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Abstract

Using CD spectroscopic and kinetic analysis, a refined mechanism of Co(NH3)2+ action on activity of Serratia
marcescens nuclease was elucidated. The mechanism was identical with previously found mechanisms of Mg+
and C7HsO,Hg. Similarly to Mg>+ and C;HsO,Hg ™, Co(NH3)2Jr binding to the DNA substrate induced changes
in the secondary structure which resulted in changes of the enzymatic activity of the S. marcescens nuclease. Upon
binding of 0.03 Co(N H3)2+ per DNA phosphate, highly polymerized DNA displayed A-form characteristics. The
DNA transition from B-form to A-form intermediate was followed by a decrease of the nuclease activity. The
diminishing nuclease activity was consistent with diminishing values of Km and Kcat. Co(NH3)g+ binding to the
highly polymerized DNA caused a 1.7-2.8-fold decrease in Km, and 13.3—19.9 decrease in Vmax compared with
Mg-DNA complex. A vast excess of Co(NH3)g+ did not affect the activity of S. marcescens nuclease if the DNA in

the assay mixture remained in its B-form conformation. Preincubation of S. marcescens nuclease with CO(NH3)gJr

did not influence the tertiary structure of the enzyme.

Introduction

The extracellular endonuclease of the Gram negative
bacterium Serratia marcescens (EC 3.1.30.2), Sma
nuc, potently degrades both DNA and RNA without
a pronounced preference to the sugar moieties. It is
a well studied enzyme of known structure (Bieder-
mann et al. 1989; Miller et al. 1994), mechanism of
action (Friedhoff et al. 1996) and physical-chemical
and biochemical properties (Nestle & Roberts 1969;
Filimonova et al. 1980, 1981; Kolmes et al. 1996).
Sma nuc is a unique enzyme. It represents a large
group of homologous nucleases which are widely
found in nature and share functionally important
amino-acid residues (Friedhoff ef al. 1996). Sma nuc
is one and only prokaryotic endonuclease represent-
ing a family of isoforms. Two major isoforms of Sma
nuc were isolated and characterized (Filimonova et al.
1991; Pedersen et al. 1993a, b; Suh et al. 1995; Fil-

imonova et al. 1996, 1997, 1999 ). Sma nuc is a
rare enzyme which is activated with the metal, Mg>*
cations, when Mg?* cations change the substrate’s
conformation upon binding to it (Filimonova et al.
1997). Although the interaction of enzyme’s effectors
with its substrates is predicted as a type of regulation
of enzymatic activity, regulation of this type is sel-
dom noted with nucleases. Except for Sma nuc, only
DNase I was noted to be regulated by metal binding
(also Mg2+) to its substrate (Poulos & Price 1972).
However activity regulation of DNA binding enzymes
by changing the local structure of DNA when the en-
zyme’s effectors bind may play a significant role in
vivo; such regulation may affect both the function and
metabolism of the DNA segments in the immediate
vicinity of the bound effectors and result in altered
nucleic acids metabolism.
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Besides Mg?t, Sma nuc is regulated by Fe?T,
Ca”*t, Zn**. All these cations, except for Mg?*, re-
press the nuclease activity (Leshchinskaya et al. 1967;
Nestle & Roberts 1969). 4-(chloromercurio)benzoate
(C7Hs0,Hg™ in solution), a reagent specific for the
SH-groups of proteins, also repressed the nuclease ac-
tivity although Sma nuc lacks SH- groups (Filimonova
et al. 1980; Pedersen et al. 1993b). The investigation
revealed a similarity in the mechanism of action of
C7Hs50,Hg* and Mg?* on the nuclease activity (Fil-
imonova et al. 2001). Both C;HsO,Hgt and Mg?*
affected the nuclease activity when they had bound to
the substrate (DNA), and as a result changed the sub-
strate’s secondary structure. The similarity between
Mg?* and C;HsO,Hg" is that both contain a cation,
although the metals are markedly different. From this
premise, we hypothesized that the mechanism of most
other metal-containing effectors towards the activity
of Sma nuc is similar to the mechanism of Mg+ and
C7H5 OzHg+.

