry analysis.
Bands marked with an asterisk (*) in lane 5 have the same Hours
N-terminal sequence. Ficure 3: Inhibition of PR-AMP cyclohydrolase by zinclj 1.0

) o ) mM Mg2™ and ©) 10 mM Mg?*. The apparent 1€ values for
N-terminal methionine. Also observed was a variable amount zinc are 3.4 (1.0 mM M) and 5.64M (10 mM Mg2").

of lower-molecular weight species {35% of the total
purified protein) that also had the same N-terminal sequencemolar ratio of Z#* to enzyme was consistent with the
asM. vannielii Hisl and had a molecular weight of 10 698 presence of a single tightly bound Znper subunit in the
as determined by MALDI-MS analysis. This fragment active enzyme preparations (Table 2). All other metals
corresponded to residues 22 (calculated weight of 10 690.7)  (excluding sodium), including Mg, were either absent or
of Hisl. The smaller fragment corresponded to residues 93 present in quantities of 10% (total) stoichiometry. Purifica-
136 (calculated weight of 4819.0). The sum of the experi- tion in the presence of EDTA (1 mM) did not remove the
mental results for these fragments was 15 516, which is Zn*" from the enzyme, and neither did extensive dialysis
consistent with the subunit mass of Hisl. Finally, a dimeric against Chelex 100. However, dialysis of PR-AMP cyclo-
(36.9 kDa) species was detected on the SPBGE gels in hydrolase against 1,10-phenanthroline{Zspecific chela-
ca. 8-16% of the purified total protein based on scanning tor) inactivated the enzyme (see Figure 3). The enzyme
densitometry. N-Terminal sequencing of the dimeric species samples treated in this fashion were found to contain
indicated that it had an N-terminal sequence identical to that negligible Zr#* (<0.07 equiv). Enzyme which had been
of M. vannielii Hisl. This species was not observed with inactivated by dialysis against 1,10-phenanthroline resisted
MALDI-MS. reactivation beyond about 50% of the original specific
Native Molecular WeightPR-AMP cyclohydrolase was  activity by reduction with TCEP23) and addition of ZA".
analyzed by gel filtration chromatography on a Superdex 200 PR-AMP Cyclohydrolase Assay and Kinetic Constafits
HR 16/60 column. The major peak eluted at a volume (88.5 procedure for the synthesis and purification of the substrate,
mL) that was consistent with a dimer (34 kDa) and exhibited PR-AMP, was developed on the basis of a strategy previously
PR-AMP cyclohydrolase activity. This result was consistent implemented to produce other histidine biosynthetic inter-
with the observation of a dimeric species on SEIFAGE. mediates 16). This method offered a reliable, one-step
Also present in the gel filtration experiments was a smaller preparation of substrate from PRPP and ATP and enabled
amount (12%) of oligomeric material eluting at 77.8 mL that the development of a U¥vis assay for PR-AMP cyclohy-
represented a pentamer (79 kDa). This form of Hisl showed drolase activity. Figure 1 shows a full spectrum time course
50% of the specific activity of the dimeric species. The for the conversion of PR-AMP to'8roFAR. An absolute
elution volumes of the protein standards and PR-AMP requirement for exogenous WMig in this reaction was
cyclohydrolase were the same whether EDTA was included observed. Other metals tested WnCa", and Zr#") would
in the buffer. not support the catalytic activity under the same assay
Analytical ultracentrifugation was also employed to de- conditions. PR-AMP cyclohydrolase activity was found to
termine the molecular weight of PR-AMP cyclohydrolase. be equivalent in several buffers, containing 11@ mM
The data from three independent sedimentation equilibrium MgCl,, including 50 mM Tris-HCI (pH 7.5), 1 mM EDTA,
runs were fitted to a nonequilibrium model that converged 30 mM HEPES (Chelex-treated) (pH 7.5), and 50 mMXKH
on average molecular weights for two species of 31 200 PO, (pH 7.5) and 1 mM EDTA.
(86%) and 75 800 (14%). These values were consistent with  The Mg" requirement of PR-AMP cyclohydrolase is
those obtained by gel filtration as described above, and demonstrated in Figure 4. Panel A shows the inhibitory effect
confirmed that the major form of the enzyme under these of increasing EDTA concentrations on the catalytic activity.
conditions is a dimer with an observed molecular weight of The IGs,for EDTA (ranging from 188 to 382M) increased
31 200 (calculated molecular weight of 30 980). as a function of Mg" concentration. Panel B shows the
Metal lon AnalysisPR-AMP cyclohydrolase samples were fractional PR-AMP cyclohydrolase activity as a function of
analyzed for metal content by both ICP-ES and AAS. The the EDTA:Mg" ratio present in the assay. At ca. 1.2 equiv
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Ficure 5: Dialysis of PR-AMP cyclohydrolase against 1,10-

(Figure 6B), and thés/K, profile? (Figure 6D) showed a
single K, of 7.3 + 0.1. This value is 1.5 i, units from
that determined for the substrate PR-AMP, indicating that
the substrate protonation state is not complicating the
interpretation of the pHrate profile.

