FEBS 18660

FEBS Letters 412 (1997) 217-222

Three-dimensional structure of Serratia marcescens nuclease at 1.7 A
resolution and mechanism of its action

V.Yu. Lunin®, V.M. Levdikov®, S.V. Shlyapnikov®, E.V. Blagova®, V.V. Lunin¢, K.S. Wilson®,
A.M. MikhailovP*

austitute of Mathematical Problems in Biology, Russian Academy of Sciences, 142292 Pushino, Moscow region, Russia
bInstitute of Crystallography, Russian Academy of Sciences, Leninsky pr. 59, 117333 Moscow, Russia
¢Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilov str. 32, 117984 Moscow, Russia
A Chemical Department, Moscow State University, 119899 Moscow, Russia
¢ European Molecular Biology Laboratory, clo DESY, 2000 Hamburg 52, Germany

Received 2 April 1997; revised version received 16 April 1997

Abstract The three-dimensional crystal structure of Serratia
marcescens (Sm) nuclease has been refined at 1.7 A resolution to
the R-factor of 17.3% and R-free of 22.2%. The final model
consists of 3678 non-hydrogen atoms and 443 water molecules.
The analysis of the secondary and the tertiary structures of the
Sm nuclease suggests a topology which reveals essential inner
symmetry in all the three layers forming the monomer. We
propose the plausible mechanism of its action based on a
concerted participation of the catalytically important amino acid
residues of the enzyme active site.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Serratia marcescens (Sm) nuclease is an extracellular sugar
non-specific endonuclease and catalyzes the splitting of the
3'0-P bonds of both single- and double-stranded DNA and
RNA, producing mono-, di-, tri- and tetra-5’-monophos-
phate-terminated nucleotides [1-3]. The nuclease is a dimer
(Fig. 1) of identical subunits of 245 amino acid residues [4].
Three isoforms of Sm nuclease with slightly dishevelled N-
terminal structures have been characterized: Smy, Smy and
Sms. The only difference between the whole enzyme (Smy)
and the other two isoforms, Smy and Smg, was heterogeneity
in their N-terminus, the latter lacking three and one amino
acids, respectively [5-7].

The nuclease requires divalent cations for its activity. The
optimal enzyme activity was achieved with 5-10 mM Mg+
ion within the pH range of 6.5-8 and Mg?* can be substituted
on Mn?* but the efficiency of Mn?* ions was much lower.

Sm nuclease belongs to an expanding family of sugar non-
specific magnesium-dependent nucleases that have been iden-
tified in several taxonomic species of microorganisms. These
homologous eu- and prokaryotic proteins include two mito-
chondrial nucleases from Saccharomyces cerevisiae [8,9] and
Bos taurus [10] and nuclease Anabaena sp. PCC 7120 [11].

Some time ago, similar highly ordered crystal forms of Sm
nuclease which were suitable for the X-ray studies were grown

*Corresponding author.
E-mail: amm@biostr.crystal.msk.ru

Abbreviations: Sm nuclease, endonuclease of Serratia marcescens (EC
3.1.4.9)

in our [6] and Krause et al.’s [12] groups. Recently, the struc-
ture of the enzyme has been solved by a crystallographic anal-
ysis at 2.1 A resolution [13] and it remains the only member of
homologous related proteins for which the 3D structure is
available.

In this communication, we describe the tertiary structure of
Sm nuclease which has been determined by an X-ray diffrac-
tion analysis at 1.7 A resolution and propose the plausible
mechanism of its action based on a concerted participation
of the catalytically important amino acid residues of the en-
zyme active site.

2. Materials and methods

The nuclease Sw; isoform without the first three residues (D-T-L),
as compared to the original enzyme (Smi,), was used for the crystal-
lization experiments, but numeration of the amino acid residues in the
primary structure of the protein has remained as in the nuclease Sms,
viz. the N-terminal residue of the nuclease Sm; is marked as E4 and
SO on.

The protein was purified from the crude commercial preparation of
the Sm nuclease as published previously [5] and the nuclease Swy
form was isolated by FPLC on Mono Q column (0.5X 5 cm, Pharma-
cia) in accordance with a procedure, slightly altered from that de-
scribed in detail elsewhere [6].

The crystallization conditions used were reported previously [6].
Three crystal forms of Sm nuclease have been obtained, two of which
diffract to about 1.1-1.6 A resolution.

