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Several mutations were constructed in residues
thought to provide ligands for a [4Fe-4S] cluster in
Bacillus subtilis amidophosphoribosyltransferase us-
ing site-directed mutagenesis of cloned purF. These
replacements confirm the identification of cysteinyl
ligands to the Fe-S center. Of five mutant enzymes,
two had no activity, two less than 25% of the wild type
activity, and one was lethal and could not be studied.
The Fe content of the two mutant enzymes with partial
activity was similar to that of the wild type. Results of
partial characterization suggest that the [4Fe-48S] clus-
ter is not involved in allosteric regulation and does not
play a specific role in the ammonia- or glutamine-
dependent reactions of the enzyme. At least partial
enzymatic activity is required for NH;-terminal proc-
essing. Pulse labeling experiments suggest that proc-
essing is a slow post-translational process which is
dependent upon cellular factors. A relationship be-
tween Fe-S centers and NH,-terminal processing of an
undecapeptide leader suggests a functional connection
between these two structural elements in amidophos-
phoribosyltransferase.

Amidophosphoribosyltransferase (glutamine phosphoribo-
sylpyrophosphate amidotransferase (EC 2.4.2.14)) catalyzes
the first reaction of de novo purine nucleotide synthesis
(Equation 1).

Glutamine + 5-phosphoribosyl-1-pyrophosphate —

(1)
phosphoribosylamine + glutamate + PP;

Similar to other glutamine amidotransferases, NH; can sub-
stitute for glutamine in vitro and in vivo (1-3), in which case
the products are phosphoribosylamine and PP;. In contrast to
the Escherichia coli enzyme (4, 5), Bacillus subtilis amido-
phosphoribosyltransferase contains one [4Fe-48] cluster per
subunit (8, 7). Destruction of the [4Fe-4S] with O, or by
chelation with o-phenanthroline inactivates the enzyme (8,
9). The [4Fe-4S] clusters in amidophosphoribosyltransferase
are in the diamagnetic (+2) state (6) and do not function in
electron transfer during catalysis (10), consistent with the
absence of any overall oxidation-reduction reaction in con-
version of substrates to products. Several studies suggest a
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regulatory role for the Fe-S center. Amidophosphoribosyl-
transferase is one of a number of enzymes of nucleotide and
amino acid biosynthesis that are inactivated during sporula-
tion of B. subtilis (11). Inactivation of amidophosphoribosyl-
transferase in vivo requires O, (12) which appears to react
with the [4Fe-4S] cluster (6).

The B. subtilis gene, purF, encoding amidophosphoribosyl-
transferase was cloned and sequenced by Makaroff et al. (13).
Cloned B. subtilis purF was expressed in E. coli, and amido-
phosphoribosyltransferase was active in vitro and functional
in vivo. Fe-S centers were assembled into the B. subtilis
enzyme synthesized in E. coli. By comparison of the derived
amino acid sequence of amidophosphoribosyltransferase with
ferredoxins, 4 cysteinyl residues were identified as candidates
for ligands to the Fe-S center.

Comparison of the NH,-terminal amino acid sequence de-
rived from B. subtilis purF with that determined from the
purified mature enzyme indicated that 11 amino acids are
removed from the primary translation product (13) to expose
an NH;-terminal active site cysteine (14). Processing was
abolished in a mutant in which Cys-12 was replaced by
phenylalanine (3). In addition, a tentative link was noted
between NH,-terminal undecapeptide processing and Fe-S
content. Amidophosphoribosyltransferase synthesized in an
in vitro coupled transcription-translation system in the ab-
sence of Fe-S was not processed.

In this report we describe the construction and characteri-
zation of five mutations in amino acids implicated in binding
the amidophosphoribosyltransferase Fe-S cluster. Two of the
mutations, serine replacements of Cys-448 and Cys-451, in-
activate the enzyme and thereby confirm the function of these
residues in binding Fe-S. NH,-terminal undecapeptide proc-
essing was abolished in Fe-S mutants exhibiting no amido-
phosphoribosyltransferase activity, but processing was com-
plete in mutants having partial enzyme activity.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Phage—E. coli strain AB352 (thr, leuB6,
purF, thi, lacZ4, rpsL8, supE44) was used as the host for purF
plasmids. Minimal media used for enzyme purification and growth
analysis included salts (15), 0.5% glucose, 0.2% acid-hydrolyzed cas-
ein, 2 ug/ml thiamine, and trace minerals (16). Adenine (20 pg/ml)
was added to allow growth of purine auxotrophs. Ampicillin was used
as an antibiotic at 50 ug/ml. E. coli strains JM103, JM105 and GM119
used for growth of M13 phage have been described (3). Plasmid pPZ2
(13) is a pPBR322 recombinant that contains purF on a 1.6-kilobase
pair fragment of B. subtilis DNA. Plasmids pRK9 (17), pUC8, and
pUC13 (18) have been described. The M13 phage used were M13mp11
and M13mpllw (w designates wild type). M13 growth, cloning, and
DNA isolation were essentially as described by Messing (19).

Plasmid and Phage Construction—A 1.2-kilobase pair Hincll frag-
ment containing the 3’ end of purF was transferred from pPZ2 into
the Smal site of pUC13 to yield pPF1.2. The cloned insert was then
transferred to M13mp11 as an EcoRI/BamHI fragment. The resulting
phage, M13mp11PF1.2, contains a segment of purF noncoding strand
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Fic. 1. Schematic representation
of purF-derived plasmids and phage
employed for mutagenesis. Figures
are not drawn to scale. Only relevant
regions are shown. Symbols used: B,
BamHI; E, EcoRI; H, Hincll; Na, Narl;
Nr, Nrul; P, Pstl; S, Sstl; Z, destroyed
Hincll site; open bar, purF coding region;
solid bar, polylinker DNA; @, cysteine
residues thought to be involved in the
[4Fe-4S] binding sites; X, mutations in
the Fe-S site; solid line, B. subtilis DNA;
dashed line, vector DNA.

