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Lipoproteins having a lipid-modified cysteine at the
N-terminus are localized on either the inner or the
outer membrane of Escherichia coli depending on
the residue at position 2. Five Lol proteins involved in
the sorting and membrane localization of lipoprotein
are highly conserved in Gram-negative bacteria. We
determined the crystal structures of a periplasmic
chaperone, LolA, and an outer membrane lipoprotein
receptor, LolB. Despite their dissimilar amino acid
sequences, the structures of LolA and LolB are strik-
ingly similar to each other. Both have a hydrophobic
cavity consisting of an unclosed B barrel and an o-hel-
ical lid. The cavity represents a possible binding site
for the lipid moiety of lipoproteins. Detailed structural
differences between the two proteins provide signifi-
cant insights into the molecular mechanisms under-
lying the energy-independent transfer of lipoproteins
from LolA to LolB and from LolB to the outer
membrane. Furthermore, the structures of both
LolA and LolB determined from different crystal
forms revealed the distinct structural dynamics
regarding the association and dissociation of lipo-
proteins. The results are discussed in the context of
the current model for the lipoprotein transfer from the
inner to the outer membrane through a hydrophilic
environment.

Keywords: crystal structure/lipoprotein localization/
LolA/LolB/periplasm

Introduction

The transport of lipid-modified proteins between mem-
branes through hydrophilic environments requires protein-
aceous factors. In eukaryotic cells, for example, Rab
proteins involved in the vesicular transport system are
transported between membranes after forming a complex
with Rab GDP-dissociation inhibitor (Zerial and Huber,
1995; Novick and Zerial, 1997). Bacterial lipoproteins
having a lipid-modified cysteine at the N-terminus are
important components of the cell envelope and responsible
for various cellular activities (Hayashi and Wu, 1990).
Borrelia burgdorferi, the Lyme disease spirochaete, has
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>100 lipoproteins, some of which are localized on the cell
surface through an as yet unknown mechanism and induce
an immunoresponse of host cells (Fraser er al., 1997,
Brightbill ez al., 1999). Escherichia coli also has at least 90
lipoproteins (Masuda et al., 2002) on the periplasmic
surface of either the inner or the outer membrane
depending on the sorting signal located next to the
N-terminal cysteine (Yamaguchi et al., 1988). Aspartate
at this position functions as an inner membrane-specific
signal, whereas other residues direct lipoproteins to the
outer membrane (Yamaguchi et al., 1988; Terada et al.,
2001).

Lipoproteins are synthesized as precursors with a signal
peptide and then translocated across the inner membrane
(Pugsley, 1993; Driessen et al., 2001). Subsequent
processing to mature lipoproteins occurs sequentially on
the periplasmic surface of the inner membrane, i.e.
attachment of diglyceride through a thioether linkage to
the cysteine residue located at the N-terminus of the
mature region, cleavage of the signal peptide by a
lipoprotein-specific signal peptidase and attachment of
an acyl chain to the amino group of cysteine (Sankaran and
Wu, 1994). Mature lipoproteins thus formed are then
sorted and localized to the respective membranes by the
Lol system. The LolCDE complex in the inner membrane
belongs to the ABC (ATP-binding cassette) transporter
superfamily and releases outer membrane-specific lipo-
proteins in an ATP-dependent manner (Yakushi et al.,
2000), leading to the formation of a water-soluble complex
with a periplasmic molecular chaperone, LolA
(Matsuyama et al., 1995). The LolA-lipoprotein complex
crosses the periplasm to the outer membrane, where a
lipoprotein receptor, LolB, is present (Matsuyama et al.,
1997). Upon interaction of the LolA-lipoprotein complex
with LolB, lipoproteins are transferred from LolA to LolB
and finally localized to the outer membrane. The depletion
of any Lol protein is lethal for E.coli (Tajima et al., 1998;
Tanaka et al., 2001; Narita et al., 2002).