X-ray data to 1.7 A resolution were collected on the EMBL X11
beam line during the parasitic mode of operation of DORIS storage
ring (EMBL, c/o DESY, NotkestraBe 85, 2000 Hamburg 52, Ger-
many). The detector was an imaging-plate scanner developed at
EMBL by J. Hendrix and A. Lentfer. The results of the data collec-
tion are presented in Table 1. Data were integrated using the program
DENZO (Z. Otwinowski).

The model of Sm nuclease deposited to PDB by Miller et al. was
used to obtain a start model. This model at 2.1 A resolution was
refined to 16.8% value of crystallographic R-factor [13]. The start
value of R-factor in the same resolution zone but calculated with
new experimental data was 32.4% and the exclusion of water mole-
cules increased the R-factor value up to 36%.

To provide reliable control in the refinement process, the test set
[14] consisted of 10% of the all present reflections chosen randomly. It
must be emphasized that this test set being defined once was never
changed later and the test reflections were never included, neither into
the refinement nor into calculation of Fourier syntheses which were
used to correct periodically the model. To reduce the level of noise
caused by phase errors, the weights defined on the base of maximiza-
tion of marginal likelihood function [15,16] were used when calculat-
ing Fourier syntheses.

The first stage of the refinement was performed with the use of the
FROG program [17,18]. The refinement was carried out with step-by-
step extension of resolution zone 3.0, 2.1, 1.9, 1.7 A and simultaneous
increasing of the number of degrees of freedom in the model. As a
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Table 1
Data on crystals and X-ray diffraction measurements for Sm
nuclease

Crystals
Space group P2;2,2
Unit cell (A)
a 106.7
b 74.8
c 69.0
V4 2

Diffraction measurement

Resolution range (A) 30.3-1.7
Measured reflections (/> o) 219270
Unique reflections (/> o) 57095
Completeness (%) 94.6
Rmerge (%) 7.0

Rst (%) 53

Rmerge=X|li-<I> |/E<I>, Rst=Zc/Zl, where Ii is the intensity
measurement of a reflection and < 7> is the mean value for this
reflection.

result, the R-factor was reduced from 36.0% at 2.1 Ato24.1% at 1.7
A resolution. At the same time, the R-free value was equal 29.2 and
mean deviation of bond lengths and angles was 0.004E and 1.06°. At
this point 358 newly placed water molecules were included into the
model. The program ASSIR [19] was used which has analyzed the
environment of the picks and chosen those capable of forming hydro-
gen bonds with protein atoms or other water molecules.

The next stages of refinement were performed with the use of the X-
PLOR system [20]. Stages of automatic refinement alternated with
inspection of Fourier syntheses and manual correction of the model
using FRODO [21] and O [22] programs. At the last steps of refine-
ment, additional water molecules were included into the model, so
that the whole number of water molecules became as high as 443.
The final R-factor values and model quality are reflected in Table 2.

It must be noted that terminal residues were found to be poorly
determined in the final model. The atoms in these parts of the chain
had high-temperature factors and electron density maps exhibited
lower density in these regions with respect to the other parts of the
structure. The inspection of the structure of Sm nuclease with the use
of PROCHECK program [23] has not displayed serious errors. All the
overall quality criteria were estimated as ‘inside’ or ‘better’ in this
program.

Table 2
Characteristics of the refined structure
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3. Results and discussion

The analysis of the Sm nuclease final model suggests a top-
ology which is somewhat different from that previously pub-
lished [4,13] and reveals essential inner symmetry in all three
layers forming the monomer (Figs. 1 and 2).

The modifications concern the top layer part of the chain,
which runs from residue D49 through residue R136, and are
considered to be responsible for the substrate binding and the
carboxy-terminal subdomain, which runs from A198 through
G242, and is supposed to be involved into the building of the
dimer. In the initial interpretation, the D49-R136 segment
was attributed as a very long kinked helix S116-D135. Never-
theless, the visual analysis of the D49-K 115 segment (Figs. 1
and 2), dihedral angles ¢ and y values and possible hydrogen
bond network (Table 3) reveal a rich secondary structure.

