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ABSTRACT. Based on its metallo-cofactor, the manganese-dependent ribonucleotide reductase (Mn-RRase)
responsible for delivery of DNA precursors in the Mn-requiring Gram-positive bacteCiorynebacterium
(formerly Brevibacterium) ammoniageneATCC 6872 is no longer considered as a simple analogue of

the aerobic FeRRase ofEscherichia colibut as the prototype of the class IV enzymép (Deliberate
dissociation of the Mn-RRase holoenzyme and an improved sample preparation of the dimeric CA2 protein
allowed further characterization of the inherent metallo-cofactor by Q-band electron paramagnetic resonance
(EPR) spectroscopy. At 40 K, a distinct hyperfine sextet(%/,,5°Mn) pattern with a weak zero-field
splitting was detected in the CA2 protein prepared from manganese-sufficient cells displaying high RRase
activity as expected. This Q-band Mn(ll) signal was absent in the apo-CA2 protein obtained from
manganese-depleted cells devoid of this enzymatic activity. The presence of a mixed valence manganese
cluster in theC. ammoniageneRRase is excluded since no complex multiline EPR signals were detected

in the CA2 protein even at very low (8 K) temperature. The observed Mn(ll) spectrum indicates a protein-
bound manganese which was modified in the presence of 5.7pmMthoxyphenol, but is insensitive
toward 10 mM EDTA. Thus, the manganese appeared to be either strictly bound or buried within a
hydrophobic pocket of the CA2 protein, inaccessible for EDTA.

The RRases (EC 1.17.4) catalyze the irreversible reductionment for DNA formation in growing cells1(0), (I1) the loss
of ribonucleotides to deoxyribonucleotides and thus provide of the ability to reduce ribonucleotides upon manganese
the building blocks for DNA replication?). Since no other  depletion 1), (lll) co-chromatography of the radioactive
route to DNA existdn vivo, this enzymatic reaction is the  metal isotop€*Mn and enzymatic activity during purification
bottleneck for DNA synthesis and cell proliferation. Despite of the holoenzyme to homogeneity, starting from isotope-
a uniform mechanism which involves organic radicdls (  labeled cells, and (V) acid denaturation of the purified
nature has evolved a great diversity of enzymes which useholoenzyme with subsequent release of a Mn(ll) EPR signal
different metallo-cofactors or metallo-proteins for catalysis (12).
(3,4). Thus, trace elements such as Co, Fe, and Mn control  To confirm the manganese state of tAeammoniagenes
growth and DNA production in different organisnts—(7). RRase with itso5; subunit structure12), a new strategy
The manganese-dependent ribonucleotide reductase (Mnwas necessary, considering the facile dissociation of the Mn-
RRase) of Corynebacterium ammoniageness detected  RRase holoenzyme resulting in substantial loss of activity
(8) in a search for the primary target of manganese depletionduring purification £2). This paper presents Q-band EPR
in this industrial nucleotide producer straig).( spectroscopic data of the metal-containing small subunit

The manganese character of theammoniageneBRRase (CAZ2 protein) of theC. ammoniagenebin-RRase using the
has been demonstrated by () an absolute manganese requirezpproach of Blasczyk1@) for deliberate dissociation of
subunits under controlled conditions.
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Ficure 1: Q-band EPR spectra of the manganese(ll) center of
FPLC-purified native CA2 protein d. ammoniagenebin-RRase.
Conditions: 40 K, 5 mW, 33.5 GHz, modulation amplitude 0.8
mT. Top spectrum scan, 82 mT; middle scan, 250 mT; bottom,
base line scan, 250 mT.

10 mL of Quicksafe A (Zinsser Analytik GmbH, Frankfurt,
Germany).