Both LolA (Matsuyama et al., 1995) and LolB
(Matsuyama et al., 1997) function as a monomeric form.
The LolA-lipoprotein complex is stable both in vivo
(Tanaka et al., 2001) and in vitro (Matsuyama et al., 1995,
1997) only in the absence of the LolB function, suggesting
that the affinity for lipoproteins is lower for LolA than for
LolB. The in vitro transfer of lipoproteins from the LolA—
lipoprotein complex to LolB (Matsuyama et al., 1997) also
suggests that the lipoprotein transfer occurs because of the
affinity difference between the two proteins. The LolB—
lipoprotein complex is also stable in the absence of the
outer membrane (Matsuyama et al., 1997). These obser-
vations, taken together, indicate that not only lipoprotein
binding but also rapid transfer of associated lipoproteins
are common functions of LolA and LolB. Although non-
functional LolA mutants have been isolated (Miyamoto
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Table I. Data collection and refinement statistics

LolA
orthorhombic form

LolA
trigonal form

LolB
monoclinic form

LolB
hexagonal form

Crystal data

Space group 1222 P3,21 P2, P6322
Cell parameters
a (A) 55.8 60.6 37.2 71.4
b (A) 75.4 60.6 112.4 71.4
c(A) 99.5 79.0 47.8 133.9
B () — — 1114 —
Data collection
Resolution range (A) 40.0-1.65 30-1.90 30.0-1.90 30.0-2.20
(1.71-1.65) (1.97-1.90) (1.97-1.90) (2.28-2.20)
Redundancy 15.2 9.1 3.1 19.9
Completeness (%) 932 994 97.9 98.2
(51.6) (99.5) (95.0) 93.4)
Ryym (%) 4.3 39 6.2 7.3
(23.6) (25.6) (27.9) (25.3)
Refinement
Protein residues 177 174 354 177
Heterogen molecules 5 0 4 3
Water molecules 160 82 215 177
Ryork (%) 22.2 22.6 21.5 21.7
Riree (%) 24.9 25.9 24.9 24.7
R.m.s. deviations
Bonds (A) 0.006 0.006 0.006 0.007
Angle (°) 1.3 1.2 1.3 1.2
Coordinates error (A) 0.25 0.30 0.29 0.30

Values in parentheses refer to the highest resolution shell.
Ryym = ZpaZillnii — <>V ZnaZidhi i
Rwork = thllFobs - FcalcVElFobsl'

Riree Was calculated with the 5% of the reflections not included for refinement as a test set.
R.m.s., root mean square. The coordinates error was calculated from a Luzzati plot using the test set of reflections.

etal., 2001, 2002), little is known about the structural basis
of the lipoprotein trafficking mechanism. To clarify the
molecular mechanisms of LolA and LolB, the crystal
structures of the two proteins from E.coli were determined.

Results and discussion

Overall structure of LolA

We determined the crystal structure of a periplasmic
chaperone, LolA, with two crystal forms, i.e. orthorhom-
bic and trigonal forms (Takeda et al., 2003a). The structure
of the orthorhombic form was solved by the multiple-
wavelength anomalous dispersion (MAD) method, using a
platinum derivative, and refined at 1.65 A resolution. The
structure of the trigonal form was solved by the molecular
replacement method and refined at 1.9 A resolution (see
Materials and methods). The crystallographic data and
refinement statistics for the two crystal forms are
summarized in Table I. The structure of LolA is
characterized by an 11-stranded antiparallel 3-sheet (31—
B11) forming an unclosed [ barrel and three o-helices
(o1-03) attached to the concave face of the sheet
(Figure 1A and B). The long loop connecting B11 and
B12 is located outside the B-sheet. The B12 strand forms
a parallel P-sheet with P6. The strand order is
789[10][11]123456[12]. The inner surface of the (3-sheet
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and three o-helices is highly hydrophobic (as discussed
later in detail).

