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ABSTRACT

Ribosomal protein L5 is a 5S rRNA binding protein in the large subunit and plays an essential role in the promotion
of a particular conformation of 5S rRNA. The crystal structure of the ribosomal protein L5 from Bacillus stearother-
mophilus has been determined at 1.8 Å resolution. The molecule consists of a five-stranded antiparallel b-sheet and
four a-helices, which fold in a way that is topologically similar to the ribonucleoprotein (RNP) domain. The molecular
shape and electrostatic representation suggest that the concave surface and loop regions are involved in 5S rRNA
binding. To identify amino acid residues responsible for 5S rRNA binding, we made use of Ala-scanning mutagenesis
of evolutionarily conserved amino acids occurring in the b-strands and loop regions. The mutations of Asn37 at the
b1-strand and Gln63 at the loop between helix 2 and b3-strand as well as that of Phe77 at the tip of the loop structure
between the b2- and b3-strands caused a significant reduction in 5S rRNA binding. In addition, the mutations of Thr90
on the b3-strand and Ile141 and Asp144 at the loop between b4- and b5-strands moderately reduced the 5S rRNA-
binding affinity. Comparison of these results with the more recently analyzed structure of the 50S subunit from
Haloarcula marismortui suggests that there are significant differences in the structure at N- and C-terminal regions
and probably in the 5S rRNA binding.
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INTRODUCTION

There is growing evidence that RNA molecules play
essential roles in biological processes of living cells,
such as pre-mRNA splicing in the spliceosome (Burge
et al+, 1999) and peptide-bond formation in the ribo-
some (Nissen et al+, 2000)+ RNA molecules usually
perform these functions in close association with RNA-
binding proteins, and thus the RNA–protein interaction
is central to understanding a wide range of biological
processes+

5S rRNA, which has approximately 120 nt, is a ubiq-
uitous component in the large ribosomal subunit and
occurs as a ribonucleoprotein particle within the central
protuberance of the subunits (Bogdanov et al+, 1995;
Dallas et al+, 1995)+ The physiological role of the 5S

rRNA protein particle in the ribosome is still not well
understood+ In thermophilic bacterium Thermus aquat-
icus, 5S rRNA protein particle has been reported to
play a key role in assembling an active peptidyltrans-
ferase center by correctly positioning functionally im-
portant segments of domains II and IV of 23S rRNA
(Khaitovich & Mankin, 1999)+ It has been further re-
ported that 5S rRNA may participate in signal trans-
mission between the two functional centers (the
peptidyltransferase center and the translocation cen-
ter) in the Escherichia coli ribosomes (Sergiev et al+,
2000)+ In contrast to these findings, 50S subunits re-
constituted in the absence of 5S rRNA retained signif-
icant peptidyltransferase activity in the E. coli (Schulze
& Nierhaus, 1982) and Bacillus stearothermophilus
(Green & Noller, 1999) ribosomes+

In spite of the uncertainty about the physiological
role, the 5S rRNA protein particle has long been a good
model system for studying the protein–RNA interaction,
because it is easily isolated and reconstituted (Horne &
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Erdmann, 1972)+ The number of proteins associated
with 5S rRNA varies from one to three depending on
the source of the ribosome+ In E. coli, 5S rRNA is com-
plexed with three proteins, L5, L18, and L25 (Chen-
Schmeisser & Garret, 1977)+ Extensive studies using
the footprinting method against ribonucleases and
chemical reagents have identified a number of possible
binding sites for individual proteins on the E. coli 5S
rRNA(Zimmermann & Erdmann, 1978;Douthwaite et al+,
1979; Garrett & Noller, 1979; Huber & Wool 1984;
Shpanchenko et al+, 1996)+ The crystal structures of a
62-nt domain of 5S rRNA and a duplex dodecamer
encompassing an internal loop E have been deter-
mined at 3+0 Å and 1+5 Å resolutions, respectively (Cor-
rell et al+, 1997)+ Furthermore, the three-dimensional
structures of L25 from E. coli have been analyzed with
and without the RNA fragment corresponding to loop E
of 5S rRNA (Stoldt et al+, 1998, 1999; Lu & Steitz, 2000)+