~-- MI3mplIPFI.2

E,ZNa Nr Zs
ey - warirest

3

Nr
L * ox0 }—i——-—' pFeSIL

1260, 1270, 1280, 1400,
B, subtilis 5'-CCG ATC GCT CAT CCG TGC TTT TAC GGC ATT GAC...
gng -t Pro Ile Ala His Pro Cys Phe Tyr Gly Ile Asp....

1410, 1420, 1430, 1440, 1450,

.GGC AGA AAA TAC GAT GAC TCG AAT TGC GGA CAG TGT CTC GCT TGC TTT ACA GGA AAA-3'
Gly Arg Lys Tyr Asp Asp Ser Asn Cys Gly Gln Cys Leu Ala Cys Phe Thr Gly Lys

»
3'-CG CCT GTA TCA GAG CGA-5'

FeS1
Ser
-
FeS2 3'-CA GAG CGA TCG AAA TGT-5'
Ser
»
FeS3 3'-GTA GGC ACG CAA ATG CCG T-5'
val
*x
FeS4 3'-G TCT TTT ATG CTA ACG AGC TTA ACG-5'
Cys
* *
Fes5 3'-GAG CGA TCG ACA TGT CCT T-5'
Ser Cys

FiG. 2. Nucleotide and corresponding amino acid sequence of a portion of B. subtilis purF, and the
nucleotide sequences of the FeS oligodeoxyribonucleotides. The nucleotide sequence is numbered as in Ref.
13, * indicates nucleotides different from the wild type sequence. Cysteine residues implicated as ligands to the
[4Fe-4S] center are underlined. Amino acid replacements are shown under the mutagenic oligodeoxyribonucleotides.
The oligodeoxyribonucleotide sequences are in the coding stand.

DNA from nucleotides 437 to 1648 (Fig. 1).

Synthetic Oligodeoxyribonucleotides—The mutagenic oligodeoxyri-
bonucleotides synthesized for this study are shown in Fig. 2. The
FeS1 and FeS2 17-mers were synthesized by the triester method on
a 1% cross-linked polystyrene support (20). After deprotection the
oligonucleotides were purified by high performance liquid chromatog-
raphy as described (3). The FeS3, FeS4, and FeS5 mutagenic oligo-
nucleotides as well as the purF-specific sequencing primer were
synthesized on an Applied Biosystems Model 380A DNA synthesizer.
Purification on a 20% polyacrylamide/7 M urea gel was followed by
crush soak (21) and isolation on a Sep-Pak (Anspec) Column.

Oligonucleotide-directed Mutagenesis—Mutagenesis was conducted
using the procedure of Bauer et al. (22). Mutagenic oligonucleotides,
Fig. 2, were annealed to a gapped heteroduplex constructed from
M13mpllw and M13mpliPF1.2 at a ratio of approximately 100:1.
Annealing and primed synthesis conditions have been described (3).
Single-lane dideoxy sequencing was used to screen for the FeS mu-
tants.

DNA Sequence Analysis—DNA sequences were determined by the
dideoxy procedure of Sanger et al. (23) using either the universal
primer (Pharmacia) or a purF-specific sequencing primer (CGTGAG-
GAAGCACTGTA) extending from nucleotides 1493 to 1477. The
polyacrylamide/urea gel electrophoresis system of Biggen et al. (24)
was used for resolving DNA fragments.

Reconstruction and Expression of purF—To allow the rapid recon-
struction of several purF FeS mutants, a series of plasmids was
constructed. The relevant plasmids and phage used for reconstruction
are shown in Fig. 1. An EcoRI/Nrul fragment (nucleotides 1-739)
containing the 5’ end of purF was transferred from pPZ2 to pUCS8 to

yield pPF3. The polylinker Pstl site of pPF3 was replaced with an
Sstl linker after it had been made blunt-ended with DNA polymerase
I Klenow fragment. The plasmid is designated pPF4 and was the
recipient of the five different purF FeS mutations. The mutations in
M13 are designated M13mpl11FeS1-M13mp11FeS5. During the final
reconstruction step, the five FeS mutations were transferred by
replacing the Narl/Sstl fragment of pPF4 with the Narl/Sstl frag-
ment from the M13mp11FeS1-M13mpl1FeS5 mutant phage (Fig. 1).
These five mutant purF genes in plasmids are designated pFeS1L-
pFeS5L and pFeS1T-pFeS5T. Representative examples, pFeS1L and
pFeS1T, are shown in Fig. 1.

The gene orientation in the pFeSL plasmids is such that purF is
expressed from the lac promoter (The L in pFeSL designates the lac
promoter.) For higher level expression of purF an EcoRI fragment
containing the Serratia marcescens trp promoter (17) was inserted
into the EcoRI site of a pFeSL plasmid. This construction is desig-
nated pFeST with T indicating a trp promoter. Indole acrylic acid
(40 mg/liter) was used to derepress the trp promoter. Plasmids
carrying the wild type purF gene are designated pFeSwtL or pFeSwtT.