DISCUSSION

PR-AMP cyclohydrolase represents a link between a
catabolic and metabolic process by catalyzing a step that
initiates redistribution of carbon and nitrogen from ATP into
the amino acid histidine. The global primary amino acid
sequence comparisorg; §) of Hisl indicate a unique origin
for this protein in histidine biosynthesis. There are several
highly conserved regions in all forms of the protein, and
functional analysis of the archael enzyme serves as a basis

phenanthroline. Data were fit to a single-exponential decay, and for understanding their roles. The focus of this work was to

the estimated rate constant was 407> s1. The line ) represents

data from a control dialysis in the absence of 1,10-phenanthroline.

of EDTA to Mg?", there is a 50% loss of activity at all
concentrations of MRJ. The average free concentration of
Mg?* at this point was calculated to be 3.l (24), a value

analyze the basic catalytic properties, cofactor requirements,
and physical parameters of tiv vannielii enzyme.

PR-AMP cyclohydrolase binds a single Zmper subunit
(1:1 molar ratio), and these studies have established that this
protein is a metalloenzyme. ICP-MS multiple-metal analysis

consistent with one estimated from the dissociation constantdemonstrated that only 2h was bound in stoichiometric

(Ks= 4.9+ 0.7 uM) for Mg?2*. Inhibition was reversible as
full activity was regained by the addition of excess g
These data indicate that free figs required for activity of
PR-AMP cyclohydrolase. Interestingly, inclusion ofZnin
assays with Mg" did not activate the enzyme; moreover,
small amounts (35 uM) of free Zr*t strongly inhibited the
enzyme as shown in Figure 5. This inhibition was also
reversed by the addition of an equivalent amount of EDTA
and excess MY and distinguishing this metal binding site
from the high-affinity Zi#" site.

Kinetic Constants and pH Profil@he steady state kinetic
constants were determined for purified PR-AMP cyclohy-
drolase as follows Ky, = 9.9+ 1.7 uM and ks = 4.1 +
0.3t (keatKm=4.1x 1° Mt s %) at pH 7.5 and 30C.

In Figure 6A, the absorbance of PR-AMP at 300 nm is

guantities to the PR-AMP cyclohydrolase preparations.
During initial purifications of PR-AMP cyclohydrolase, it
was discovered that addition of Znto the lysis buffer
enhanced the specific activity and stability of the protein.
However, different preparations of PR-AMP cyclohydrolase
for ICP-ES and AAS studies indicated that the specific
activity of the enzyme was not directly related to the zinc
content, since preparations ranging from 9.0 to 18 units/mg
contained the same amount of zinc bound per subunit.
Apparently, a second process other than loss of zinc was
responsible for inactivation and, hence, the lower specific
activity of these preparations. TheZrnis tightly bound with

an estimatedy of <5 x 10°° based on the 1,10-phenan-
throline dialysis experiments. It is probable that this metal
plays at least a cocatalytic role in this enzyme (see below).

plotted with respect to pH. This change in absorbance reflectsHowever, additional roles for the Zhinclude a structural
the deprotonation of the 6-amino group of PR-AMP as shown one since there are conserved cysteine residues implicated

in Scheme 2. The data were fitted to eq 1 to estimat&a p
of 8.8 +£ 0.1. This value is in good agreement with that
reported (ca. 8.5) by Smith and Ames).(The maximum

by the primary sequence data for Hisl. The region including

2 Conditions for determination df., and k. described in the text

turnover for PR-AMP cyclohydrolase occurs at pH 7.5 were different from those described in tkg/Kn profile in Figure 6.
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Ficure 6: Dependence of PR-AMP absorbance (300 nm) on pH (A) and theratd profile for PR-AMP cyclohydrolase activity (BD).

Scheme 2: K, of the 6-Amino Group of PR-AMP
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C%(X) 1sCHOHYX) sC 16 suggests a unique motif that shows
a high probability for a zZ#A" binding domain. When
compared to known structural Znsites in proteins, cys-
teine—sulfur ligands prevail as a common paradig@b-
27).

A property related to the metal binding appears to be an
intrinsic instability of the protein. The major bands that
appear on SDSPAGE (Figure 2) for the protein purified
from E. colishow materials at masses of 31, 15, and 10 kDa
that have been identified by N-terminal sequencing and
MALDI-MS analysis to be derived from th#®l. vannielii

conserved amino acids at D92 and/or C93 as potential metal
binding residues. Although less likely, an alternative cleavage
at this position may represent the hydrolysis of a thioester
formed by rearrangement of the amide backbd@ik 82).

