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Abstract—A refined crystal structure of Serratia marcescens nuclease is reported to an R factor of 17.3% and
Ry factor of 22.2% at a 1.7 A resolution. The structure includes 3678 nonhydrogen atoms of the enzyme and
443 bound water molecules. The average deviations of bond lengths and valent angles from their standard val-
ues are 0.011 A and 1.8°, and the maximal deviations are 0.07 A and 11°, respectively. A new topological model
of the enzyme molecule is proposed, indicating high symmetry of the moncmer in its N- and C-terminal

regions.
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INTRODUCTION

The extracellular endonuclease of S. marcescens
(Sm nuclease, EC 3.1.4.9) belongs to a family of struc-
turally related nucleodepolymerases, which split the
3'0-P phosphodiester bond in single- and double-
stranded DNA and RNA to form 5'-phosphorylated
oligonucleotides, and are nonspecific with respect to
the carbohydrate moiety of the nucleic acids [1-5].

At least three isoforms of Sm nuclease, which dif-
fer somewhat in their N-terminal structures, are
known to date: Sm 1, Sm 2, and Sm 3. They apparently
arise by enzymatic proteolysis of the native “mature”
molecule in the periplasmic space or during transport
across the cytoplasmic membrane [6, 7]. Isoforms
Sm 1 and Sm 3 differ from the parent nuclease Sm 2 in
lacking respectively three or one N-terminal amino
acid residue.

Studies of the three-dimensional crystal structure
of Sm nuclease were initiated nearly concurrently by
us [8, 9] and a group at the University of Houston
[10]. Later, Miller er al. [11]. using isomorphous
replacement, have obtained a refined structure of Sm
nuclease at 2.1 A (29,466 reflections). According to
this structure, the protein molecule can be divided, as
a first approximation, into three regions: a central -
sheet formed by six antiparallel B-strands, which is
flanked by an o/ domain (three short a-helices and a
B-sheet of two antiparallel B-strands) on one side and

a conformational domain (long irregular loops and
one extended a-helix) on the other.

Here we describe a refined crystal structure of Sm
nuclease at 1.7 A (57,000 reflections), which provides
more accurate and reliable information on the protein
tertiary structure. A new topological model proposed
for the pclypeptide chain allows one to isolate new
elements of secondary structure, and reveals pro-
nounced symmetry in the folding of secondary ele-
ments in the native globule.

EXPERIMENTAL

Sm nuclease. The isoform Sm 1 was used, which
lacks the first three residues (Asp-Thr-Leu) of the
complete form Sm 2 [6, 7]. However, residue number-
ing was for the Sm 2 form, i.e., the N-terminal Glu of
Sm 1 was designated as Glu4, and so on. Preliminary
purification of the enzyme from its commercial prep-
aration of M grade (NPO Vector, Novosibirsk) was
carried out as described previously [6, 9].

Crystallization and collection of high-resolution
diffraction data. The crystals used in high-resolution
X-ray crystallographic analysis were obtained by
hanging-drop free-interface diffusion. The starting
solution contained 10-12 mg/ml protein, 0.6 M
ammonium sulfate, 10 mM Tris-HCI (pH 8.3) and
5 mM MgSO,. Prismatic crystals of 0.7 X 0.3 x 0.2 mm
size were used in diffraction studies.
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Diffraction data were collected using synchrotron
radiation at the EMBL X11 station (c/o DESY, Ham-
burg) from a DORIS accumulating circle. An Imaging
Plate detector of D. Hendriks and A. Lentfer was used.
The diffraction data were integrated using the pro-
gram DENZO (Z. Otwinowski).

RESULTS

The X-ray crystallographic parameters of Sm
nuclease crystals and of the collected diffraction data
are listed in Tables 1 and 2.