Enzyme Purification—Amidophosphoribosyltransferase was puri-
fied from strains AB352/pFeSwtL, AB352/pFeS3L, and AB352/
pFeS4L. Four liters of cells were grown to late log phase, harvested,
and frozen at —20 °C prior to enzyme purification (3, 7). Enzyme
activity was monitored by the glutamate dehydrogenase method (4)
during purification. The purification properties of the two mutants
were essentially the same as the wild type enzyme. The enzymes were
stored at —80 °C in buffer A (8) containing 2 mM AMP and 5 mM
dithiothreitol and prepared for use by dialysis against 50 mM Tris-
HCI (pH 7.9), 0.1 mM EDTA, 2 mM MgCl,, 2 mM dithiothreitol.
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Enzyme Assay—NH;-dependent amidophosphoribosyltransferase
activity was assayed by the [*S]cysteine method (4, 25). Glutamine-
dependent activity was assayed by the same [*S]cysteine method and
by the glutamate dehydrogenase method (4). Glutamine-dependent
activity determined by the two methods was similar (+10%). A unit
of activity is defined as the amount of enzyme forming 1 umol of
product/min at 37 °C. Protein concentration was determined by the
method of Lowry (26) during enzyme purification. The concentration
of purified amidophosphoribosyltransferase was determined spectro-
photometrically at 278 nm using an extinction coefficient A% = 9.6
(6) or by amino acid analysis.

Analyses—NH,-terminal amino acid sequences of purified enzymes
and in vivo labeled immune-precipitated enzymes were determined
by Mark Hermodson, Purdue University, using the procedures of
Mahoney et al. (27). Amino acid derivatives were identified by high
performance liquid chromatography. Samples from radiosequencing
were dried under nitrogen, taken up in 50 ul of methanol, and counted
for radioactivity. Samples for amino acid analysis were hydrolyzed in
6 N HCI for 22 h (110 °C) in vacuo. Amino acid analyses were
performed by Jim Cook, Purdue University, with a Durrum D500
amino acid analyzer.

The iron content of the wild type, FeS3, and F354 enzymes was
determined as described (5). Enzyme samples (approximately 2.5 mg)
were dialyzed against deoxygenated, Chelex-treated 10 mm NHHCO,
and lyophilized prior to hydrolysis in 6 N HCI for 22 h (110 °C) in
vacuo. Approximately 150 ug were removed for amino acid analysis
to quantitate the amount of protein present. A carefully measured
aliquot of the remaining sample was dried under nitrogen and sent to
William Seifert, The University of Texas Health Science Center at
Houston, for iron analysis by x-ray fluorescence spectrography. An
equal volume of dialysis buffer was used as the blank.

In Vivo Labeling and Immune Precipitation—Cells were grown,
labeled, and immune-precipitated essentially as described (28, 29).
Plasmid-bearing cells were grown in minimal media to mid log phase,
harvested, and resuspended in MOPS® medium (28) containing 0.05%
glucose, 2 pug/ml thiamine, and trace minerals. For SDS-polyacryl-
amide gel electrophoresis, cells were labeled with 100 uCi of [*S]
methionine (1000 Ci/mmol). For radiosequencing, cells were labeled
with 100 ¢Ci of [2,3,4,5-*H]leucine {120 Ci/mmol) and 50 uCi of [U-
14Clisoleucine (310 mCi/mmol). Labeling and chase conditions varied
with individual experiments and are described in the appropriate
figure legends. Cells were lysed in the presence of 30 mg/ml SDS for
10 min at 100 °C. Buffer solution (10 mg/ml Triton X-100, 50 mM
Tris-hydrochloride (pH 7.4), 150 mM NaCl, 5 mm EDTA, and 0.2
mg/ml NaN;) was added and amidophosphoribosyltransferase im-
mune-precipitated (29). Anti-amidophosphoribosyltransferase was a
gift from R. L. Switzer, University of Illinois, Urbana, IL.

SDS-Polyacrylamide Gel Electrophoresis—Samples of purified en-
zZyme or in vivo labeled, immune-precipitated enzyme were analyzed
using a 15% polyacrylamide discontinuous gel system (30). Proteins
were visualized by staining with Coomassie Blue (31) or by exposure
to Kodak X-Omat AR film at —20°C after treatment with
EN°HANCES®.

RESULTS

Mutant Isolation—Four cysteine residues thought to pro-
vide ligands to the [4Fe-4S] cluster in B. subtilis amidophos-
phoribosyltransferase were previously identified by compari-
son with bacterial ferredoxins (13). To confirm this identifi-
cation of the binding site and to investigate the role of the
[4Fe-48S] cluster, several mutations were generated using site-
directed mutagenesis. A summary of the amino acid replace-
ments is shown in Fig. 3.

Mutations FeS1 and FeS2 were designed to replace Cys-
448 and Cys-451, residues thought to be ligands in the 4Fe-
48 cluster. The mutations were generated by annealing mu-
tagenic 17-mers, shown in Fig. 2, to the complementary region
of purF generating T:T mismatches at nucleotides 1430 and
1439, for FeS1 and FeS2, respectively. Mismatches are iden-
tified by asterisks in Fig. 2. Both codon changes, TGT to
AGT and TGC to AGC, result in the replacement of cysteine

! The abbreviations used are: MOPS, 4-morpholinepropanesulfonic
acid; SDS, sodium dodecyl sulfate.
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393 445 448 451
Witp Type € F ===--=~=-- DSN l G Q ! LA ! FTG6
FeS-1 CF DSNCGQSLACFTG
FeS-2 cF DSNCGQCLASFTGE®G
FesS-3 cV DSNCGQCLACFTG
FES-4 CF CsNceacLASFTES
FesS-5 cCF psNcegacLAaSCTo®

FiG. 3. Amino acid sequence of wild type and FeS mutant
amidophosphoribosyltransferase. Amino acids are numbered as
in Ref. 13.

with serine. The frequency of incorporation of the oligonucle-
otides for these mutations were FeS1, 1 mutant in 24 screened,
and FeS2, 3/24.