The central part of the top layer (Figs. 1 and 2) is formed
by a two-stranded PB-sheet twisted through 180° (V85-H89
and I111-115) flanked by a symmetric system of helices. In
so doing, the three short helices, hla (P67-D69, 314 helix), hlb
(P73-Y76, 310 helix) and hlc (A79-L83, o-helix) preceding the
[B-sheet resemble a partially destroyed long helix, h4, which, in
turn, may be divided into three connected but slightly skewed
helices, hda (S116-E120), hdb (A122-R131) and hdc (K132
D135). The central helix, h4b, is almost an ideal o-helix while
h4c is closer to a 3;p helix and hda is an intermediate one, as
there exists here the possibility for hydrogen bonds to close
both 10- and 13-member cycles. The ends of B-strands H89
and I111 are connected by a pin formed by two short 3y
helices, h2 (L93-1.96) and h3 (W102-N106) and a turn. The
loop T50-K60 has a conformation close to an extended one
and forms an arc in the plane perpendicular to the plane of
the layer P73-D135. Hydrogen bonds stabilize the ends of this
fragment while its central part possesses more conformational
freedom and may be subjected to changes in the binding
process.

Suggestion of an additional helix, h5 (F200-F203), in the
topology of the carboxy-terminal subdomain allows to under-
line the inner symmetry present in this fragment as well as in

Resolution (A)

o-Cutoff

Number of working reflections

Number of control reflections

Number of residues

Number of non-H protein atoms
Number of water molecules

R factor (%)

R-free factor (%)

R.m.s.Imaximal deviations from standard
For bond lengths (A)

For bond angles (degrees)
Meanimaximal B factors (residues 7-243)
For main chain (A?%)

For side chains (A?%)

For water molecules (A?)

Mean B factors (residues 5—6 and 244-245)
For main chain (A?%)

For side chains (A?%)

Residues in most favoured regions of Ramachandran plot
Residues in additional allowed regions

22

0.011/0.069
1.8/10.9

12.9/31.4
16.0/50.5
35.1/62.9

39.1
438
91.2%
7.8%
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Table 3
Hydrogen bonds in D49-R136 and D199-G242 main chain fragments

Distance (A)

Main chain atoms Main chain atoms Distance (A) Main chain atoms Distance (A)

Helix hla

Helix h4a

Helix h6

N66 O - D69 N 2.9 KI150 -L118 N 3.0 T206 O - 1210 N 3.2
P670 -TI9N 3.6 KI1150 - NI19 N 3.0 V207 O - Q211 N 3.0
S116 0 - NI119 N 3.2 D208 O - K212 N 2.9
Helix hlb S116 O - EI120 N 2.9 E209 O - R213 N 31
A720 -D75N 2.9 R117 0 - GI21 N 3.3 2100 -T214 N 3.0
P730 -Y76N 3.2 L118 O - GI21 N 32 Q211 O - G215 N 29
A740 -T77N 3.2 L118 O - NI123 N 3.2
Helix h7
Helix hlc Helix h4b P223 0 - Q227 N 31
G780 - A82N 3.1 G121 O - RI125 N 3.0 D224 O - A228 N 29
A790 -1L83N 2.9 Al122 0 - L126 N 3.0 D225 0 - S229 N 3.1
N8O O - K84 N 2.8 W123 O - E127 N 3.0 V226 O - L230 N 2.9
Al124 O - DI28 N 3.0 Q227 O - K231 N 3.1
B-Sheet s4-s5 R1250 - E129 N 3.1
K84 O -SlII6 N 2.9 L126 O - EI30 N 2.9 Helix h8
D86 N -Ql140 2.9 E127 O -RI31 N 3.1 V236 O - Q239 N 31
D86 O -Qll4N 3.0 L2370 - L240 N 2.9
G888 N -TI1120 3.0 Helix h4c P238 O - M241 N 2.9
G888 O -TII2N 3.1 E130 O - LI133 N 3.2 Q239 0 - G242 N 3.6
QN -NI1120 2.9 R131 O - 1134 N 34
K132 0 -DI35 N 3.0
Helix h2 Immobilization of T50-K60 loop ends
1930 -L196N 3.2 Helix h3 T500 -G998 N 2.8
1960 -V N 3.1 DI99 O - Q202 N 3.2 A2 N - A% 0 3.0
P200 O - F203 N 3.0 K60 N - N106 O 3.3
Helix h3 C201 O - R204 N 3.6 K60 O - L108 N 3.0
Al101 O -S104 N 3.1
W102 0 - L105 N 2.9
E103 0 - N106 N 3.0
S104 O - Y107 N 3.1

The data for the A chain are present. The differences for B chain are not significant.