Incorporation of!“C-labeled nucleic acid precursors into
the KOH-stable, TCA-insoluble DNA fraction was studied
with growing cultures in order to determine DNA formation
activity as described previousl§@). Large-scale incubation
of C. ammoniageneATCC 6872 was carried out according
to Griepenburg et al.14). The protocol of Willing et al.
(12) was used for large-scale incubation in a mineral medium
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application of very small volumes (2&L) was used, and

the temperature of the samples was increased stepwise from
room temperature to 2750 as follows: for evaporation

of water, 15 s 128C, 14 s constant; for pyrolysis of organic
compounds, 10 s 600C, 10 s constant; for transition of
inorganic material into gaseous compounds, 39 s 2400

4 s constant; and for cleaning of the graphite {ube 2750

°C.

The manganese content was calculated in the following
four step-procedure: (1) sensitive Mn determination by ICP-
MS in 100 kDa fractions containing the enriched and highly
concentrated CA2 protein as the only manganoproted (

(1) subtraction of the Mn background from simultaneously
enriched apo-CAZ2; (lll) estimation of the concentration levels
of native CA2 by determination of activity for ribonucleotide
reduction in the biochemical complementation assay and
recalculation using the published value for the specific
activity of the purified holoenzymel@); (1V) final calcula-

tion of the Mn/protein ratio taking into consideration the
subunit structured3,) of the C. ammoniagenebin-RRase,
inclusive molecular mass of subunits.

EPR SpectroscopyFor Q-band measurements (34 GHz,
Bruker ER 220 D), the samples were filled in fused quartz
tubes (2.4 mm outer diameter, Wilmad). The spectra were
obtained with an ER 5106 QT cavity (Bruker) in a continuous
flow cryostat CF 935 (Oxford Instruments) using a temper-
ature range from 8 to 80 K.

under conditions of manganese deficiency in order to prepareResyLTS

apo-RRase. Likewise, for preparation of Mn-RRase, the

strain was grown under the same conditions and then

reactivated in vivo by addition of 1M MnCl; (10, 11).

Initial Experiments with CA2 Protein Enriched by Con-
ventional Chromatography The previous unequivocal au-

This incubation regime leads to biomass with enhanced toradiographic allocation 6®*Mn to the smaller subunit of

enzyme activity 7).

Assays for Determination of Enzymatic At for Ribo-
nucleotide ReductionThe standard assay for ribonucleotide
reduction was done according to Willing et al2]. After

Mn-RRase {2) allowed us to focus on this part of the
enzyme for metal quantification. Thus, the dimeric X2

50 kDa) metal-containing subunit, here referred to as CA2
protein, was selectively enriched by deliberate separation of

deliberate dissociation of the Mn-RRase holoenzyme into CA2 from the holoenzyme through affinity chromatography.
the larger (CAL protein) and the smaller metal-containing Retention of the allosterically regulated CA1 protein with
subunit (CA2 protein), a biochemical complementation assay its nucleotide effector binding sites was achieved &2
(14) was used to determine the activity of the latter. Protein ADP—Sepharose 4B. Initially, conventional chromatography
was determined by proteirdye binding (5) with bovine (gel filtration, Sephadex G-100) was used for further
serum albumin as a standard. purification. Routinely, 100uL-solutions of a 100 kDa
Preparation of CA2 ProteirFree of Unspecifically Bound  fraction (50 mg of protein/mL), free of unspecifically bound
Mn?t lons All enzyme procedures were carried out at®) Mn?* ions, were obtained. CA2 protein and inactive apo-
°C. High concentrations of FPLC-purified native CA2 CA2, simultaneously enriched from parallel cultures as
protein and apo-CA2 were obtained and enzymatically described under Materials and Methods, were analyzed for
assayed using exactly the same protocol as in the flow Mn and other transition metals (not shown). Differential
scheme of Figure 1 presented by Griepenburg etld). ( enrichment of transition metals in the smaller subunit (CA2
The initial conventional gel filtration on Sephadex G-100 protein) of the Mn-RRase, depending on the presence or
(30 x 900 mm) with self-packed columns and ultrafiltration absence of Mn during growth, was observed. By ICP-MS,
with an Amicon cell (PM 10 filter, Amicon GmbH, Witten, 75 ng/mg of Mn per inactive apo-Ca2 protein and 104 ng/
FRG) were carried out as previously describad)( mg of Mn per active CA2 protein were found. By subtract-
Analysis of Metals and CalculationsManganese was ing the manganese background in the simultaneously en-
determined by inductively coupled plasma-mass spectrometryriched apo-CA2, the intrinsic manganese content of the active
(ICP-MS). Because its mass number, 55, does not changeCA2 protein was determined as 29 ng/mg of protein. Further
due to any intrinsic artifacts of this spectroscopic technique, calculation as described under Materials and Methods yielded
manganese is a 100% isotope. The values obtained by ICP2.7 Mn per CA2 dimer, a value that should be corrected to
MS for the elements Fe, Co, Ni, Cu, and Zn were recalculated 1 Mn atom per CA2 monomer since no loss of manganese
via their isotope occurrence according to deBievre and occurs during chromatographic enrichment as shown here
Barnes 16). A VG PlasmaQuad PQ2 Turbo (VG Elemental, (see below) whereas the ability to reduce ribonucleotides in
Winsford, U.K.) equipped with a graphite tube allowing the biochemical complementation assay is rapidly lost due
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to the short half-life of the intrinsic stable free radicay.