The FeS3 mutation is a Phe to Val change at amino acid
394. The corresponding Phe in the Azotobacter vinelandii
ferredoxin [4Fe-4S] cluster is involved in aligning the fourth
cysteinyl ligand in the binding site (32). A 19-mer (Fig. 2) was
used to generate the T—G (nucleotide 1268) transversion
which was obtained at a frequency of 1/24.

In an attempt to generate a subtle change in the position
of the binding site in the protein, an Asp to Cys substitution
at amino acid 442 was generated in mutant FeS2 to produce
the double mutant FeS4 (Fig. 3). A mutagenic 24-mer was
used to generate a GA—TG change at nucleotides 1412 and
1413 (Fig. 2). The 2-base pair change was obtained at a
frequency of 1/12 and should have the effect of shifting the
-Cys-X-X-Cys-X-X-Cys- binding site toward the NH, termi-
nus of the protein by three amino acids.

Mutation FeS5 was constructed to examine the effect of
changing the spatial relationship of the 3 core cysteine resi-
dues with respect to each other. For mutant FeS5, the 19-mer
shown in Fig. 2 was annealed to the complementary FeS2
single-stranded DNA. A T—G transversion at nucleotide 1443
was generated at a frequency of 1/12 in the FeS2 mutant to
yield FeS5 (Fig. 2). This mutation resulted in a Phe to Cys
replacement at amino acid 452 as shown in Fig. 3. In all cases
the desired mutations were first identified by single lane
sequencing. DNA sequence analysis using all four reactions
confirmed the mutations and established that there were no
other changes for at least 250 nucleotides surrounding the
planned mutation.

Expression of the FeS Mutant Genes in E. coli—The five
purF FeS mutants as well as a wild type purF gene were
reconstructed as described under “Experimental Procedures.”
purF is expressed in the pFeSL plasmid derivatives from the
lac promoter. Higher level expression was obtained in the
pFeST derivatives in which an EcoRI fragment containing
the S. marcescens trp promoter (17) is cloned upstream of
purF. The two constructions used for purF expression in
these studies are diagramed in Fig. 1.

When B. subtilis purF* is expressed in E. coli, amidophos-
phoribosyltransferase is functional and can complement a
purF mutation (13). The function of the FeS mutants was
first tested in vivo using the E. coli purF strain AB352.
Plasmids pFeS3L and pFeS4L conferred nearly wild type
growth to strain AB352 (Table I). AB352/pFeS3L and
AB352/pFeS4L had doubling times of 56 and 60 min, respec-
tively. This compares to a doubling time of 50 min for AB352/

9002 ‘6 JaqwanoN uo Ag B1o ogl'mmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

be

Mutagenesis of the [4Fe-4S] Site of Amidophosphoribosyltransferase

TABLE |
Properties of wild type and FeS mutant
amidophosphoribosyltransferase

E. coli strain AB352 (purF) bearing plasmid pFeSwtL (purF*) or
pFeS1L-pFeS4L, was analyzed for amidophosphoribosyltransferase
function. Growth rate, enzyme purification and assay, NH,-terminal
enzyme processing, Fe content, and inhibition of glutamine-depend-
ent amidophosphoribosyltransferase were determined as described
under “Experimental Procedures.” Growth rate is expressed as dou-
bling time. Unless specified, amino acid analysis was used to quanti-
tate protein concentration.

Enzyme activity

purkF

Growth P_r(.)- Gln NH, Fe content AMP in-
cessed hibition
min u:rz((’:é Ir_:;,' g atom/subunit
Wild 50 Yes 28.6 41.5 6.0+ 1.5 (3.0 Yes
type

FeS1 NG’ No <0.01¢ ND¢ ND ND
FeS2 NG No <0.01° ND ND ND
FeS3 56 Yes 44 6.5 48+ 1.1 (24) Yes
FeS4 60 Yes 6.9 5.5 4.0 = 0.79 (2.0) Yes

“Mean values *+ standard deviation were calculated from three
independent determinations made on single enzyme preparations.
Values in parentheses were calculated using an extinction coefficient
of A% = 9.6 to calculate protein content (5).

®NG, no growth.

¢ Assayed in crude cellular extracts.