In addition to E. coli, the 5S rRNA protein particle
from B. stearothermophilus has been isolated and
characterized (Horne & Erdmann, 1972)+ Two proteins
(Bst L5 and Bst L18) from the B. stearothermophilus
ribosome that can bind to 5S rRNA were identified and
correlated with L5 and L18 from E. coli+ The proteins
Bst L5 and Bst L18 consist of 179 and 120 amino acid
residues and share 59 and 53% identical residues with
E. coli homologs, respectively (Kimura & Kimura, 1987)+
A ribonuclease T1 hydrolysis experiment showed that
Bst L5 and Bst L18 protect the nucleotide sequences
18–57 and 58–100 of E. coli 5S rRNA, respectively
(Zimmermann & Erdmann, 1978)+ To gain more insight
into the interaction of 5S rRNA and proteins, and also
to facilitate structural analysis of the intact 50S sub-
units, we attempted to crystallize the recombinant pro-
teins Bst L5 and Bst L18 overexpressed in E. coli cells+
Although no suitable crystals for Bst L18 have been
available thus far, the Bst L5 crystals were grown under
an appropriate condition+

In the present study, we determined the crystal
structure of Bst L5 at 1+8 Å resolution by means of the
multiwavelength anomalous diffraction method using a
selenomethionyl derivative+ The molecule has a ribo-
nucleoprotein (RNP) motif for RNA recognition+ On the
basis of the crystal structure, we attempted to identify
amino acid residues responsible for 5S rRNA binding
by site-directed mutagenesis+ These results were com-
pared with the more recently analyzed structure of the
50S subunit of the Haloarcula marismortui ribosome
(Ban et al+, 2000)+

RESULTS AND DISCUSSION

Structure description

The ribosomal protein L5 from B. stearothermophilus
(BstL5) consists of 179 amino acid residues+ The crystal

structure of Bst L5 was solved by the multiple wave-
length anomalous diffraction (MAD) method and re-
fined against 1+8 Å resolution native data using the
CNS program (see Materials and Methods)+ Two mol-
ecules in the asymmetric unit (referred to as A and B)
have slightly different conformations at the loop re-
gions+ The current model includes all 179 residues for
both A and B molecules, plus 376 water molecules+ A
stereo view of the overall structure of BstL5 is shown in
Figure 1+ The structure is of the a/b type, consisting of
a five-stranded antiparallel b-sheet and four a-helices+
The connectivity scheme of the molecule is a1-b1-a2-
b2-b3-a3-b4-b5-a4, and the secondary structure of
Bst L5, as defined by the DSSP program (Kabsch &
Sander, 1983) is given in Figure 2+ The folding topology
of the central part of BstL5 (b1-a2-b2-b3-a3-b4),which
excludes a1 (resides 4–19), b5 (residues 163–174),
and a4 (residues 163–174) at the N- and C-termini,
has some similarities to the ribonucleoprotein (RNP)
family of proteins (see, e+g+, Burd & Dreyfuss, 1994)+
Unlike typical RNP (which is also referred to as RNA
recognition motif (RRM)), a b-stand (b5) is inserted
between b4 and b1, forming an antiparallel five-stranded
b-sheet rather than a four-stranded sheet+ The con-
cave shape of the b-sheet is reinforced by the hydro-
phobic interactions on the back side of the b-sheet
where a-helical segments (a2 and a3) and the proxi-
mal part of the loop (b4–b5) pack against the b-sheet,
forming a well-extended hydrophobic cluster+ The sur-
face representation of the electrostatic potential clearly
shows that the concave surface of the molecule is pos-
itively charged,whereas the backside is neutral (Fig+ 3)+

N- and C-terminal a-helices (a1 and a4) together
with helix 3 (a3) form a hydrophobic cluster at one
edge of the b-sheet+ Because of this interaction, both
termini of the peptide chain are well defined in the elec-
tron density+As the sequence comparison (Fig+ 2) shows
that the amino acid sequences at N- and C-terminal
regions are not conserved between eubacteria and oth-
ers, it appears this structure is specific for eubacteria+
At the opposite edge of the b-sheet are the loop re-
gions+ Loop (b2–b3) peels off from the b-sheet sur-
face, giving the impression that the molecule has a
concave shape+ The electron density corresponding to
this loop region is the least well defined in both A and
B molecules+ The electron density corresponding to
loop (b1–a2) is also weak in molecule B, but it is well
defined in molecule A, probably due to the contacts
with neighboring molecules+ These poorly defined loops
of Bst L5 are presumably flexible and may interact with
rRNA in the ribosome, thereby fixing the conforma-
tions+ The structure of loop (b4–b5) is well ordered
because of the hydrophobic interactions along the prox-
imal part of the loop (especially at residues Ile137 and
Phe138 with Phe99 of a3)+ The role of this loop may
not be one related to rRNA binding, but rather struc-
tural in nature+