A PDB-deposited model refined earlier [11] at
2.1 A resolution (29,466 reflections with F/c > 2 at 6
to 2.04 A) to an R factor of 16.8% was used as a start-
ing model for the refinement. The model contained
3694 nonhydrogen atoms belonging to two protein
molecules related by noncrystallographic symmetry,
and 224 water molecules. The standard crystallo-
graphic R factor calculated for the whole data set
(55,952 reflections with F/o > 2 at 6 to 1.7 A) was
32.4%. As water molecules are generally the least reli-
ably determined part of the structure and the cell
dimensions used in this work (Table 1) and by Miller
et al. (106.7 x 74.5 x 68.9 A)[l 1] differed somewhat,
which might indicate differences in the water shell, all
water molecules were removed from the starting
model and reconstructed independently later. The
removal of water molecules did not affect the initial
value of the R factor, which was 36.0% in this case.

A control data set containing 10% of reflections
randomly selected at the very beginning of the refine-
ment was used to calculate R [12]. It should be noted
that the same control set was used throughout the
refinement and that the absolute values of structural
factors for this set were used in neither model refine-
ment nor in obtaining Fourier syntheses subsequently
used for manual model corrections or water addition.

To decrease the noise in Fourier syntheses caused
by neglecting the control set of the reflections in syn-
thesis calculations, the absolute values of the struc-
tural factors calculated for the model were used in
synthesis calculations. To decrease the noise associ-
ated with errors in the used phases of the structural
factors, weight factors were introduced in the synthe-
sis calculations. The factors were determined by max-
imizing the marginal likelihood function obtained
from the control reflection set [13, 14].

The first stages of the refinement were done on an
IBM 486 PC using the program FROG [15, 16] allow-
ing easy arbitrary division of the model into blocks
treated as solids. During the refinement procedure, the
number of the reflections and the degrees of freedom
for the model were increased gradually. At first, the
data set was limited to 3.0 A resolution for both mol-
ecules found in the asymmetric unit. Then the model
was divided into two rigid groups composed of the
No. 2
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Table 1. X-Ray diffraction data for Sm nuclease crystals

Number of crystals l
Space group P2,2,2
Cell dimensions, A:
a 106.7
b 74.8
c 69.0
Number of molecules per asymmetric unit 2
Resolution, A 30.3-1.7
Number of measured reflections (I > ©) 219270
Number of independent reflections (/ > )| 57095
Completeness, % 94.6
Ruerges % 7.0
Ry, % 53

Note: Ruyerge = TIIDVE), Ry = X o/T I, where 1 is measured
reflection intensity and (13 is average intensity for symmetry-
related reflections.

Table 2. Data collection statistics

. | Number of | Number of Complete-
Resolution, A | independent {measured re- g
reflections flections ness, %
30.3-7.18 883 474 53.7
7.18-5.24 1355 1186 87.5
5.24-4.33 1686 1432 84.9
4.33-3.77 1957 1723 88.0
3.77-3.38 2200 2038 92.6
3.38-3.10 2411 2307 95.7
3.10-2.87 2596 2506 96.5
2.87-2.69 2784 2684 96.4
2.69-2.54 2945 2855 96.9
2.54-2.41 3110 3016 97.0
2.41-2.30 3260 3182 97.6
2.30-2.20 3400 3312 97.4
2.20-2.12 3540 3436 97.1
2.12-2.04 3664 3557 97.1
2.04-1.97 3788 3678 97.1
1.97-1.91 3935 3814 96.9
1.91-1.85 4041 3900 96.5
1.85-1.80 4163 4018 96.5
1.80-1.75 4252 4100 96.4
1.75-1.70 4392 3877 88.3

main chain atoms of each molecule and rigid groups
corresponding to each of the side chains. The refine-
ment was increased to 2.1 A. At the next stage, the res-
olution was increased to 1.9 A, and the number of the
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Table 3. Refinement statistics

Resolution, A

Number of reflections used in refinement

Number of control reflections not used in refinement
Number of residues in model

Number of non-H atoms

Number of water molecules

Standard R factor

Free R factor

Rms/maximal deviations for:

Bonds, A

Angles, deg

Average/maximal values of B factor (residues 7-243):
Mainchain atoms, A2

Sidechain atoms, A2

Water molecules, A?