A second, lower-affinity metal binding site for Mgmust
exist in the presence of the substrate PR-AMP. ICP-ES
analyses demonstrated that Mgvas not observed in these
preparations in amounts greater than 10% of the protein
stoichiometry. In the early stages of this study, a requirement
for Mg?" in our assay mixture for PR-AMP cyclohydrolase
was observed. A related observation was made with the
enzyme activities for the bifunctional HislE enzyme of
Salmonella typhimuriupbut was attributed to only the HisE
or phosphohydrolase functio,(33).

The experimental results and amino acid sequence align-
ments are consistent with a model for cobinding of the
substrate and metal cofactor (k1 to cyclohydrolase. The
steady state kinetic analysis indicated that PR-AMP cyclo-
hydrolase has a significant Mg affinity (Ks = 4.9 uM)

PR-AMP cyclohydrolase. One possible explanation for these Which is comparable to th&y for substrate PR-AMP.

results is that the fragments are a result of “self-catalyzed”
degradation and dimer formation. MALDI-MS data indicated

However, this binding model would exclude the preassocia-
tion of Mg?t and PR-AMP. All of the data related to metal

that the position of the major cleavage occurs adjacent to binding indicate that free Mg is required for full activity.

the highly conserved €to produce a fragment with a MW
of 10 697. The sequence context is VEKD/CDGDAL; there
are no known protease siteskn coli for this position 28).
The fragmentation may have resulted from an oxidative

Competition for the protein-bound Znby EDTA was ruled
out since samples of PR-AMP cyclohydrolase incubated in
the presence of 1 mM EDTA were “reactivated” by the
addition of excess Mg without addition of ZA*. Finally,

(hydroxyl radical-mediated) cleavage event, and we have Mg?* is not expected to show significant affinity for free
observed an increase in the accumulation of this cleavedPR-AMP since the relative association constants for associa-

protein in the presence of Pe(unpublished results). This
type of cleavage has precedef9,(30) and implicates the

tion with related adenosine nucleotides AMP, ADP, and ATP
(34) are distinct ¢ 10?) from the range oKs values observed.
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The substrate specificity and cofactor requirements for PR- 3.
AMP cyclohydrolase are supported by the amino acid
sequence analysis. There are two related motifs with
functional relationships to enzyme substrate binding for
hexoses or pentoses and nucleotide phosphoesters that all ~
involve M¢?* (35, 36). A similar motif is evident for all PR- 6.
AMP cyclohydrolases based on sequence alignments. The
consensus sequences for these motifs vary in length and are 7
generally rich in glycine, lysine, and serine (threonir&g, (

37). In PR-AMP cyclohyrolases, the region defined YRS 8.
[STIRXX[LIIWXKG[EA]TSG 8! (using M. vannielii num-

bers) represents a consensus sequence that would constitute
a “P-loop type” region associated with Kfg-phosphate 10.
binding.

Another distinctive feature of the PR-AMP cyclohydrolase
is related to the active site functional group. The—idte
analysis presented in this paper covers the region of pH 6.0
9.0 and defines a single protein-associatéd @f 7.3. PR-
AMP has a [, of 8.8 that is distinct from that defined by
the enzyme pHrate profile by 1.5 K, units. Others have
speculated that the species are conserved residues His (110)14'
and Cys (93, 109, or 116) or a Znbound HO (38, 39). '
Other possible mechanistic paths for the cyclohydrolase 15
would be related to those found in metalloproteaedé€ (
given the invariant histidine and the highly conserved 16.
aspartate residues at positions 92, 94, and 96. The catalytic
reaction and the specific roles for these conserved amino
acids will be the subject of continued study.

Therefore, PR-AMP cyclohydrolase utilizes both?Zand
Mg?* in the hydrolysis of PR-AMP between N1 and C6, a
reaction unique to histidine biosynthesis. From a mechanistic
perspective, the reaction catalyzed by PR-AMP cyclohydro-
lase is analogous to those catalyzed by adenosine deaminase ;-
(10), AMP deaminase41), and cytidine deaminase9)( 5
These enzymes catalyze deamination by direct attack of a
metal (Zr#)-activated water molecule through an addition 23.
elimination mechanism. However, there are clear distinctions 24.
in the activation barriers for selective hydrolysis of the-N1
C6 bond in PR-AMP since this reaction pathway has not 25
been detected in model hydrolytic studies\dfalkyl-purine
heterocycles. There are also no apparent regions of amino
acid sequence homologies between these two classes of g
purine hydrolases, and the mechanistic comparisons and
contrasts should be a subject of future interest.
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