Structure of the ribosomal protein L5 693



Similar structures

The folding topology of Bst L5 indicates that this mol-
ecule can be classified into the ribonucleoprotein (RNP)
family of RNA-binding proteins, members of which con-
trol many aspects of RNA processing in eukaryotic
cells (Burd & Dreyfuss, 1994)+ The RNP family of
proteins includes, among others, the U1 small nu-
clear ribonucleoprotein particle (U1 snRNP)+ The three-
dimensional structure of the N-terminal RNA-binding
domain of U1 snRNP A (U1A), a member of the RNP,
was determined in 1990 (Nagai et al+, 1990)+ The
structure is characteristics of the split babbab sec-
ondary structural elements that form a four-stranded
antiparallel b-sheet packed against the two perpen-
dicularly oriented a-helices+ Identical folding topology
has been found in the ribosomal protein S6, and vari-
ants have been found in L1, L6, L7/L12, L9, L22, and
L30 (see, e+g+, Ramakrishnan & White, 1998)+ Actu-
ally this is the most frequently occurring folding motif
in the ribosomal proteins+ However, none has entirely
the same folding topology, and no sequence similar-
ity has been detected within these molecules+ De-
spite the topological resemblance between BstL5 and
the RNP family of proteins, the structure of Bst L5 is

distinct from these molecules in its overall dimen-
sions (Bst L5 is much larger)+ Although it is tempting
to speculate that the ribosomal protein is at least
remotely evolutionarily related to the RNP family of
proteins, the complete lack of sequence similarity, in-
cluding the canonical sequence of RNP, suggests that
the relationship between these molecules is extremely
distant if present at all+

Possible RNA-binding site

It is now believed that the primary role of ribosomal
proteins is to direct the folding and to stabilize the
tertiary structure of the ribosomal RNA+ The three-
dimensional structures of the ribosomal proteins deter-
mined thus far have shown that the ribosomal proteins
have a well-extended hydrophobic core structure and
protruding flexible arm regions+ The sequence compar-
isons of the ribosomal proteins from many different spe-
cies have revealed that the flexible loop or arm regions
quite often contain mostly conserved amino residues+
Because these flexible parts have almost no inter-
actions within the molecule, the conservation of amino
acids in these regions is indicative that they have con-

FIGURE 1. A stereoscopic drawing of the ribosomal protein L5 from B. stearothermophilus+
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tact with other (possibly RNA) molecules, thereby play-
ing an important role+ The electrostatic surface potential
representation also allows us to estimate functional re-
gions for this class of molecules+ Quite often, the ribo-
somal proteins have surface patches where positively
charged residues are localized+ These regions are be-
lieved to create a contact surface with rRNA+

The ribosomal protein L5 is the primary 5S rRNA
binding protein+ The 5S rRNA is a small RNA compo-
nent (120 nt long) of the 50S subunit of the ribosomes+
Its secondary structure is well characterized, having
five helices (I to V) and five loops (A to E)+ The primary
target site of the L5 protein is at loops B and C+ From
the structure of BstL5,we attempted to predict the RNA-
binding site+ The electrostatic potential surface repre-
sentation showed that the concave surface together
with the arm region contains the mostly positively
charged residues, suggesting that these are the pri-
mary RNA-binding sites+ The structural similarity be-

tween Bst L5 and the RNP family of proteins supported
this hypothesis+ The three-dimensional structure analy-
sis of U1A complexed with the 21-nt RNA hairpin has
shown that U1A binds with the 10-nt loop of the RNA
hairpin that forks from the stem region and adopts an
open structure (Oubridge et al+, 1994)+

A comparison of amino acid sequences of the L5
family of proteins has indeed revealed a number of
evolutionarily conserved residues in b-strands and loop
regions+ To consider the role of these amino acids in
RNA binding,we made use of Ala-scanning site-directed
mutagenesis+The residues replaced were Asn37,Thr90,
and Asp153 in the b-strands and Gln63, Phe77,Arg80,
Ile141, Tyr143, and Asp144 in the loop regions+