This estimated 1:1 stoichiometry of protein and manganese

favors a mononuclear metal site in tke ammoniagenes

Mn-RRase over a binuclear manganese cluster postulated

thus far (2, 17) and induced us to develop an improved

sample preparation for EPR spectroscopy. -

Experiments with CA2 Protein Enriched by FPLOsing 0.1 1 10 100

the FPLC protocol developed by Griepenburg et B) {ed c[mM]

to an improved.purification of both the nativg .CAZ.protein FiGure 2: Inactivation of the native CA2 protein of th€.

and apo-CA2 with regard to the metal composition since EPR gmmoniagene®Rase in the presence of increasing amounts of

spectroscopy did not detect any significant signals of metals p-methoxyphenol M) and p-propoxyphenol 4). The degree of

other than Mn in the native CA2 protein whereas the apo- inhibition of FPLC-purifed native CA2 protein was examined by

CA2 was devoid of any metals (see below). At first, the assaying for the ability to reduce ribonucleotides after biochemical
. - L complementation with the catalytic CA1 protein as described under

presence of a low-spin Mn-porphyrin, providing an analogy \jaterials and Methods.

to the bacterial Co-corrin-dependent ribonucleotide reduc-

tases 18, 19, 5), was considered as a distinct possibility).

However, no characteristic EPR signalsgat= 6 and 2, W
typical for a Mn-porphyrin system2(), were detected in

100
5.3 mM

50

rel. enzyme activity [ % ]

the temperature range-80 K. jzz i
Here we present the first successful Q-band EPR measure- l B
ments of the native CA2 protein of tHé. ammoniagenes
Mn—_R.Rase. The spectrum shown in Flgurg 1 (top trace) 1160 1185 1210 1235 1260
exhibits a well-resolved manganese hyperfine sextet ( N
m

5/,) with splittings between 9.2 and 9.6 mT centered around o i
g = 2, typical for Mn(ll) in an octahedral environment. The FIGURE 3: Significant spectral changes of the CA2 protein by
line width amounts to 3.2 mT for the individual hyperfine 2dgggvcsoiﬁémreﬁg%xgigh;l;%r(tig g_l\géggallwcr?(rlﬁesnsglct;?un% '(I;rfat%ee
lines. Additional weak features are visible at the low- and native CA2 protein which is identical to the spectrum obtained in
high-field flanks of the sextet lines which are indicative of the presence of 10 mM EDTA. Trace B presents the spectrum of
a small zero-field splitting (zfs) with rhombic distortion. ~P-methoxyphenol-treated CA2 protein. The line width is distinctly
Similar spectra of the centratl/, < %/, transition with reduced, espe.cllallylln. the high field-part of the spectrum (empty
various zfs contributions have been described for other arrows). Conditions: identical to Figure 1.
manganese enzyme&l). No manganese lines were ob-
served in the inactive apo-CA2 protein.