Average value of B factor (terminal residues 5—6 and 244-245):

Mainchain atoms, A?

Sidechain atoms, A?

Distribution of dihedral angles on Ramachandran map, %
In allowed regions

In additional allowed regions

6.0-1.7
50268
5679
2x239
3678
443
17.3
222

0.011/0.069
1.8/10.9

12.9/31.4
16.0/50.5
35.1/62.9

39.1
43.8

91.2
7.8

degrees of freedom was increased by assuming each
peptide group and each side chain to be an indepen-
dent rigid group. Finally, all atoms of the model were
refined separately, resulting in a 1.7 A resolution. All
stereochemical parameters (bond lengths, valent
angles, planarity of particular atom groups, noncova-
lent interactions) not fixed in the rigid groups were
controlled at all steps of the refinement. The resulting
model was characterized by the crystallographic fac-
tors R of 24.1% and R, of 29.2%: the average devia-
tions of bond lengths and valent angles from their
standard values were 0.004 A and 1.06°, respectively.

Next, a two-step automatic procedure was used to
add 358 water molecules to the model. First, about
2000 most intense peaks on the difference Fourier
synthesis were selected and, second, their atomic
neighborhood was analyzed, allowing identification
of those water molecules which can H-bond to suit-
ably placed neighboring atoms. The selection was
done with the program ASIR [17].

Further refinement was carried out with the pro-
gram X-PLOR [18]. At this stage, automatic refine-
ment alternated with the analysis and interactive cor-
rection of the model with the programs FRODO [19]
and O [20] implemented on graphic stations. At the
final refinement steps, further water molecules were
added by the above procedure so that their total num-
ber became 439 and the individual values of their

refined B factors did not exceed 63 A2. The final val-
ues of the R and R, factors for the resolution zone of
6.0-1.7 A were found to be 17.3 and 22.2%, respec-
tively. The average deviations of bond lengths and
valent angles in the refined model were 0.011 A and
1.8°, and their maximal values were below 0.07 A and
11°, respectively. Inspection of the model with
PROCHECK [21] has indicated that it is within the
normally occurring range according to all considered
parameters. Some characteristics of the refined struc-
ture are presented in Table 3.

DISCUSSION

According to the final model of Sm nuclease calcu-
lated with PROCHECK, the values of the torsion
angles ¢ and y for the main chain are found in the
allowed regions and all non-Gly residues adopt most
favorable or allowed conformations. The model satis-
fies all the stereochemical requirements generally
applied to high-resolution structures. The residues
AlalO and Asnl77 are involved in y-turns, which are
nowadays also considered to be allowed conforma-
tions [24]. It should be noted that Alal0 is located in
a short loop Cys-Ala-Val-Gly-Cys stabilized by an S-S
bridge between the Cys residues and by the hydrogen
bonds (Cys9)O...N(Valll), (Valll)O...N(Gly221).
and (Gly12)0...N(Ala220). As indicated by a statisti-
cal analysis [25], Asn residues are more often found in
1999
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Fig. 1. A Ramachandran map for the refined structure of Sm nuclease.

Fig. 2. The structure of Sm nuclease dimer refined to 1.7 A resolution.
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Fig. 3. A topological diagram of polypeptide chain in Sm
nuclease at 1.7 A resolution.

the right part of the Ramachandran map than other
residues.

Comparison of the final (Fig. 2) and starting [11]
models of the Sm nuclease structure confirms the high
quality of the starting model, which is not principally
different from the ﬁnal one. The root-mean-square
difference in atom coordinates was 0.16 A for the
main chain atoms and 0.36 A for all nonhydrogen
atoms. Maximal differences (up to 0.75 A for main
chain atoms and 6.3 A for side chain atoms) were
observed in outer loops exposed to solution, and were
characterized by high values of temperature factors.
Similar differences were found when comparing two
independently refined molecules located in the asym-
metric unit and related by noncrystallooraphic sym-
metry: the rms and maximal differences in atom coor-
dinates were 0.12 A and 0.68 A for the main chain
atoms and 0.62 A and 5.08 A for the side chain atoms,
respectively.