4 ND, not determined.

pFeSwtL, and indicates that the mutant enzymes are active.
However, the plasmids pFeS1L and pFeS2L, failed to confer
purine-independent growth to strain AB352. As shown below,
purF genes in pFeS1L and pFeS3 are transcribed and trans-
lated to yield inactive amidophosphoribosyltransferase.
Unexpectedly, purF containing the FeS5 mutation could
not be reconstructed and expressed in E. coli. Several attempts
to reconstruct the gene in alternative plasmid orientations
were unsuccessful. All pFeS5 plasmids isolated contained Phe
at amino acid 452. This reversion was the only problem
encountered in expressing and maintaining FeS mutations,
indicating the FeS5 mutation is most likely lethal to the cell.
Several possibilities were considered for the inability of
pFeS1L and pFeS2L to restore purF function to E. coli AB352.
(i) The mutant genes may not be expressed due to incorrect
gene reconstruction. (ii) The mutant enzymes could be unsta-
ble and rapidly degraded. (iii) The enzymes could be stable
but inactive. To determine whether or not the FeS1 and FeS2
mutant enzymes were actually synthesized from the recon-
structed genes, amidophosphoribosyltransferase was immune-
precipitated from plasmid-bearing strain AB352 radiolabeled
with [*S]methionine. Fig. 44 shows the results of SDS-
polyacrylamide gel electrophoresis of enzyme that was im-
mune-precipitated from cells harboring pFeSwtT (lane 1),
pFeS1T (lane 2), and pFeS2T (lane 3) after a 30-min pulse
with [*S]methionine. Lane I contains two species of amido-
phosphoribosyltransferase with slightly different mobilities.
Lanes 2 and 3 each contain one species that migrates with the
larger form of the wild type enzyme in lane 1. The total
amount of immune-precipitable radioactivity was approxi-
mately the same for all three enzymes. Thus the FeS1 and
FeS2 mutant enzymes are synthesized and exhibit a steady
state level comparable to the wild type, yet are unable to
complement an E. coli purF mutant strain. This result sug-
gests that the FeS1 and FeS2 mutations inactivate the enzyme
but do not perturb protein folding enough to result in rapid
degradation of the enzyme. The data also suggest that when
wild-type amidophosphoribosyltransferase is overproduced at
sufficiently high levels, two species of the enzyme are present.

11419

A I 2 D
B | 2 3 4

FiG. 4. In A, SDS-polyacrylamide gel electrophoresis of B. subtilis
wild-type, FeS1, and FeS2 amidophosphoribosyltransferase is shown.
E. coli strain AB352 containing the plasmids pFeSwtT (lane 1),
pFeS1T (lane 2), and pFeS2T (lane 3) was grown in the presence of
indole acrylic acid and pulsed with *[S]methionine for 30 min.
Amidophosphoribosyltransferase was immune precipitated as de-
scribed under “Experimental Procedures.” Equal quantities of radio-
actively labeled immune-precipitated proteins were subjected to SDS-
polyacrylamide gel electrophoresis and visualized by autoradiography.
The arrows point to two enzyme species (unprocessed and processed).
In B, effect of high level expression on processing of wild type
amidophosphoribosyltransferase is shown. AB352/pFeSwtT (lanes I
and 2) and AB352/pFeSwtL (lanes 3 and 4) were labeled for 15 min
in the presence of [*’S]methionine. Unlabeled methionine (0.2 mg/
ml) and chloramphenicol (0.25 mg/ml) were added and cells grown
for an additional 40 min (lanes 2 and 4). Samples were analyzed as
described in the text. Equal quantities of radioactivity were applied
to each lane.

NH,-terminal Processing—B. subtilis amidophosphoribo-
syltransferase undergoes a processing event in which 11 amino
acids are clipped from the NH, terminus of the primary
translation product to yield the mature enzyme (13). The
factors involved in this processing event are not known. To
investigate the nature of the two species observed in Fig. 44
and test the possibility that a rate-limiting step may be
involved in NH,-terminal processing, a pulse-chase experi-
ment was conducted. Fig. 4B shows the results obtained from
cells containing PFeSwtT and pFeSwtL after a 15-min pulse
with [*S]methionine (lanes I and 3) and a 40-min chase with
unlabeled methionine in the absence of further protein syn-
thesis (lanes 2 and 4). Two species of amidophosphoribosyl-
transferase were initially present in cells containing either
pFeSwtT (lane 1) or pFeSwtL (lane 3). However, after the 40-
min chase, cells bearing pFeSwtT still contained both species
of amidophosphoribosyltransferase (lane 2), whereas only the
smaller enzyme form was present in cells containing pFeSwtL
(lane 4). Immunoprecipitation indicated that cells harboring
the pFeSwtT plasmid contained 6-fold more radiolabeled
amidophosphoribosyltransferase than cells which contained
pFeSwtL. This result indicates that high level expression of
purF results in the overproduction and accumulation of un-
processed amidophosphoribosyltransferase enzyme. Only
processed enzyme was detected when purF was expressed
from a weaker plasmid promoter (3).

To confirm that the two species represent processed and
unprocessed forms of amidophosphoribosyltransferase, im-
mune precipitates from cells harboring pFeSwtT and pFe-
Swtl. were radiosequenced. Amidophosphoribosyltransferase
was labeled by growing AB352/pFeSwtT and AB352/pFe-
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SwtL in the presence of ["H]leucine and ['*C]isoleucine. Im-
mune precipitates were subjected to automated Edman deg-
radation. Muture amidophosphoribosyltransferase has leu-
cine at positions 20 and 23 and isoleucine at positions 6 and
15 (13). Amidophosphoribosyltransferase in which the NH,-
terminal processing event has not occurred should yield a
pattern of leucine at positions 2 and 8 and isoleucine at
positions 5, 17, and 26. Radiosequencing results are shown in
Figs. 5 and 6. Arrows indicate positions predicted to contain
radioactivity. The labeling pattern obtained from AB352/
pFeSwtL is that expected for a fully processed mature form
of amidophosphoribosyltransferase (Fig. 5). A more complex
labeling pattern is observed from amidophosphoribosyltrans-
ferase immune precipitated from AB352/pFeSwtT (Fig. 6).
Leucine at cycles 2 and 8 and isoleucine at cycles 5, 17, and
26 are expected for the non-processed primary translation
product. The release of leucine at cycles 20 and 23 and
isoleucine at cycle 6 and 15 is evidence for mature enzyme in
this mixture. The labeling pattern for enzyme immunoprecip-
itated from cells bearing plasmid pFeSwtT is therefore con-
sistent with a mixture of both processed and unprocessed
forms of amidophosphoribosyltransferase. These results thus
confirm the assignment of processed and unprocessed forms
of the enzyme to the two species detected by SDS-polyacryl-
amide gel electrophoresis shown in Fig. 4, A and B.
Accumulation of unprocessed primary translation product
suggests that NH,-terminal clipping may be a relatively slow
process. To examine the rate of processing, amidophosphori-
bosyltransferase was labeled for 5 min and immune-precipi-