All mutants were expressed in E. coli BL21 (DE3)
cells using the expression vector pET-22b and
were purified by ion-exchange chromatography on SP-
Sepharose, as described for the wild type+ Throughout
the purification process, all mutants behaved like the

FIGURE 2. Sequence comparison of the ribosomal protein L5+ The amino acid residues are shaded as follows: completely
identical (red), conserved change (yellow)+ The secondary structure elements indicated are those defined by the present
work for Bst L5 using the DSSP program (Kabsch & Sander, 1983)+ The alignment at the C-terminal portion including a4 is
based on the tertiary structures of Bst L5 (present study) and HmaL5 (Ban et al+, 2000)+ Loop region that is unique in
archaea and eukaryote is boxed (blue)+
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wild type and exhibited almost the same elution pattern
as L5+ The structural integrity of the mutant proteins
was evaluated by comparing their CD spectra in the
far-ultraviolet region (200–250 nm) with that of the wild-
type L5+ This analysis showed that the CD spectra of all
mutants were approximately identical to that of the wild
type, indicating that replacements of amino acids by
Ala do not seem to affect the integrity of the protein
structure+ These mutant proteins were characterized
with respect to their binding potency, based on the re-
sults of a filter-binding assay+ The apparent binding
constants of the mutant proteins obtained in this analy-
sis are given in Table 1+Mutations of Asn37,Gln63, and

Phe77 (N37A, Q63A, and F77A) resulted in 25-, 12+5-,
and 8+3-fold decreases, respectively, in binding con-
stants (K ), compared with the wild type (Table 1)+ In
contrast, the Y143A and D153A mutations had no sig-
nificant effect on the RNA-binding affinity+

Figure 4 shows the main-chain folding with side chains
of the amino acid residues analyzed in the present
study+ The N37A and T90A mutations at the b1 and b3
strands, respectively, had a significant effect on the 5S
rRNA-binding activity+Additionally, the mutations Q63A
and F77A that lay on top of the a2–b2 and b2–b3
loops, respectively, also reduced the 5S RNA-binding
activity+ These results indicate that Asn37 and Thr90 at
the antiparallel b-strands (b1 and b3) and Gln63 and
Phe77 at the loops (a2–b2 and b2–b3) are essential
for RNA binding+ This result indicates that although there
is little sequence similarity between BstL5 and the RNP
domain, the essential amino acid residues for RNA bind-
ing occupy similar surfaces in the proteins+ As de-
scribed in the structure description, the b2–b3 loop has
the weakest electron density+ It is further known that
the Phe77 residue is extremely susceptible to chymo-
trypsin, suggesting that it is very flexible (M+ Kimura,
unpubl+ results)+ It is thus likely that this region of the
molecule can become ordered on RNA binding+

It was further found that the Ile141 and Asp144 mu-
tations at the b4–b5 loop cause a moderate reduction
in RNA binding+ In the X-ray structure analysis, the

FIGURE 3. Surface representation of the electrostatic potential of Bst L5 as calculated by GRASP (Nicholls et al+, 1991)+
The surface potential is displayed as a color gradient from red (negative) to blue (positive)+ A,B: Molecular surface of
the rRNA-binding region showing the relatively strong electropositive character+ C: The view after 180 deg rotation from
A and B+

TABLE 1 + Binding constants of Bst L5 and its mutants+

Mutant K (mM21) Relative K

Wild type 5+0 1+0
N37A 0+2 0+04
Q63A 0+4 0+08
F77A 0+6 0+12
R80A 3+6 0+72
T90A 1+2 0+24
I141A 2+8 0+56
Y143A 4+6 0+92
D144A 3+3 0+66
D153A 4+9 0+98
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b4–b5 loop had a strong electron density, suggesting
its rigid conformation+ It is thus unlikely that the b4–b5
loop is directly involved in 5S rRNA binding, but rather
that it participates in stabilizing the b-sheet structure+
The observed reduction in 5S rRNA binding activity is
probably due to a slight structural perturbation on the
back side of the antiparallel b-sheet+