To examine this hypothesis, we studied Co(NH3)2+
as an effector of the nuclease activity. Although
Co(NH3)g+ does not occur naturally in biological sys-
tems it is a well studied model cation that is known
as a modulator of the polynucleotide structure. Bind-
ing to oligonucleotides of d(G-C) types, Co(NH3)2+
induces the oligonucleotide transformation from B- to
A- form conformation (Xu et al. 1993). Nothing, how-
ever, is known of the Co(NH3)gJr action on activity of
S. marcescens nuclease.

We studied the effect of Co(NH3)2+ on DNA and
Sma nuc conformations as well as the nuclease ac-
tivity. Experiments were undertaken with the isoform
Sm?2 which is the mature Sma nuc protein.

Materials and methods

Preparation of the nuclease

The nuclease was isolated from the fermentation broth
of S. marcescens BIOM1 and the isoforms were sepa-
rated as described previously using anion- and cation-
exchange chromatography on DEAE-cellulose DE-32,
phosphocellulose P-11 and DEAE-cellulose DE-52
(Filimonova et al. 1980, 1991). The homogeneity
of the enzyme preparations has been previously de-
scribed (Pedersen et al. 1993b).

Sample preparation

To study Co(NH3)2Jr influence on highly polymer-
ized DNA (type XIV, Sigma), a DNA solution in
50 mM Tris-HCI buffer was titrated by adding micro-
liter amounts of Co(NH3)eCl3 stock solution (0.14 M)
to 0.03, 0.06 or 0.2 Co(NH3)g+ per DNA phosphate.
Here and thereafter used Tris was preliminary recrys-
tallized in the presence of EDTA to prevent possible
contamination with trace amounts of multivalent metal
cations.

When Co(NH3)gJr dependence was studied in the
presence of Mg?* the DNA solution was preliminarily
mixed with 1 M MgSOy to 30 Mg?* per DNA phos-
phate and then titrated with the appropriate amount
of stock solution of Co(NH3)¢Cl; to 0.03 or 0.2
Co(NH;3)2" per DNA phosphate.

Studying a direct influence of Co(NH3)g+ on
S. marcescens nuclease, to remove the cations of mul-
tivalent metals from the Sm2 isoform preparation, a
column chromatography (1 x 26.3 cm) on Sephadex
G-75 (fine) equilibrated with 50 mM Tris-HCl buffer,
pH 8.5, was performed as done previously (Poulos &
Price 1972; Filimonova et al. 1997). Then 0.14 M
Co(NH3)6Cl3 was added to the Sm2 preparation to a
ratio of Co(NH3)2+/Sm2 of 57.8,288.8, or 577.6. Af-
ter 15 min preincubation at room temperature the CD
spectra of the Sm2 preparation in the presence or in
the absence of Co(NH3)2Jr were recorded. Enzymatic
activity of these samples were assayed in a few hours
later.

Circular dichroism spectrometry (CD)

CD spectra of 5.02 uM Sm2 or 1.44 mM (in a nu-
cleotide equivalent) DNA were recorded at room tem-
perature in a 10 mm or 2 mm path length cuvette at
210-310 nm using a Jasco-J 500 A spectrometer .

Kinetic study

The nuclease activity was determined by the hyper-
chromic effect of hydrolysis of the highly polymerized
DNA using a A-35 Perkin Elmer spectrophotome-
ter. Apparent rates of the reaction were recorded
until the progress curves became non-linear. Rates
were calculated from the linear part of the reaction
progress curves (initial velocities) using the applied
Rate Analysis software package.

Experiments were carried out in 10 mm cuvettes
at 25 °C. After addition of 0.51 uM isoform Sm2



(13.63 png/ml) to 500-fold volume (2500 wl) of pre-
warmed (3-5 min) assay mixture containing 50 mM
Tris-HCI buffer, pH 8.55, and appropriately prepared
DNA the measurements were performed for 5—30 min.

Activity of Sma nuc, pre-incubated with Co(N H3)2+,
was determined at a DNA concentration of 0.03 mg/ml.