Apart from signal intensity, no spectral changes were
observed upon variation of temperature in a range from 8 to
80 K and of microwave power between 50 mW andA4/8.

was applied. Interestinglyp-methoxyphenol is able to

modify the characteristic Q-band EPR Mn(ll) spectrum of
the native CA2 protein shown in Figure 1 toward a higher
symmetry, noticeable from the reduced line width especially
in the high field (Figure 3, trace B). This observation clearly

In particular, no sp_e.ctralibroadenlng or splitting nor the correlates the well-resolved manganese hyperfine sextet to
appearance of multiline signals was observed, which havethe metal center of th€. ammoniagene®Rase. On the

been encountered in binuclear manganese systems Witrbther hand, the chelating agent EDTA did not change the

strong dipolar coupling or exchange interactions between -po Mn(ll) si ;

) ' . . : signal (Figure 3, trace A)even not when added
adjacent ions32-24). In Figure 1 (middle trace), the field to give a final concentration which corresponds to the
scan spanning 250 mT indicates that extremely broad flanksValue (10 mM,12)

down to 1118 mT are present. For comparison, the base
line is shown in the bottom trace. Apart from this broad pscuyssioN
line, no additional fine structure transitionsY, <> 4%/, etc.)
at lower or higher fields could be resolved so far. According  Thus far, a binuclear manganese cluster, analogous to the
to the scheme proposed by Reed and Rz, (for Mn(ll) u-oxo-bridged diferric cluster in the aerobic RRasd&otoli
complexes with axial symmetry the complex in the CA2 (27, 28), was hypothesized for the Mn-RRase@fammo-
protein can qualitatively be associated with a rather small niagenes(7, 1). This idea was generated on the basis of
zfs parameteD. similar UV/visible spectra recorded from the Mn-RRase
Sensing of the native CA2 protein with specific inhibitors holoenzyme 12), the pseudocatalase b&ctobacillus plan-
of the C. ammoniagenedfkRRase appeared as the fastest tarum (29), and binuclear inorganic manganese complexes
strategy for additional correlation of the Mn(ll) Q-band EPR (30, 31, 17). In retrospect, it is of interest that although a
signal. For this kind of experimentp-alkoxyphenols, 1:1 stoichiometry of protein and manganese by X-band EPR
recently introduced by Rsch et al. 26) as new inhibitors of acid-denatured B2 (equivalent to CA2) was determined
of the iron-type ribonucleotide reductases, were chosen.(12), the result obtained was considered as an approximation
However, prior to their use, it was necessary to demonstrateonly because the idea of a mononuclear metal center was
that theC. ammoniageneBin-RRase is also targeted by these too strange at that time and more weight was put on spectral
inhibitors. Indeed, using the biochemical complementation similarities. However, this spectral similarity has less
assay, it was shown that the CA2 protein is inactivated by significance in light of the ICP-MS data on the CA2 protein
p-alkoxyphenols (Figure 2). For EPR spectroscopy, a final (this work) which favor a mononuclear manganese site in
concentration corresponding to thevalue (inhibition 50%) theC. ammoniageneRRase. Nevertheless, a breakthrough
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was required in order to substantiate our present view. ThisRRase ofC. ammoniagenegl4). As this radical, showing

was provided only by the modified sample preparation using up again in the Q-band EPR spectroscopy with identical

FPLC (14) yielding an improved signal-to-noise ratio for characteristics4l), is not present in apo-CA2 prepared from

EPR spectroscopic characterization of the metal center inmanganese-depleted cells, one might speculate on the func-

the C. ammoniageneMn-RRase. tion of the metal center in the Mn-RRase. We conclude that
The Q-band EPR spectra obtained have the characteristiomanganese in the native CA2 protein is one prerequisite for

features of isolated Mn(ll) in an octahedral environment with the existence of the stable free radical in the enzymatically

a small zero-field splitting parametBx, indicating a reduced  active C. ammoniageneRRase.

symmetry of the coordination sphere of the manganese ion.
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