Comparison with the L5 structure in the
50S subunit of H. marismortui

During preparation of this article, the structure of the
50S subunit from H. marismortui was published (Ban
et al+, 2000), which enables us to compare our L5 struc-
ture (and mutagenesis data) with that of the 50S sub-
unit of this halo bacteria+ Figure 5 provides a comparison
of the molecular structures of Bst L5 and L5 of the 50S
subunit from H. marismortui (HmaL5)+ Although two
loop regions (between b1 and a2 and between b4 and
b5) of HmaL5 are not defined in the crystal, it is still
evident that the two molecules have the same folding
topology+ The obvious differences are at the N- and
C-terminal regions+As mentioned above, these regions
are the least conserved in the amino sequences (Fig+ 2),
and the alignment at the C-terminal region, including
a4, is not possible without reference to these tertiary
structures+ As shown in Figure 2, HmaL5 and Bst L5
share approximately 30% identical residues, and BstL5
has an N-terminal extension with 13 amino acids,

whereas HmaL5 has a long insertion with 20 amino
acids between b5 and a4 in Bst L5+ The structures of
the two molecules are similar, even with this sequence
difference in the residues, possessing the same ele-
ments of a secondary structure+ The differences in the
a-carbon tracings occur primarily due to the differ-
ences in length of the two proteins+ The N-terminal
a-helix of BstL5,which is completely missing in HmaL5,
should be located at the particle surface and exposed
to the solvent+ The C-terminal insertion found in HmaL5
forms a long extra loop and fills the space between 5S
rRNA and 23S rRNA (Fig+ 5)+ As the sequence align-
ment suggests (Fig+ 2), this interaction seems to be
unique in archaebacteria as well as in eukaryotic
ribosome+

The crystal structure of HmaL5 shows that protein
L5 strongly binds not only 5S rRNA but also 23S rNA
(at helix 86)+ When examining 5S rRNA binding sites
on HmaL5, 5S rRNA predominantly interacts with the
antiparallel b-sheet, which is consistent with the result
concerning the mutation, that defined the antiparallel
b-sheet, composed of the b1, b2, and b3 strands, as
one of the 5S rRNA binding sites+ The present muta-
tional study suggests that Phe77 located at the loop
between the b2 and b3 strands is involved in 5S rRNA
binding+ However, the structure of HmaL5 of the 50S
subunit shows that the loop containing the conserved
Phe is located far from 5S rRNA and has no interaction
with it+ At present, we have no clear explanation as to

FIGURE 4. Orthogonal view of Bst L5 showing residues subjected to mutation experiment+ The residues that were shown
to be important for 5S rRNA binding are emphasized by a red box+
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why the mutation of Phe77 in Bst L5 affects 5S rRNA
binding activity+ One possibility is that although Phe77
is not directly involved in the interaction between 5S
rRNA in the final structure, it may be involved in the
interaction during the process of forming the 5S rRNA
structure+ Another possibility is that the interaction of
the L5 protein and 5S rRNA in eubacterial ribosome
may be different from that within the archaebacterial
(H. marismortui ) ribosome+ It has been reported that
the structure of 5S rRNA in complex with L5, L18, and
L25 differs from that in the 50S ribosome subunit
(Shpanchenko et al+, 1998)+ These assumptions will be
addressed in a structure analysis of 5S rRNA com-
plexed with Bst L5 and Bst L18 that is now in progress
in our laboratories+

MATERIALS AND METHODS

Preparation of the recombinant BstL5

For the overexpression of Bst L5, its entire gene was ampli-
fied by polymerase chain reaction from a genomic DNA from
B. stearothermophilus and placed under the control of the T7
phage promoter on the expression plasmid pET-22b+ Expres-
sion of the BstL5 gene in E. coli BL21 (DE3) and subsequent
purification of the resulting protein was performed as follows+
The E. coli cells were harvested by centrifugation, washed,
and disrupted using a French press in buffer RP (50 mM
Tris-HCl, pH 7+5, 1 mM EDTA, 1 mM DTT, 0+1 mM PMSF)+
Cell debris was removed by centrifugation for 20 min at
20,000 3 g+ The supernatant was loaded on a SP-Sepharose
FF column equilibrated with the buffer RP+ After washing, the
protein was eluted with a linear gradient from 0+2 to 0+8 M
NaCl in the buffer RP+ The fractions were analyzed by SDS-
PAGE+ The purity of the protein was confirmed by direct
N-terminal amino acid sequencing and MALDI-TOF MS analy-
ses+ The N-terminal sequencing provided a single sequence,
Met-Asn-Arg-Leu-Lys, indicating that the recombinant Bst L5
had an amino acid sequence identical to that of the authentic
Bst L5+ The molecular weight, determined by MALDI-TOF MS
analysis, was 20,089 Da, which coincided well with the cal-
culated value (20,163 Da) of the Bst L5+ To test whether the
Bst L5 was correctly folded into an active conformation, the
capability of the protein to bind 5S rRNA was examined by a
filter-binding assay, as described previously (Harada et al+,
1998)+ For this purpose, a total length of B. stearothermophi-
lus 5S rRNA was produced in the presence of 35S-UTP using
T7-based in vitro runoff transcription with a plasmid template
(pGEM-T vector)+ The resulting product was treated with
DNase I and purified by ethanol precipitation+ Under the con-
dition used, the Bst L5 bound 5S rRNA with an apparent bind-
ing constant of 5+0 mM21, which is comparable to those of
other ribosomal RNA binding proteins (Schwarzbauer &
Craven, 1981)+