Ala-198

Fig. 4. The spatial arrangement of secondary structure cle-
ments at the N- and C-termini of Sm nuclease molecule.

The structure of Sm nuclease refined to 1.7 A sug-
gests a topological scheme for the polypeptide chain
(Fig. 3) different from that used previously [11]. This
scheme reveals marked symmetry of separate loci in
the globule.

The suggested modifications mainly concern two
regions: the segment Asp49-Argl36 forming the
upper layer of the molecule and participating in active
site formation and substrate binding [11], and the C-
terminal segment Alal98-Gly242 participating in
dimer formation [26]. In the earlier structure, the
polypeptide chain Asp49—-Argl36 was considered to
be a “long irregular loop Thr50-GlInl114 followed by
a long bent helix Lys115-Asp135” [11]. According to
the present data, the visual inspection of the molecule
(Fig. 2), the analysis of the distribution of the dihedral
angles ¢ and y (Fig. 1), and the hydrogen bond net-
work (Table 4) indicate that this region adopts a rigid
enough conformation with an appreciable number of
additional secondary structure elements (Fig. 4a).

The central part of the upper layer is formed by a
double-stranded B-sheet s4 (Val85-His89), twisted
through 180°, and s5 (Ile111-Lys115), embraced by a
symmetrical system of helical fragments. The three

MOLECULAR BIOLOGY  Vol. 33 No.2 1999
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Table 4. Hydrogen bonds in fragments Asp49-Arg136 and Asp199-Gly242 of Sm nuclease main chain

Mainchain atoms Distance, A Mainchain atoms Distance, A
Loop end stabilization Helix, h4b
Thr-50 O Gly-98 N 2.8 Gly-121 0 Arg-125N 3.0
Ala-52 N Ala-94 O 3.0 Ala-122 O Leu-126 N 3.0
Lys—60 N Asn-106 O 33 Trp-123 O Glu-127N 3.0
Lys—60 O Leuy-108 N 3.0 Ala-124 O Asp—-128 N 3.0
Helix hla Arg-1250 GIn-129 N 3.1
Asn—66 O Asp—69 N 2.9 Leu-126 O Glu-130N 29
Pro-67 O Thr-70 N 3.6 Glu-127 0 Arg-131 N 3.1
Helix hlb Asp-128 O Lyd-132 N 3.1
Ala-72 0 Asp-75N 29 Helix hdc
Pro-73 O Tyr-76 N 32 Glu-1300 Leu-133 N 32
Ala-74 O Thr-77 N 32 Arg-1310 lle-134 N 34
Helix hlc Lys-132 0 Asp-135N 3.0
Gly-78 O Ala-82 N 3.1 Helix h5
Ala-79 O Leu-83N 29 Asp-199 O GIn-202 N 32
Asn-80 O Lys—84 N 2.8 Phe-200 O Phe-203 N 3.0
B-Strand s4-s5 Cys-201 0 Arg-204 N 3.6
Lys-84 O Ser-116 N 2.9 Helix h6
Asp-86 N Gln-114 0O 2.8 Thr-206 O [le-210 N 35
Asp-86 O Gln-114N 3.0 Val-207 O Glu-211 N 3.0
Gly-88 N Thr-1120 3.0 Asp-208 O Lys-212 N 29
Gly-88 O Thr-112N 3.1 Glu-209 O Arg-213 N 3.1
GIn-90 N Asn-1120 29 Ile-210 O Thr-214 N 3.0
Helix h2 Glu-2110 Gly-215N 29
Leu-93 0 Leu-96 N 3.2 Helix h7
Leu-96 O Val-99 N 3.1 Pro-223 O GIn-227 N 3.1
Asp-224 0 Ala-228 M 29
Helix h3 Asp-2250 Ser-229 N 3.1
Asp-1010 Ser—104 N 3.1 Val-226 O Leu-230 N 2.9
Trp—-102 O Leu-105 N 2.9 GIn-227 0O Lys-231 N 3.1
Glu-103 O Asn-106 N 3.0 Helix h8
Ser-104 O Tyr—107 N 3.1 Val-236 O Glu-239 N 3.1
Helix h4a Leu-2370 Leu-240 N 29
Lys-1150 Leu-118N 3.0 Pro-238 O Met-241 N 2.9
Lys-1150 Asn-119N 3.0 Glu-2390 Gly-242 N 3.6
Ser-116 O Asn-119N 3.2
Ser-116 O GIn-120N 29
Asp-1170 GIn-121 N 33
Leu-118 O GIn-121 N 32
Leu-118 O Trp—123 N 32