Fig. 1. The ribbon model of Sm nuclease molecule (a) and the symmetry of fragments of the fold (b).
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Fig. 2. The refined topology of Sm nuclease fold. The S-S bonds
are marked as well as doubled H bonds connecting the separated
part of the main chain.
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the other two layers. This symmetry is magnified as the longer
helices, h6 (V207-T214) and h7 (D224-1.230), are a-helices
while the shorter ones, h5 and h8 (L237-M241), are closer
to 319 helices. Such a symmetry may be the result of duplica-
tion with inversion of the corresponding sites of DNA gene
structure in the evolution process.

Sm nuclease remains up to now unique among the group of
related proteins with solved tertiary structure. At the same
time, Sm nuclease is functionally similar to DNase I, but
the latter has no brightly marked sequence homology with
the nuclease and the spatial nuclease structure contrasts
sharply with the o/B/B/o fold present in the DNase molecule
[24,25].

From the stereochemical course of the phosphodiester di-
gest catalyzed by the nucleases — inversion of configuration at
the phosphorus atom — it appears likely that the reaction
follows in-line stereochemistry, phosphodiesters are hydro-
lyzed via the formation of a penta-coordinated intermediate
compound, which has the geometry of a trigonal bipyramid,
and the cleavage occurs through nucleophylic attack by a
water molecule [26].

In the absence so far of sufficient information on amino
acid residues of Sm nuclease essential for activity, except the
cysteines involved in S-S bond formation [3], the analysis of
the Sm nuclease and related protein sequence homology and
identification of the highly conserved residues within the en-
tire nuclease family may be useful to reflect a common active
site architecture of the enzymes.

Sequence comparison of Sm nuclease to three non-specific
functionally related enzymes revealed five main regions where
residues of Sm nuclease were invariant to one or several com-
pared proteins. These regions include residues 24-57, 86-94,
107-150, 165-181 and 199-235 (Fig. 3). In addition, the Sm
nuclease residues P67 and A68, and L3 and N245 are identical
to those in the Anabaena and S. cerevisiae nucleases, respec-
tively, and the A74 is retained also in the B. taurus nuclease.
On the whole, there are 23 residues, which are conserved in all
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Identical residues are indicated by uppercase letters. The Sm nuclease amino acid residues conserved in some sequences shown by bold letters.

Amino acid numbering for the Sm nuclease is used.
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Fig. 4. A general mechanism of Sm nuclease-catalyzed cleavage of the phosphodiester bonds.

four proteins, and six invariant residues are placed in the most
conserved Sm nuclease sequence 86-94.

Based on the sequence homology, it is very likely that the
nuclease active sites are formed by the same amino acid res-
idues and their geometry is similar. Among the 23 general
conserved residues, six, viz. D86, R87, H89, E127, R131
and E211, have been analyzed primarily as potential candi-
dates for direct participation in the chemistry of Sm nuclease-
catalyzed reaction [27] but, so far, unfortunately, we have no
data on the possible functional role of the invariant K172
residue. The validity of the sequence alignments in predicting
active site residues was born from the Sm nuclease site-di-
rected mutagenesis studies when the three above-mentioned
carboxylic residues, two arginine and H89, were replaced on
Ala. So, the H89A substitution results in total inactivation of
the enzyme and the efficiency (kc.+/Ky, value) of hydrolysis by
the E127A, R87A, E211A, D86A and R131A mutants, respec-
tively, >103-, 5x10%-, 2x 10?-, 10?- and 30-fold lower than
of the wild-type nuclease [27]. Only the E211A mutant (and,
to a certain degree, the R131A mutant) retains the substrate
binding properties as the native enzyme. For other mutants,
K., values are as much as two orders of magnitude higher.

The results of the Sm nuclease site-directed mutagenesis do
not prove that these residues are part of its active site but the
likelihood considerably increases when these residues are
strictly conserved in the sequences of the related enzymes.

At the same time, these data agree essentially (not entirely)
with the results of our 3D structure studies of the free nucle-
ase, i.e. nuclease that has no nucleotide bound at its active
site, and corroborate the modeling simulation scheme of the
DNA-nuclease association proposed earlier [12]. Nevertheless,
the functional role of the catalytic group of the active site of
Sm nuclease is still a matter of discussion.