To establish the crude Km value the substrate con-
centrations varied between 5 and 250 pg/ml. For fine
kinetic measurements the DNA concentrations were
5-125 pg/ml.

Activity of S. marcescens nuclease was expressed
in terms of Kunitz unit (KU). 1 KU is defined as
the amount of enzyme needed for an increase of
0.001 nm/min at 25°C in a 1 ml volume at 10 mm path
length.

The reaction velocities were expressed in KU per
mg of Sma nuc in the assay mixture. Concentra-
tion of the isoform Sm2 was calculated based on the
molecular mass and molar extinction coefficient of
47292 M~! cm—1 (Filimonova et al. 1981; Peder-
sen et al. 1993a). Concentration of the substrates in
nucleotide equivalents were calculated using g769 of
6500 M~! cm~!.

Km and Vmax values were determined from
Lineweaver-Burk double reciprocal-, Eadie-Hofstee-
and Hanes transformed Michaelis-Menten plot. The
slope of the Lineweaver-Burk-, Eadie-Hofstee- or
Hanes transformed plots gave Km/Vi,x, -Km or
1/Vmax, respectively. The value of ordinate axis vesus
0 at the abscissa axis gave 1/Viax, Vmax of Km/Vpax,
respectively. Kcat was calculated as Vipax per 1 mM of
Sma nuc.

Results and discussion

Action of hexaaminecobalt on S. marcescens nuclease
activity was analyzed in comparison with the action of
these cations on both the nuclease and DNA conforma-
tions noted via CD spectroscopic analysis. The effect
of Co(NH3)2Jr has been examined in comparison with
that of Mg?+.

CD spectra of DNA preparations are shown in
Figure 1. As seen from the figure, the CD spectrum
of commercial DNA (line 1) without addition of the
cations (taken as a control) is the spectrum of B-form
DNA (Hung et al. 1994); it exhibits large and small
positive bands centered at 273 and 218 nm, respec-
tively, a large negative band centered at 243 nm and
intersections of the abscissa at 224 and 256 nm.
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Fig. 1. CD spectra of DNA preparation in the absence (1) and in the
presence (2-5) of Co(NH3)2+ at Co(NH3)g+ to DNA phosphate
ratio of 0.03 (2,4) and 0.2 (3.5). The Mg2Jr to DNA phosphate ratio
(4,5) was 30.

Addition of Co(NH3)sCls to the DNA induced
small but specific binding changes to the polynu-
cleotides (Xu et al. 1993) as observed in the CD spec-
tra (lines 2 and 3). The positive band at 255-300 nm
broadened and the intensity of the positive band at
271 nm increased by 10%. These changes suggest
the DNA transition to A-form characteristics due to
Co(NH3)?" binding. Alteration of the Co(NH3)? ™ to
DNA phosphate ratio (0.03 and 0.2) resulted in nearly
superimposed spectra (spectra 2 and 3). The superim-
posing spectra allowed us to assume that saturation of
the DNA with Co(NH3)2Jr happens at rather low bind-
ing density of the cations (Braunlin & Xu 1992) that
was about 0.03 Co(NH3)gJr per DNA phosphate. CD
spectra of DNA preparations in the presence of Mg>*
together with Co(NH3)g+ (spectra 4 and 5) support
the assumption. The spectra of these preparations also
superimposed despite the noted difference in the ratio
of Co(NH3)2+ to DNA phosphate. Spectra of prepa-
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Fig. 2. The nuclease activity towards the DNA preparations demon-
strating B-form (1,4,5) and A-form (2,3) characteristics. DNA
preparation: 1- commercial, 2- 5 - with Co(NH3)¢Cl3, 4-5 - with
Co(NH3)6Cl3 and Mg2+. Ratio of Co(NHg)g"' to DNA and Mg2Jr
to DNA are as noted in Figure 1.

rations containing Mg+t (spectra 4 and 5), however,
differed from the spectra of DNA in the presence of
solely CO(NH3)2Jr (spectra 2 and 3) by a pronounced
diminution of the positive band centered at 275 nm
and a narrowing of the positive band at 255-300 nm.
The reduced intensity of the positive band evidences
of the Mg association with the phosphate groups of
DNA and formation of Mg-DNA complex that results
in changing of the secondary structure of DNA (Chan
et al. 1979; Johnson et al. 1981; Watanabe & Iso
1984).