Overall structure of LolB

Because outer membrane receptor LolB is an insoluble
lipoprotein, a soluble LolB mutant, mLolB, having alanine
in place of cysteine at position 1 (Matsuyama et al., 1997)
was used for crystallization. Two crystal forms, i.e.
monoclinic and hexagonal forms (Takeda et al., 2003b),
were obtained for mLolB lacking the N-terminal acyl
chains. The structure of the monoclinic form was solved
by the MAD method, using selenomethionyl mLolB, and
refined at 1.9 A resolution. The structure of the hexagonal
form was solved by the molecular replacement method and
refined at 2.2 A resolution (see Materials and methods).
The crystallographic data and refinement statistics for the
two crystal forms are listed in Table 1. Figure 2A and B
show ribbon models of LolB. Strikingly, the molecular
structure of LolB is very similar to that of LolA, despite
the low sequence identity of 8% between these two
proteins. The structure of LolB also comprises an
antiparallel B-sheet (B1-B11) covered by three o-helices
(01-03). The strand order is 789[10][11]123456. The
inner surface of the P-sheet and three o-helices is also
highly hydrophobic. The C-terminal long loop and (12
found in LolA do not exist in LolB. The results of detailed
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Fig. 1. Crystal structures of Escherichia coli LolA. (A) The LolA molecule is shown as a ribbon model, in which o-helices (0.1-0.3) and B-strands
(B1-B11) are shown in red and green, respectively. Loops and short 3¢ helices are shown in yellow and a long loop and 12 in gray. Residues which
had been mutagenized (Miyamoto et al., 2001, 2002) are shown as a ball-and-stick model. (B) LolA shown in (A) was rotated by 90° around the hori-
zontal axis. (C) Sequence alignment of LolA homologs. o and 3, helices are indicated by cylinders and B-strands by arrows. The color scheme is the

same as that in (A) and (B). The mutagenized residues are indicated by

red triangles. Aromatic residues surrounding the hydrophobic cavity (see text)

are indicated by green triangles. Eco, Escherichia coli; Sty, Salmonella typhimurium; Ype, Yersinia pestis; Hin, Haemophilus influenzae; Aac,

Actinobacillus actinomycetemcomitans; Pmu, Pasteurella multocida.

structural comparison of the two Lol proteins are discussed
later.

Structural differences between the two crystal
forms of LolA

Proteins can take on various conformations to exhibit
minimum energy in solution, and these conformations are
closely related to their functions. However, a certain
conformation is stabilized by the restriction of the crystal
packing. Therefore, the crystal structures determined for
more than two crystal forms provide useful information as
to protein dynamics. The structures of LolA determined
for the two crystal forms were compared. Although the

overall architectures are essentially identical, some sig-
nificant differences were found between the two struc-
tures. These differences are important for clarifying the
molecular mechanisms of LolA functions. The two
molecular structures were superposed, which was per-
formed with the LSQKAB program (Kabsch, 1976) in the
CCP4 software suite (CCP4, 1994), and it was indicated
that the root-mean-square deviation of all C, atoms is
1.67 A. Large differences were observed in the three
helices and flexible loop regions (Figure 3A). For
example, the average deviation of the a2 helix is ~1.85 A
(Figure 3A and B). In contrast, the B-sheet can be well
superimposed with small deviations, except that the
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Fig. 2. Crystal structures of Escherichia coli LolB. (A) The LolB molecule is shown as a ribbon model, in which o-helices (ct1-a3) and B-strands
(B1-B11) are shown in pink and blue, respectively. Loops and short 3, helices are shown in yellow. Leu68, a conserved hydrophobic residue at the
protruding loop, is shown as a ball-and-stick model. (B) LolB shown in (A) was rotated by 90° around the horizontal axis. (C) Sequence alignment of
LolB homologs. o and 3, helices are indicated by cylinders and B-strands by arrows. The color scheme is the same as that in (A) and (B). Residues
forming the hydrophobic cavity (see text) are indicated by blue triangles. A conserved hydrophobic residue, Leu68 is indicated by a yellow triangle.
Eco, Escherichia coli; Sty, Salmonella typhimurium; Ype, Yersinia pestis; Hin, Haemophilus influenzae; Aac, Actinobacillus actinomycetemcomitans;

Pmu, Pasteurella multocida.