500 -
400 ‘ ] .
= |
& 300 + | E
3 i
= 200 | 4
9
100 F 3 ] ] ]
Olﬂ Tﬂﬂ—ﬂ—
| —
100 U .
s
a
&)
g—zoo— ‘ .
E |
|;.I3OO_ L — -
400 L PROCESSED J
CGVFGIWGHEEAPQITYYGLHSLQHRGAQ
[ 5 10 15 20 25
CYCLE

Fic. 5. Radiosequencing of amidophosphoribosyltransfer-
ase produced from pFeSwtL. NH,-terminal Edman degradation
was carried out on [*H]leucine- and ["C]isoleucine-labeled amido-
phosphoribosyltransferase as described in the text. Cells were labeled
for 40 min prior to a 40-min chase in the presence of excess unlabeled
amino acids. Arrows point to positions predicted to contain radioac-
tivity. The amino acid sequence of the processed form of the enzyme
is shown at the bottom of the figure.
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FiG. 6. Radiosequencing of amidophosphoribosyltransfer-
ase produced from pFeSwtT. Experimental details are described
in the legend to Fig. 5 and the text. Open arrows indicate positions
in the unprocessed form of the enzyme sequence shown at the top of
the figure, predicted to contain radioactivity. Solid arrows indicate
positions in the processed form of the enzyme predicted to contain
radioactivity. The amino acid sequence of the processed form of the
enzyme is shown at the bottom of the figure.
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FiG. 7. Time course for processing of amidophosphoribo-
syltransferase in AB352/FeSwtL. Cells were pulse-labeled for 5
min in the presence of [*S]methionine. At time zero, unlabeled
methionine (0.20 mg/ml) and chloramphenicol (0.25 mg/ml) were
added and samples removed at 0 (lane 1), 0.5 (lane 2), 1.0 (lane 3),
3.0 (lane 4), 5.0 (lane 5), and 7.0 (lane 6) min. Samples were analyzed
as described in the text. Arrows point to unprocessed and processed
forms of the enzyme.

tated at various times after protein synthesis had been ter-
minated. Seven minutes after termination of protein synthe-
sis, approximately half of the amidophosphoribosyltransfer-
ase synthesized during the 5-min labeling period was proc-
essed (Fig. 7). Intermediate forms of processed enzyme were
not readily detectable, suggesting that processing is not the
result of an aminopeptidase. Thus, pulse chase experiments
on wild type amidophosphoribosyltransferase indicate that
NH,-terminal processing is a slow event that occurs post-
translationally.

Characterization of the FeS1 and FeS2 Mutant Amidophos-
phoribosyltransferase—Strains AB352/pFeS1T and AB352/
pFeS2T were grown for enzyme purification. As shown in Fig.
8, amidophosphoribosyltransferase is readily visualized by
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FiG. 8. Amidophosphoribosyltransferase in cell extracts
under induced and non-induced conditions. 0.2 ml of exponen-
tially growing cells was collected, lysed in SDS (30 mg/ml) at 100 °C,
and subjected to SDS-polyacrylamide gel electrophoresis. Lanes 1-3
contain cell extracts from strain AB352 harboring pFeS1, pFeS2, and
pFeSwt plasmids in which ¢rp promoter expression is directed oppo-
site to purkF. Lanes 4-6 contain cell extracts from AB352/pFeS1T,
AB352/pFeS2T and AB352/pFeSwtT, respectively. Lane 7, purified
amidophosphoribosyltransferase.

Coomassie staining of SDS-polyacrylamide gels of crude cel-
lular extracts. Amidophosphoribosyltransferase in extracts
from AB352/pFeS1T (lane 4) and pFeS2T (lane 5) migrates
slower than purified wild type amidophosphoribosyltransfer-
ase (lane 7). Protein bands can be visualized in extract from
AB352/pFeSwtT (lane 6) which migrate with purified ami-
dophosphoribosyltransferase (lane 7) and the mutant enzymes
(lanes 4 and 5). Thus under steady state conditions both
processed and unprocessed forms of amidophosphoribosyl-
transferase are present in AB352/pFeSwtT. Lanes 1-3 con-
tain extracts of cells containing plasmids with the trp pro-
moter directed in the opposite orientation. These strains do
not produce amidophosphoribosyltransferase. It is estimated
by visual inspection that up to 15% of the total cellular protein
is amidophosphoribosyltransferase. Despite enzyme overpro-
duction of the FeS1 and FeS2 mutants, amidophosphoribo-
syltransferase activity was undetectable. Although stable in
growing cells, the mutant enzymes appeared to be unstable
during purification. In addition, the FeS1 and FeS2 mutant
enzymes were insoluble and had an affinity for the membrane
fraction. As a result, the FeS1 and FeS2 mutant enzymes were
refractory to purification.

The results of electrophoresis shown in Figs. 44 and 8
suggest that the mutant enzymes may be unprocessed. To
investigate this possibility further, radiosequencing of these
enzymes was conducted. The data in Fig. 9 show that the
labeling pattern of the FeS2 enzyme was indicative of unpro-
cessed enzyme. A virtually identical labeling pattern was
obtained for the FeS1 mutant (not shown). Thus, the FeS1
and FeS2 mutations inactivate the enzyme, and NH,-terminal
processing does not occur. These results are recorded in Table
L.