Enzymatic activity of Sma nuc towards the com-
mercial DNA (1) and the Co(NH3);™ (2,3) or
Co(NH3)2+ together with Mg2+(4,5) preparations is
depicted in Figure 2. As noted in the figure, the nucle-
ase activity on the Mg-DNA complex associated with
Co(NH3)2Jr was 20-30% higher and DNA solely as-
sociated with Co(NH3)gJr was 40-45% lower than the
activity with commercial DNA (taken as 100%).

Since the complicity of Co(NH3)g+ association
with DNA and the ratio of the bound to free DNA in
solution with Co(NH3)2Jr was not clear we examined
the influence of Co(NH3)gJr on both the conforma-
tion and the activity of S. marcescens nuclease at a
wide range of Co(NH3)g+/ Sma nuc ratio. Sma nuc
was preincubated with Co(NH3)eCl3 at Co(NHg)gJr
to Sma nuc ratios of 57.8, 288.8, and 577.6 and
then was subjected to both CD spectroscopic and rate
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Fig. 3. CD spectra of Sma nuc preparation in the absence (1) and
in the presence (2-4) of Co(NH3)gJr at CO(NH3)2Jr to the nuclease
ratio of 57.8 (2), 288.8 (3), and 577.6 (4).

analyses. CD spectra of the Sma nuc preparations are
shown in Figure 3. The CD spectrum of the nucle-
ase in the absence of Co(NH3)2Jr (1) superimposed
with the spectrum of Sma nuc in the presence of 57.8-
fold excess of Co(NH3)gJr (2) and was identical with

the spectra recorded in the presence of Co(NH3)gJr
at the higher concentrations (3 and 4). Preincuba-
tion of Sma nuc with Co(NH3)2+ thus did not affect
the aromatic CD spectrum of Sma nuc indicating a
lack of Co(NH3)gJr influence on the tertiary structure
of S. marcescens nuclease. This conclusion was sup-
ported by results of the rate analysis shown in Figure 4.
Nuclease preincubated with Co(NH3)2+, followed by
being appropriately diluted, displayed similar activity
towards the highly polymerized DNA when the range
of Co(NH3)gJr to the nuclease ratio varied from O to
577.6. Statistical analysis showed that difference be-
tween the values of nuclease activity found at this wide
range of CO(NH3)2+ concentration was insignificant.
It is worthy to note that 20-fold dilution with the wa-
ter and 500-fold dilution with the assay mixture did
not influence the Co(NH3)gJr to Sma nuc ratios and
resulted in the assay mixture 10-100 fold less than the
amount of Co(N H3)2+ needed to induce the transition
of DNA from B- to A-form characteristics. In addition,
the assay mixture contained 30 Mg?* per DNA phos-
phate that was enough to maintain DNA in its B-form
conformation (Filimonova et al. 1997). A vast excess
of Co(NH3)2Jr thus did not affect the activity of Sma
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Table 1. Kinetic parameters for the cleavage of DNA in the presence of the cations.

1

Estimation Km, mg/ml Vmax, mM/min Kcat, sec™
plot Co(NH3);" Mg?t  Co(NH3);T Mg*™  Co(NH3);" MgZ*
Lineweaver
-Burk- 0.018 0.046 120.4 1993.1 537 888.2
Eadie-
Hofstee- 0.007 0.017 98.0 1390.2  43.7 619.5
Hanes
transformed
Michaelis-
Menten 0.018 0.031 120.4 16553 537 737.6
Co(NH3)2+ with DNA such that a DNA-transition to
Nuclease incubation A-form characteristics occurred, resulted in a moder-
with Co(NHg)eCls ately enhanced affinity of the S. marcescens nuclease
50 to the transformed substrate and drastically reduced a
Q | 20-fold ditution with the water | productive dissociation of the enzyme-substrate com-
G 72 A p]ex_
:? | 500-fold dilution with the assay mmurel
5 A
L5 - Conclusion
1 Using Co(NH3)Cls the transition of highly poly-
] merized DNA to A-form characteristics was induced
0 i as revealed by CD-spectroscopy. The transition was