Crystallization and X-ray data collection

The purified protein was dialyzed against distilled water and
concentrated to 10 mg/mL by means of a Centricon concen-
trator (Amicon)+ Crystallization was carried out at 18 8C
by the hanging-drop vapor diffusion technique+ The crystal
screens I and II (Hampton Research, California) were used to
search for the crystallization conditions of Bst L5+ The crys-
tals were obtained under several conditions, including num-
bers 4, 7, and 41 of crystal screen I, and number 38 of crystal
screen II+ Crystallization was optimized under these condi-
tions+ The best crystal of Bst L5 was obtained at 18 8C from
0+1 M HEPES, pH 8+0, containing 16% polyethylene glycol
8000 and 10% 2-methyl-2-,4-pentanediol+Crystals were grown
within a few days to a size of up to 0+2 3 0+4 3 0+6 mm3 at
18 8C+ Subsequently, a selenomethionine (Se-Met) derivative
for Bst L5 was prepared, and its crystals were produced un-
der conditions identical to those described for the native BstL5+

X-ray diffraction data sets for native Bst L5 and Se-Met
Bst L5 were collected at 100 K on a MAR CCD detector at the
BL44B2 and BL41XU stations of SPring-8+ The crystals were
soaked stepwise from 10 to 20% MPD in the reservoir solu-
tion for a few minutes, suspended on a loop in a thin liquid

FIGURE 5. A: Stereo view of the superposition of the molecular
structures of L5 from B. stearothermophilus (Bst L5: blue) and that in
the 50S subunit of H. marismortui (HmaL5: red; Ban et al+, 2000)+
The a-carbon tracing of HmaL5 is incomplete for the two loop re-
gions at the back of the concave surface+ The two molecules are
different at the N- and C-terminal regions+ At the N-terminus, Bst L5
has 13 extra residues that form the a-helix, and at the C-terminal
region the inserted 20 residues of HmaL5 form extra loop charac-
teristic of the archaea and eukaryote+ B: This loop penetrates into
the gap between 5S rRNA and 23S rRNA and fills the space (Ban
et al+, 2000)+ Mutation positions that affect 5S rRNA binding in B.
stearothermophilus are marked by arrows (blue:Gln63, purple:Asn37,
and black: Phe77)+
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film of stabilizing solution, and directly frozen at 100 K in a
cold nitrogen gas stream with a Cryostream Cooler+ The crys-
tals of both native and Se-Met Bst L5 belong to the space
group C2, but with slightly different cell dimensions+ The cell
dimensions of the native Bst L5 were a 5 138+65 Å, b 5
49+22 Å, c 5 68+93 Å, and b 5 117+308, and those of Se-Met
Bst L5 were a 5 139+51 Å, b 5 49+54 Å, c 5 69+23 Å, and b 5
117+328+ By assuming two Bst L5 molecules in the asymmet-
ric unit, VM was calculated to be 2+65 Å3/Da, which is within
the range observed for protein crystals (Matthews, 1968)+
The solvent content of the crystals was calculated to be
53+7%+ The results of the data reduction are summarized in
Table 2+ The reflections were indexed and integrated using
MOSFLM (Leslie, 1993) and scaled and reduced using SCALA
(Evans, 1997)+

Structure determination and refinement

Fourteen of the 16 total selenium sites were located by the
program package SOLVE (Terwilliger & Berendzen, 1999)+
Heavy-atom parameter refinement and phase calculations
were carried out using the program SHARP (La Fortelle &
Bricogne, 1997)+ The operators of noncrystallographic sym-
metry (NCS) were obtained by LSQKAB (Kabsch, 1976) and
improved by IMP of the Uppsala program package (Kleywegt