Purification and Characterization of FeS3 and FeS4 Mutant
Amidophosphoribosyltransferase—The FeS3 and FeS4 mutant
enzymes as well as wild type amidophosphoribosyltransferase
were purified from E. coli strain AB352 containing the plas-
mids pFeS3L, pFeS4L, and pFeSwtL, respectively. Based on
SDS-polyacrylamide gel electrophoresis and protein sequence
analysis the enzyme preparations were greater than 95% pure.
Table I summarizes several properties of the enzymes. Auto-
mated Edman degradation for 12 cycles indicated that both
mutant enzymes and the wild type were fully processed.

The glutamine- and NHj-dependent activities of the mu-
tant enzymes were decreased to approximately 13-24% of the
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Fi1G. 9. Radiosequencing of amidophosphoribosyltransfer-
ase produced from pFeS2T. NH,-terminal Edman degradation
was carried out on [*H]leucine- and ["‘C]isoleucine-labeled amido-
phosphoribosyltransferase as described in the text. Cells were labeled
for 40 min. Arrows indicate positions predicted to contain radioactiv-
ity. The amino acid sequence of the unprocessed form of the enzyme
is shown at the top of the figure.

wild type. The specific activity of the wild type enzyme was
comparable to that obtained previously from B. subtilis purF
expressed in E. coli (13).

The iron content of the purified enzymes was determined
and recorded in Table 1. The wild type enzyme contained 6.0
+ 1.5 g atoms of Fe/subunit. This value is about 2-fold higher
than previously reported (13) and results from a difference in
methods used for measurement of protein. The Fe content of
the mutant enzymes was somewhat lower than the wild type.
However, based on the variations in replicate determinations,
we conclude that the two mutants and the wild type enzymes
likely have similar Fe contents.

B. subtilis amidophosphoribosyltransferase is subject to end
product inhibition by purine ribonucleotides (33). AMP is the
most effective inhibitor. Since Vollmer et al. (10) have sug-
gested that the Fe-S cluster may serve a structural or regula-
tory role, we investigated the capacity of the FeS3 and FeS4
mutant enzymes for allosteric regulation by AMP. The data
in Fig. 10 show that inhibition by AMP was indistinguishable
for the two mutant enzymes and the wild type.

DISCUSSION

The primary structures of amidophosphoribosyltransferase
from E. coli and B. subtilis are approximately 40% conserved
and are likely homologous (13). It is therefore not unexpected
that these enzymes exhibit similar catalytic and allosteric
regulatory properties (4-7) and employ an identical mecha-
nism for glutamine amide transfer (5, 14). However, amido-
phosphoribosyltransferase enzymes from these two bacteria
exhibit two key structural differences. (i) The B. subtilis
enzyme is synthesized with an NH,-terminal undecapeptide
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Fic. 10. Inhibition of amidophosphoribosyltransferase by
AMP. Glutamine-dependent activity was measured by the glutamate
dehydrogenase method. @, wild type amidophosphoribosyltransferase;
O, FeS3 mutant amidophosphoribosyltransferase; A, FeS4 mutant
amidophosphoribosyltransferase.

leader sequence which is processed to expose an active site
cysteine residue at the NH, terminus. In the E. coli enzyme,
only the initiator Met is removed to yield a mature enzyme
having an NH,-terminal active site cysteinyl residue. (ii) B.
subtilis but not E. coli amidophosphoribosyltransferase con-
tains one [4Fe-4S] cluster per subunit that is essential for
activity but appears to have no direct role in catalysis (10).
The present series of experiments confirms the previously
ascribed cysteinyl [4Fe-4S) ligands (13), provides additional
information about undecapeptide processing, and supports a
relationship between Fe-S function and NH,-terminal proc-
essing.

The Fe-S binding site was identified by mutations that
partially or completely inactivate amidophosphoribosyltrans-
ferase. Enzyme activity was abolished by replacement of
either Cys-448 or Cys-451 with serine. Activity was partially
restored to the Ser-451 mutant (FeS2) by introduction of a
cysteine at position 442 (FeS4). The most direct interpreta-
tion of these replacements is that the triad C**-X-X-C*8-X-
X-C*! provides three ligands to the [4Fe-4S] cluster and the
closely related triad C**-X-X-C***-X-X-C*® can also provide
three ligands and is partially functional. We consider unlikely
the alternative possibility that Ser-448 (FeS1) and Ser-451
(FeS2) mutations inactivate the enzyme due to an altered
conformation which can be partially corrected by a second
site Cys-442 mutation (FeS4). Evidence for Cys-393 as the
fourth cysteinyl ligand to Fe was provided by replacement of
Phe-394 to Val in FeS3. This mutation, which likely promotes
a subtle change in the orientation of Cys-394, partially inac-
tivates the enzyme. The alternative explanation that the Val-
394 mutation perturbs the structure of the catalytic domain
previously assigned (34) to amino acids 354-450 is considered
unlikely. In the E. coli enzyme, the residue corresponding to
Val-394 is also valine. The E. coli enzyme and the FeS4
mutant enzyme both have the conserved sequence V-Y-G-I-
D at this position.