57.8
Co(NHs)e* to nuclease rafio at the incubation

2888  577.6

Fig. 4. Activity of the nuclease preincubated with Co(NH3)6C13
at Co(NH3)6CI13 to Sma nuc ratio of 0, 57.8, 288.8, and 577.6.
At the assay mixture Co(NH3)6Cl3 to DNA phosphate ratio was
respectively O (control), 0.00003, 0.0015, and 0.003; Mg27L to DNA
phosphate ratio was 30; Mg2+ to the nuclease ratio - 5 x 109.

nuc when the substrate in the assay mixture remained
in the B-form conformation.

Kinetic analysis was used to refine the effect of
Co(NHg)gJr action on the catalytic mechanism of
DNA cleavage with S. marcescens nuclease compared
with that of Mg?*. Three different plots were used to
insure reliability in the determination of kinetic pa-
rameters (Figure 5). While the estimations depended
on the particular method used, similar estimations of
the kinetic parameters when CO(NH3)gJr was present
were found. Co(NH3)gJr binding to the highly poly-
merized DNA caused a 1.7-2.8-fold decrease in Km,
and a 13.3-19.9 decrease in Vmax compared with
Mg-DNA complex (Table 1). The association thus of

followed by a decrease of the nuclease activity.
Therefore Co(NH3)gJr influenced enzymatic activity
of S. marcescens nuclease. The diminished nucle-
ase activity was consistent with diminished values
of Km and Kcat, but the Km value decreased only
moderately while the Kcat value changed drastically.
Co(NH3)gJr binding to DNA thus mainly influenced
the catalytic function of S. marcescens nuclease and to
a lesser extent the enzyme’s affinity to the substrate.
The mechanism of Co(NH3)g+ action on activity of
S. marcescens nuclease was identical with previously
found mechanisms of Mg?t and C;HsO,Hg". Simi-
lar to Mg?t and C7HsO,Hg* Co(NH3)2Jr binding to
the substrate, DNA, induced changes in the secondary
structure of the substrate that were responsible for the
altered enzymatic activity of the S. marcescens nucle-
ase. This finding is in agreement with previous studies
that have noted S. marcescens nuclease is sensitive to
the secondary structure of its substrates.
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Fig. 5. Estimation of the kinetic parameters from Hanes transformed Michaelis-Menten - (A, B), Lineweaver-Burk - (C, D) and Eadie-Hofstee
plots (E, F). DNA was incubated with 0.06 Co(NH3)g+ (A, C,E)or 30 Mg27L (B,D,F) per DNA phosphate.



Acknowledgements

The authors are grateful to Dr Domenic Castignetti
from Loyola University of Chicago for the valuable
assistance.

The research was partially supported by the De-
partment of Education of Russian Federation, Grant
E00-6.0-14, Non Budget Foundation of Republic
Tatarstan (NIOKR RT), and CRDF, project Rec 007.

References

Biedermann K, Jepsen P, Riise E, Svendsen 1. 1989 Purification
and characterization of Serratia marcescens nuclease produced
by Escherichia coli. Carlsberg Res Commun 54, 17-27.

Braunlin W, Xu Q. 1992 Haxamminecobalt binding environments
on double-helical DNA. Biopolymers 32, 1703-1711.

Chan A, Kilkuskie R, Hanlon S. 1979 Correlation between the du-
plex winding angle and the circular dichroism spectrum of calf
thymus DNA. Biochem 18, 84-91.

Filimonova M, Gubskaya V, Nuretdinov I et al. 1997 Isoforms
of Serratia marcescens nuclease. The role of Mg2+ in the
hydrolysis mechanism. Biochem (Moscow) 62, 1148—1154.

Filimonova M, Benedik M, Urazov N, Leshchinskaya 1. 1999 Poly-
dispersity of Serratia marcescens nuclease at optimum pH. Appl
Biochem Microbiol 35, 17-20.