C-terminal part of the B3 strand and the N-terminal part of
the B4 strand exhibit significant differences between the
two structures because of the marked flexibility of the loop
connecting the B3 and 4 strands (loop 3-4). One residue,
Gly37, a completely conserved residue, exhibits a large
deviation value of 2.3 A (Figure 3A), even though this
residue is located at the middle of B2. This residue seems
to be critical for movement of the a2 helix and allows
conformational changes of Phe90 in the o2 helix and
Trp49 in the B3 strand, both of which are located close to
Gly37. The temperature factors of the three a-helices are
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small in the two crystals. Nevertheless, the two crystal
forms exhibited these structural differences, indicating
that the o-helices of LolA are inherently mobile in
solution.

Hydrophobic cavity of LolA is closed

It has been reported that the occurrence of X-Pro cis
peptide bonds is ~5% (Stewart et al., 1990; Jabs et al.,
1999). In contrast, two of seven X-Pro bonds, Arg43-
Pro44 and GIn53-Pro54, were found to have the cis
conformation in LolA. These residues other than GIn53 are
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Fig. 3. Structural differences between the two crystal forms of LolA. (A) The positional deviations of C,, atoms between the orthorhombic and trigonal
crystals of LolA are indicated against the residue number. The color scheme corresponds to that in Figure 1A. Regions exhibiting large deviations are
indicated. (B) Stereoview of the superposed orthorhombic (gray) and trigonal (green) crystal forms of LolA. (C) The cis peptide bond between Arg43

and Pro44 in the orthorhombic form of LolA. A sigma A-weighted Fop,s —

F.,. omit map of these two residues is shown at the 3.5¢ level as a green

mesh, in which these residues were excluded from the map calculation. (D) Hydrogen bonds between Arg43 and the plugging helices (0.1-0:2) in the
trigonal form of LolA. The structure of the orthorhombic form (gray) is superimposed for comparison. Dashed lines indicate hydrogen bonds within

3.3 A between Arg43 and the o-helices.

highly conserved among LolA homologs (Figure 1C). The
side chain of Arg43 is oriented toward the interior of the
molecule (Figure 1A and B) due to this cis peptide bond
(Figure 3C). Although the conformation of Arg43 and its
hydrogen bond pattern differ between the orthorhombic
and trigonal crystals, the side chain N atoms of Arg43 are
hydrogen bonded in both crystals to the main chain
carbonyls of residues in the ol and a2 helices, thereby
causing the tight fixation of the helices to the B2 strand
(Figure 3D). No other residue in LolA plays such a role.
The inner surface of the B-sheet and three o-helices
consists of hydrophobic residues and forms a hollow
cavity, which is separated from the bulk solvent (the probe

radius of 1.4 A was employed). The hydrophobic cavity of
LolA is most likely the binding site of a lipoprotein’s acyl
chain. The cavity is surrounded by the side chains of the
aromatic residues, as indicated in Figure 4A. These
aromatic residues are highly conserved among LolA
homologs (Figure 1C, green triangles). Phe90 located in
the o2 helix undergoes a hydrophobic interaction with
Trp49 and Leu59 in the orthorhombic form, whereas that in
the trigonal form interacts with Phe47 and Trp49. As a
result, residues sealing the cavity differ between the
orthorhombic (Figure 4B and C) and trigonal (Figure 4D
and E) forms. In spite of these differences, the shape of the
hydrophobic cavity does not differ significantly between
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Fig. 4. Hydrophobic cavity of LolA. (A) The molecular surface of
LolA. Aromatic residues (Phe, Trp and Tyr) are shown in green and
other hydrophobic residues (Ala, Ile, Leu, Met, Pro and Val) in light
green. The plugging o-helices are shown as tubes. The view is the
same as that in Figure 1A. (B and C) Side and top views of the internal
hydrophobic cavities in the orthorhombic form of LolA. The probe
radius is 1.4 A. The side chains of residues involved in sealing the
cavities (Phe47, Trp49, Leu59, Phe90 and Met91) are shown in red.
(D and E) Side and top views of the internal hydrophobic cavities in
the trigonal form of LolA. The side chains of residues involved in seal-
ing the cavities (Phe47, Trp49, Phe90 and Tyr152) are shown in red.