Although analytical measurements indicate somewhat
lower values for Fe content in the FeS3 and FeS4 mutant
enzymes compared to the wild type, the data are insufficient

Mutagenesis of the [4Fe-4S] Site of Amidophosphoribosyltransferase

to establish a significant difference between the enzymes. We
conclude that the enzyme preparations from the two mutants
and wild type contained similar amounts of Fe. A stoichiom-
etry of 6 g atoms of Fe/subunit for the B. subtilis enzyme
made in E. coli (Table I) compares with a previous estimate
of 3.2 g atoms/subunit (13). This discrepancy results from the
methods used to determine protein. Previously, the stoichi-
ometry for Fe content was based on an extinction coefficient
of 9.6 at 278 nm for a 1% solution of enzyme subunit. This
extinction coefficient was determined for enzyme purified
from B. subtilis. Based on amino acid analysis and supported
by NH,-terminal amino acid sequencing, an extinction coef-
ficient of 19.2 at 278 nm for a 10 mg/ml solution of enzyme
subunit purified from E. coli was calculated. Further work is
required to resolve this discrepancy and to characterize the
Fe-S cluster in the B. subtilis enzyme made in E. coli.

Based on measurements of specific activity, it appears
unlikely that the [4Fe-4S] cluster has a specific role in either
the NH;-dependent reaction or in glutamine amide transfer
since both catalytic reactions were lost in parallel in FeS
mutants (Table I). A role of the Fe-S center in allosteric
regulation is excluded based on normal feedback inhibition
by AMP for the residual enzyme activity of FeS mutants. We
conclude from these experiments that the Fe-S cluster has no
specific role in catalysis or allosteric regulation. This conclu-
sion is in agreement with the work of Vollmer et al. (10),
which showed that the [4Fe-4S] cluster does not function to
transfer electrons during catalysis. If the Fe-S center has a
role in O,-dependent inactivation (9) that precedes amido-
phosphoribosyltransferase degradation during sporulation,
mutations FeS1 and FeS2 might promote increased degrada-
tion during log phase growth. purF containing mutations FeS1
to FeS4 has been integrated into the B. subtilis chromosome
in preparation for such experiments.?

Expression of purF* genes from plasmids pFeSwtL and
pFeSwtT results in overproduction of B. subtilis amidophos-
phoribosyltransferase in E. coli, and indicates that NH,-
terminal undecapeptide processing is a post-translational rate
limiting step. The most direct explanation for slow processing
in this heterologous system is that an essential enzyme or
factor is required which becomes limiting when amidophos-
phoribosyltransferase is overproduced. It was previously re-
ported (3) that replacement of Cys-12 abolished glutamine-
dependent activity as well as undecapeptide processing. Fur-
thermore, a link was noted between NH,-terminal processing
and Fe-S content. A relationship between catalytic activity
and processing was maintained in the FeS mutants. Mutant
enzymes FeS1 and FeS2, having no activity, were not proc-
essed, whereas mutant enzymes FeS3 and FeS4, having partial
activity, were processed. We suggest two alternative possibil-
ities for the connection between functional Fe-S centers and
NH,-terminal processing of amidophosphoribosyltransferase.
(i) A [4Fe-4S] center is required to maintain a native confor-
mation which is required for activity and for processing. (ii)
Processing requires glutamine-dependent catalytic activity
which is dependent upon an Fe-S center. At present we cannot
choose between these possibilities nor evaluate whether proc-
essing is factor-dependent, autocatalytic (3), or a combination
of both.

It is intriguing that amidophosphoribosyltransferase from
E. coli (5) and Saccharomyces cerevisiae (35) lacks both an
Fe-S cluster and an NH,-terminal undecapeptide leader. The
basis for the connection between Fe-S cluster and NH,-
terminal leader could be that (i) the leader is required for

2C. Makaroff, D. E. Ebbole, and H. Zalkin, unpublished experi-
ments.
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assembly of the Fe-S cluster and/or (ii) the Fe-S cluster is
required to remove the leader. Based on this connection, we
predict that human amidophosphoribosyltransferase (36), an
Fe-S protein, is synthesized with an undecapeptide leader.

Amidophosphoribosyltransferase purified from cells bear-
ing plasmids pFeSwtL, pFeS3L, and pFeS4L was fully proc-
essed. Unprocessed enzyme is most likely removed during
purification. If NH;-terminal undecapeptide processing is re-
quired for glutamine-dependent activity, the unprocessed en-
zyme would not be detected during purification. It is known
that the unprocessed Phe-12 mutant and the wild type enzyme
chromatograph differently during purification (3). If unpro-
cessed forms of the wild type, FeS3, and FeS4 enzymes also
chromatograph differently from mature enzyme, they were
likely discarded during purification.

SDS-polyacrylamide gel electrophoresis of the FeS1 and
FeS2 mutant enzymes indicate that the enzymes are stable in
growing cells. Based on their insolubility in extracts, we
suggest that the stability of inactive FeS1 and FeS2 enzymes
may result from formation of insoluble aggregates within the
cell which are resistant to degradation by proteases. A second
possibility that the mutant enzymes assume the native con-
formation is unlikely but can not be ruled out. Previous
attempts to remove the Fe-S cluster from the wild type
enzyme have yielded insoluble aggregates of denatured en-
zyme (9).

In contrast to the FeS1 and FeS2 mutant enzymes which
are stable in the cell even under high level expression, the
FeS5 mutation was extremely unstable. Several attempts to
reconstruct the FeS5 mutant purF failed. In all cases a C —
A reversion was observed which restored the wild type Phe
residue at position 452. This result suggests that the FeS5
mutation is lethal to the cell. The apparent lethality of FeS5
is a likely result of the mutant enzyme interfering with normal
cellular functions.
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