Filimonova M, Gubskaya V, Nuretdinov I, Benedik M, Cherepanova
N, Leshchinskaya I. 2001 Study of the mechanism of action
of p-chloromercuribenzoate on endonuclease from bacterium
Serratia marcescens. Biochem (Moscow) 66, 323-327.

Filimonova MN, Balaban NP, Sharipova FR, Leshchinskaya IB.
1980 Isolation and physical-chemical properties of homogenous
nuclease from Serratia marcescens. Biokhimiya 45, 2096-2103.

Filimonova MN, Baratova LA, Vospel’nikova ND, Zheltova AO,
Leshchinskaya IB. 1981 Some properties of endonuclease from
Serratia marcescens. Biokhimiya 46, 1660—1666.

Filimonova MN, Dement’ev AA, Leshchinskaya IB, Bakulina GU,
Shlyapnikov SV. 1991 Isolation and characterization of extracel-
lular nuclease of Serratia marcescens. Biochem (Moscow) 56,
508-520.

Filimonova MN, Garusov AV, Smetanina TA, Andreeva MA,
Bogomol’naya L M, Leshchinskaya IB. 1996 Isoforms of

453

Serratia marcescens nuclease. Comparative analysis of substrate
specificity. Biochem (Moscow) 61, 1800-1806.

Friedhoff P, Kolmes B, Gimadutdinow O, Wende W, Krause K,
Pingoud A. 1996 Analysis of the mechanism of the Serratia

nuclease using site-directed mutagenesis. Nucleic Acids Res 24,
2632-2639.

Hung S, Yu Q, Gray DM, Ratliff RL. 1994 Evidence from CD
spectra that d(purine)-r(pyrimidine) and r(purine)-d(pyrimidine)
hybrids are in different structural classes. Nucleic Acids Res 22,
4326-4334.

Johnson BB, Dahl KS, Tinoco I Jr, Ivanov VI, Zhurkin VB. 1981
Correlation between deoxyribonucleic acid structural parameters
and calculated circular dichroism spectra. Biochem 20, 73-78.

Kolmes B, Franke I, Friedhoff P, Pingoud A. 1996 Analysis of the
reaction mechanism of the non-specific endonuclease of Serratia
marcescens using an artificial minimal substrate. FEBS Lett 397,
343-346.

Leshchinskaya I, Tanyashin V, Kalacheva N, Gibadullina A. 1967
The properties of purified Serratia marcescens DNAse and its
action on DNA. Biochem (Moscow) 32, 93-98.

Miller M, Tanner J, Alpaugh M, Benedik M, Krause K. 1994 2.1
A structure of Serratia endonuclease suggests a mechanism for
binding to double-stranded DNA. Nature Struct Biol 1, 461-468.

Nestle M, Roberts W. 1969 An extracellular nuclease from Serratia
marcescens. 1. Purification and some properties of the enzyme. J
Biol Chem 244, 5213-5218.

Pedersen J, Andersen J, Roepstorff P, Filimonova M, Biedermann
K. 1993a Characterization of natural and recombinant nuclease
isoforms by electrospray mass spectrometry. Biotechnol Appl
Biochem 18, 389-399.

Pedersen J, Filimonova M, Roepstorff P, Biedermann K. 1993b
Characterization of Serratia marcescens nuclease isoforms by
plasma desorption mass spectrometry. Biochim Biophys Acta
1202, 13-21.

Poulos TL, Price PA. 1972 Some effects of calcium ions on the
structure of bovine pancreatic deoxyribonuclease A. J Biol Chem
247, 2900-2904.

Suh Y, Alpaugh M, Krause K, Benedik M. 1995 Differential secre-
tion of isoforms of Serratia marcescens extracellular nuclease.
Appl Environ Microbiol 61, 4083—4088.

Watanabe K, Iso K. 1984 Magnesium binding and conformational
change of DNA in chromatin. Biochem 23, 1376-1383.

Xu Q, Shoemaker R, Braunlin WH. 1993 Induction of B-A tran-
sition of deoxyoligonucleotides by multivalent cations in dilute
aqueous solution. Biophys J 65, 1039-1049.