the two crystals. Moreover, the hydrophobic cavities in
both crystals remain disconnected from the bulk solvent by
the three o-helices (al-a3) fixed to B2. This ‘lid’ is
expected to undergo opening and closing upon the
accommodation and release of lipoproteins, respectively.
The closed form of LolA is stabilized by the hydrogen
bonds between Arg43 and residues in the ol and o2
helices. It has been shown that LolA easily transfers
associated lipoproteins to LolB and returns to the free form
(Matsuyama et al., 1997). These observations indicate that
the closed form of LolA is more stable than the lipoprotein-
bound form. Disruption of the hydrogen bonds is necessary
for the lid opening and may be catalyzed by the LolCDE
complex at the expense of ATP energy.

A similar mechanism involving the movement of an
a-helix for opening a binding site has been reported for
BmrR, a transcription activator of a multidrug exporter,
which binds various lipophilic drugs (Zheleznova et al.,
1999). LolA also binds lipoproteins having acyl chains of
various lengths and degrees of saturation (Fukuda er al.,
2002). The presence of such a lid/lock binding mechanism
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has been supported by the results of analyses of defective
LolA mutants (mutation positions indicated by red
triangles in Figure 1C). These residues are found at the
interface of the B-strands and the o-helical lid (Figure 1A
and B). A mutant of LolA possessing glutamate in place of
phenylalanine at position 47, F47E, cannot bind lipopro-
teins (Miyamoto et al., 2002). Additional hydrogen bonds
may be formed between the B-sheet and the 1id helices in
the F47E mutant, making opening of the lid more difficult.
The LolA (R43L) and (E144W) mutants bind lipoproteins
but cannot transfer associated lipoproteins to LolB
(Miyamoto et al., 2001; A.Miyamoto, S.Matsuyama and
H.Tokuda, unpublished results). Hydrogen bonds between
the B-sheet and lid helices cannot be formed in R43L
and can be weakened by the introduction of a large
hydrophobic residue in E144W. These mutations decrease
the stability of the free form relative to that of the bound
form, thereby causing the accumulation of the complex in
the periplasm (Miyamoto et al., 2001, 2002).

Hydrophobic cavity of LolB is open

We obtained three structures for LolB with two crystal
forms: the monoclinic form containing two molecules in
an asymmetric unit; and the hexagonal form. The root-
mean-square deviations of C, atoms between the hex-
agonal crystal and two molecules, A and B, in the
monoclinic crystal are 1.14 and 1.39 A, respectively,
whereas the deviation value is 0.80 A between the two
molecules in the monoclinic crystal. The largest differ-
ences are observed in loop regions between [-strands
(Figure 5A). The deviation of helices is lower in LolB than
in LolA, whereas that of the B-sheet is higher in LolB than
in LolA. The large deviation of the LolB B-sheet was
caused by polyethylene glycol 2000 monomethyl ether
(PEGMME2000), which was used in the crystallization
process. PEGMME2000 is exclusively present in the
hydrophobic cavity of the hexagonal form (compare
Figure 5C and D) and spreads out the [-sheet
(Figure 5B). Although the size of the cavity approximately
corresponds to the size of the C18 chains existing
abundantly in the membrane, the 12 atoms of
PEGMME2000 could be modeled from the observed
electron density. This hydrophobic cavity is most likely an
acyl chain binding site, in which LolB accommodates the
acyl chain of lipoproteins like PEGMME2000 (Figure 6A).
Residues forming the cavity are highly conserved
(Figure 2C, blue triangles) and consist of mainly leucine
and isoleucine, which have more flexible hydrophobic side
chains than aromatic residues. In contrast, the hydrophobic
cavity of LolA is formed from aromatic residues
(Figure 4A). Such a difference in the cavity-forming
residues is expected to contribute to the difference in the
affinity for lipoproteins between LolA and LolB. Judging
from the cavity size, only a single acyl chain can be
accommodated in this cavity. The binding mode of the
other two acyl chains remains to be elucidated.