The Sm nuclease DNA-binding site located between two
main amino (residues 1-114)- and carboxy-terminal (115-
245) structural domains of the protein [12] and the DNA-
binding cleft is flanked by two rows of positively charged
amino acids that could interact with about one full turn of
DNA B-form. This cleft includes, among the other cationic
amino acids, the invariant catalytic residues of R87 and R131
and contains also H89 and E127. Two arginine residues, as
well as H89 and E127, belong to the different N- and carboxy-
terminal subdomains of the nuclease. The latter pair repre-
sents the most closed fixed residues with about 5.9 A distance
between the HSOND!1 and E1270E atoms.

These structural data, together with the observation that

both H89A and E127A nuclease mutant derivatives possess
the worst catalytic activity, are consistent with an assumption
about the acid-base catalysis involved in the nuclease-cata-
lyzed phosphodiester bonds cleavage reaction when the E127
functions as a general base and the H89 serves as a general
acid.

Two essential residues of Sm nuclease are drawn in the
enzyme catalytic mechanism in roles analogous to those as-
cribed to H252 and H134 in the DNase I. There is no obvious
way to superimpose both active sites and relate the enzymatic
mechanisms but the two active DNase histidines are separated
by approximately the same distance (5 A) as H89 and E127 in
Sm nuclease, and the visible conservative sequence near H89
of Sm nuclease, DRGHQAPL, and near DNase I H131,
VALHSAPL, could be considered as important structural mo-
tif which provides similar functional role to the corresponding
histidine residues.

It should be noted from the analysis of the pH dependencies
of the Sm nuclease and DNase activities that, since the pK, of
a histidine is generally higher than for a glutamate, the Sm
nuclease pH optimum, as compared with DNase, is shifted to
acidic pH values (see above).

It seems unlikely that side chains of the H89 and E127 are
connected via hydrogen bond in the free nuclease but it could
be in its complex with DNA. In this case, the pK values of Sm
nuclease functional groups are significantly higher than those
excluded from specific perturbation. According to calculation
[28], a pK change of 1.2-1.4 pK units corresponds to about 3 A
distance between the titrating group and the effective change.

The other identified, catalytically important carboxylic
groups of Sm nuclease are also outside hydrogen-bonded dis-
tance from the H89 imidazole ring. The D86 is 9.9 A removed
from the active site histidine and remains a dominant candi-
date for the coordination Mg?" ions. In contrast, there is no
obvious satisfying explanation for the E211 catalytic role
without global structural perturbation of the enzyme com-
plexed with substrates, because the E211 (as well as K172)
is located in the spatial distant from the active site protein
region, it is more than 15 A away from the essential H89.

While E211 (and K172) in Sm nuclease are too far away
from the attacking water molecule, and in the absence of any
additional information on the role of partially conserved ami-
no acid residues of homologous enzymes (H45, D117, D208
and also H26 are not crucial for activity [26]), we may spec-
ulate that Sm nuclease catalyzed cleavage of the phospho-
diester bonds proceeds within the framework of a general
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mechanism of acid-base catalysis in which the histidine and
glutamic acid act in concert with the protein-bound Mg?* ion
as well as one or two arginine residues.

Thus, based on the 3D structure of the free Sm nuclease,
the data of sequence analysis and some biochemical character-
istics indicating that these residues are essential for enzymatic
activity, we propose that the E127 residue acts as a general
base, abstracting a proton from the attacking water opposite
the O’3-atom (Fig. 4). The subsequent attack at the phospho-
rus group with inversion of its configuration gives rise to a
penta-covalent transition state. The extra negative charge of
the penta-coordinated phosphorus in transition state is pre-
sumably neutralized by guanidinium groups of the R87 and/or
R131. Transition state could be further stabilized by the Mg>*
ion, which is coordinated to the scissile phosphate group and
D86, correcting position of the phosphate group relative to
the enzyme. The H89 functions as a general acid protonating
the leaving O3’.

It should be mentioned finally that proposed scheme of Sm
nuclease functioning is still at present a matter of debate and
more detailed information is needed to define the real mech-
anism of the nuclease-catalyzed phosphodiester bonds diges-
tion.
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