short helices hla (Pro67-Asp69, 3,, helix), hlb  which is also formed by three adjacent helices hda
(Pro73-Tyr76, 3,, helix) and hlc (Ala79-Leu83, a- (Ser116-GIn120), h4b (Alal22-Argl31) and hdc
helix), preceding the B-sheet resemble in their spatial ~ (Lys132-Asp135) located at small angles to one
arrangement the helical region Serl16-Aspl135, another. The helix h4a is intermediate between 3, and

MOLECULAR BIOLOGY  Vol. 33 No.2 1999
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Fig. 5. The amino acid sequence of S nuclease and distribution of secondary structure elements: helices (h), B-structures (s),

B- and y-turns (tg and t,) according to the 1.7 A structure.

«-helix, h4b is a nearly ideal o-helix, and the terminal
part of hdc is closer to 3, helix. The strands ends with
His89 and Ilel 11, which are connected by a arc
formed by two short 3,; helices h2 (Leu93-Leu96)
and h3 (Trp102—Asn106). The loop Thr50-Lys60 is in
a nearly extended conformation and is H-bonded at its
ends to helices h2 and h3. It should be noted that the
entire Pro73—Asp135 chain is nearly planar and the

Thr50-Lys60 chain forms a pin perpendicular to the
plane. It is likely that the Thr50-Lys60 region, pos-
sessing a greater conformational freedom owing to the
lack of stabilizing H-bonds, undergoes changes as the
enzyme binds the magnesium ion and substrate.

The identification of a short previously unrecog-
nized [11] helix hS (Phe200-Arg204) in the C-termi-
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nal part of the polypeptide chain Alal98-Gly242
reveals more clearly the inherent symmetry of this
region (Fig. 4b). The symmetry is emphasized by the
observation that the longer helices h6 (Val207-
Thr214) and h7 (Asp224-Leu230) are o-helices,
whereas the less ordered short helices h5 and h8
(Leu237-Met241) are closer to 3,; helices. The exten-
sive structural symmetry of this region and of those
discussed above in the nuclease molecule might result
from duplication with inversion of the corresponding
gene parts during evolution.

Additional ordered elements found in the 1.7 A
structure of Sm nuclease are B- and y-turns, in which
the polypeptide chain changes its direction by 180°
(Fig. 5).

In conclusion, it may be noted that Sm nuclease is
the second sugar-independent enzyme, after Staphylo-
coccus nuclease, whose structure has been solved at a
high resolution. However, the two nucleases differ in
the specificity of phosphodiester bond hydrolysis (the
staphylococcal nuclease splits 5' O-P bonds), are
structurally dissimilar, and show mutually exclusive
metal ion requirements (the staphylococcal nuclease
is activated by Ca?*), clearly indicating that the struc-
ture and mechanism of Sm nuclease are unique. In the
next paper, we consider the active site organization
and the catalytic mechanism of Sm nuclease.
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