The connectivity of the hydrophobic cavity to the bulk
solvent significantly differs between the two structures of
the LolB monoclinic crystal. The cavity of molecule A is
sealed by the side chains of three residues, Leu64, Leu73
and Met107 (Figure 6B and C), whereas that of molecule B
is connected to the solvent region (Figure 6D and E). The
difference is caused by the conformational change of the
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Fig. 5. Structural deviation of LolB. (A) The positional deviations of C, atoms between the monoclinic (molecule A) and hexagonal crystals of LolB
are indicated against the residue number. The color scheme is the same as that in Figure 2A. In addition, the deviations between molecules A and B in
the monoclinic form and between molecule B in the monoclinic crystal and the hexagonal crystal are plotted in black and gray, respectively.
(B) Stereoview of the superposed three structures: molecules A (black) and B (gray) in the monoclinic crystal and the hexagonal crystal (blue). The
B-sheet in the hexagonal crystal (blue) is spread out. (C) A sigma A-weighted Fyps — Feqc 0Omit map of the residues involved in formation of the hy-
drophobic cavities of molecule A in the monoclinic crystal is shown at the 3.0c level as a blue mesh. These residues were excluded from the map cal-
culation. The view is the same as that in Figure 2A. (D) A sigma A-weighted Fops — Feae Omit map of the residues involved in formation of the
hydrophobic cavity in the hexagonal crystal is shown at the 3.0c level as a blue mesh. A sigma A-weighted Fops — Feqe Omit map of the
probable PEGMME2000 molecule is also shown at the 2.56 level as a red mesh. These maps were calculated separately and superimposed.

side chain of Leu64. The 1 values of this residue are 75.3
and —75.6° for molecules A and B, respectively. Other
features near the entrance of the hydrophobic cavity are
essentially the same. Therefore, the cavity seems to
expand spontaneously to the solvent region. The hydro-
phobic cavity of the hexagonal form is completely open
to the bulk solvent because of the existence of
PEGMME2000 (Figure 6F and G). Taken together, these
results indicate that LolB spontaneously binds hydropho-
bic compounds such as PEGMME2000 present in solution
and expands its -strands.

The hydrophobic loop and the N-terminal region
of LolB

A hydrophobic leucine residue (Leu68) is located at the tip
of the loop between B3 and 4, while this loop protrudes
into the solvent region (Figure 2B). This leucine (or
isoleucine) is conserved among LolB homologs
(Figure 2C, yellow triangle). A neighboring residue,
Pro67, is also hydrophobic. The loop containing these
two hydrophobic residues may function when LolB
transfers lipoproteins to the outer membrane. On the
other hand, LolA has no such protruding loop, so that
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Fig. 6. Hydrophobic cavity of LolB. (A) The molecular surface of LolB
in the hexagonal crystal. Aromatic residues (Phe, Trp and Tyr) are
shown in blue and other hydrophobic residues (Ala, Ile, Leu, Met, Pro
and Val) in light blue. The a-helices are shown as tubes. The 12 atoms
of the PEGMME2000 molecule constructed from the observed electron
density are shown as a CPK model in orange. The additional six atoms
(C13-C18) shown in beige were modeled into this PEGMME2000
molecule in order to visualize the C18 acyl chain bound to a lipopro-
tein. (B and C) Side and top views of the internal hydrophobic cavities
of molecule A in the monoclinic crystal. The probe radius is 1.4 A. The
side chains of residues involved in sealing the inner cavities (Leu64,
Leu73 and Met107) are shown in red. (D and E) Side and top views of
the hydrophobic cavity of molecule B in the monoclinic crystal. The
entrance of the pore is indicated by an arrow in (E). (F and G) Side
and top views of the internal hydrophobic cavities of the hexagonal
form. The surface of the cavity is drawn transparently. The
PEGMME2000 molecule is shown as a CPK model.

unfavorable backward transfer of lipoproteins to the inner
membrane is unlikely to occur.