& Read, 1997) using eight sites of 14 selenium atoms+ Be-
cause electron-density features corresponding to the two in-
dependent molecules were somewhat different, the initial
electron density map was not subjected to NCS averaging
but was rather improved only by solvent flattening with
SOLOMON (Abrahams & Leslie, 1996) using the procedure
in the SHARP program+ The phasing statistics are sum-
marized in Table 3+ The atomic model was built using the
graphics program O (Jones et al+, 1991)+ The model of Se-Met
Bst L5 was refined against the remote data for the Se-Met
Bst L5 crystal with the CNS program (Brünger et al+, 1998)
using positional and temperature factor refinement followed
by a few cycles of simulated annealing refinement+

Because the selenomethionyl derivative was not isomor-
phous with the native crystal, a native Bst L5 model was
obtained by molecular replacement using program AMORE
(Navaza, 1994)+ The phases were improved by NCS averag-
ing using the programs DM (Cowtain & Main, 1996) and
SIGMAA (Read, 1986)+ The model was rebuilt on the electron
density map by the O program+ At the current stage of refine-
ment, the model has an R-factor of 21+5%, and free R-factor
of 25+9% for the data between 10 Å and 1+8 Å, including
179*2 residues for crystallographically independent mol-
ecules, and 376 water molecules+ The refinement statistics
are summarized in Table 4+ The coordinates will be deposited
in the Protein Data Bank (Abola et al+, 1997)+

TABLE 2 + The summary of data collection+

MAD data

Native Peak Edge Remote

Wavelength (Å) 0+70000 0+979155 0+979467 0+90000
Resolution (Å) 40–1+8 (1+9–1+8) 40–2+1 (2+2–2+1) 40–2+1 (2+2–2+1) 40–2+0 (2+1–2+0)
No+ of obs+ reflections 252,800 172,941 169,984 193,341
Unique reflections 37,507 24,745 24,652 28,428
Completeness (%) 97+7 (96+6) 99+6 (99+6) 99+4 (99+4) 99+3 (99+3)
Averaged redundancy 6+7 (3+4) 7+0 (7+2) 6+9 (7+1) 6+8 (7+0)
Averaged I/s (I ) 7+6 (3+7) 6+0 (2+5) 5+8 (2+6) 5+5 (2+7)
Rmeas (%)a 5+0 (23+9) 7+0 (29+1) 6+4 (24+5) 6+3 (25+2)

Values in parentheses are for the outermost resolution shell+
aRmeas 5 (h[m/(m 2 1)]1/2(j 6^I &h 2 Ihj 6/(h(j Ihj, where ^I &h is the mean intensity of symmetry-equivalent reflections and

m is redundancy+

TABLE 3 + Phasing statistics+

Remote Peak Edge

Data Dispersive Bijvoet Dispersive Bijvoet Dispersive Bijvoet

RCullis
a 0+5267 0+5923

Phasing powerb 2+188 3+330 2+540 3+327 1+541
FOMc 0+6681
FOM after SOLOMON 0+8379

aRCullis is the mean residual lack of closure error divided by dispersive difference+ Values are
for centric reflections+

bPhasing power of the dispersive is the root mean square of FH/E where FH is the dispersive
difference of FH and E is the lack of closure error+ Phasing power of the Bijvoet is as for phasing
power of the dispersive except that FH is the Bijvoet difference of FH+

cFOM is the mean figure of merit+
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Preparation of the mutant proteins of Bst L5

Site-directed mutagenesis was carried out by the unique
site elimination method (Deng & Nickoloff, 1992), using the
ChameleonTM double-stranded site-directed mutagenesis kit
supplied by Stratagene+ The mutagenic primers used were
purchased from Amersham-Pharmacia Biotech+ Mutations
were confirmed by DNA sequencing using a thermo seque-
nase fluorescent-labeled primer cycle sequencing kit with
7-deaza dGTP (Amersham-Pharmacia Biotech) and the
DSQ-1000 DNA sequencer (Shimadzu) to ensure that no
alterations other than those expected had occurred+ Over-
production and purification of the mutant proteins were car-
ried out in the same manner as that described for wild-type
Bst L5+ The structural integrity was confirmed by SDS-PAGE,
and CD spectra in the far-UV range 200–250 nm, as de-
scribed previously (Harada et al+, 1998)+
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