Residues Alal-Pro9 of LolB are invisible in the
electron density maps of the two crystal forms due to the
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Fig. 7. Schematic representation of the outer membrane localization of
lipoproteins mediated by the Lol system. LL., inner membrane lipo-
proteins that have Asp at position 2; O.L., outer membrane lipoproteins
that have a residue other than Asp at position 2.

disorder of the structure. Wild-type LolB is anchored on
the outer membrane by three acyl chains which are
covalently bound at the N-terminal Cysl. The N-terminal
regions of LolB homologs are enriched with glycine and
proline residues (Figure 2C, yellow letters), suggesting
that the formation of a secondary structure is unfavorable.
Flexibility of the N-terminal loop of LolB may be
important when lipoproteins are transferred from LolB to
the outer membrane.

Structural comparison between LolA and LolB
Because of their high structural similarity, LolA and LolB
are likely to belong to the same structural family and to
have the same ancestor protein. The LolA and LolB
structures were well superimposed using the DALI server
(Holm and Sand§r, 1995), with a root-mean-square
deviation of 3.2 A over 134 C, atoms and a Z-score
of 10.6. The superimposed structures also revealed some
remarkable differences between them. The ol helix near
the N-terminus protrudes out of the 3-sheet further in LolB
than in LolA. The a2 helix of LolB is located on the
surface of the molecule and exposed to the solvent region,
whereas that of LolA is located at the center of the
molecule. The a3 helices of LolA and LolB are almost
perpendicularly oriented to each other when the core
B barrels are superimposed. Arg43 of LolA functions as a
lock disconnecting its hydrophobic cavity from the solvent
region, whereas no residue plays such a role in LolB.

It has been suggested that LolB has higher affinity
for lipoproteins than LolA (Matsuyama et al., 1997;
Miyamoto et al., 2001; Tanaka et al., 2001). The structures
of LolA and LolB revealed here indicate that both the
tightly fixed lid and the hydrophobic cavity formed by
aromatic residues are responsible for the lower affinity of
LolA. It is also expected that the free form of LolA is more
stable than the lipoprotein bound form, presumably
causing the ejection of bound lipoproteins. On the other



hand, not only free LolB but also PEGMME2000-bound
LolB can be crystallized. These differences in the prop-
erties of LolA and LolB are essential for the vectorial
transport of lipoproteins. Differences in the electrostatic
properties of LolA (pI = ~6) and LolB (pI = ~9) deter-
mined on isoelectric focusing may also be important for
the transient association of the two proteins.

Structural comparison with other proteins

The LolA and LolB structures were compared with other
protein structures using the DALI server (Holm and
Sander, 1995). Proteins with B-barrel structures, such as
lipocalin family proteins (Banaszak et al., 1994), have a
completely closed B-barrel structure, although these
proteins also bind various hydrophobic molecules. Other
lipid-binding proteins with B-strands, such as Rho GDP-
dissociation inhibitor (Gosser et al., 1997) and phospha-
tidylethanolamine-binding protein (Serre et al., 1998),
exhibit completely different connectivity from LolA or
LolB. The structures of the MLN64-START domain
protein (Tsujishita and Hurley, 2000) and phosphatidyli-
nositol transfer protein (Yoder et al., 2001; Schouten et al.,
2002) are probably the most similar, in which an unclosed
[B-barrel structure and several helices form a hydrophobic
tunnel that binds cholesterol and phospholipid, respect-
ively. The hydrophobic loop found in LolB also exists in
these proteins, in which the loops are assumed to be
involved in lipid loading and unloading. However, both
the arrangement of helices and the number of B-strands are
substantially different from those in LolA and LolB.
Moreover, there is no significant sequence similarity
between the two Lol proteins and these proteins. In the
periplasmic space of Gram-negative bacteria, substrate-
binding proteins collect particular substrates with high
affinity and transfer them to ABC transporters. These
proteins commonly have two domains (Boos and Eppler,
2001). Although LolA is a periplasmic protein, the
structures of periplasmic binding proteins are significantly
different from those of LolA and LolB.

Lipoprotein translocation mechanism
The structures of LolA and LolB shown here together with
our previous observations further extend our understand-
ing of the mechanism underlying Lol system-dependent
lipoprotein transfer, as summarized below and in Figure 7.

(i) When the LolCDE complex interacts with outer
membrane-specific lipoproteins, LolD releases the ATP
energy on the cytoplasmic side of the membrane (Masuda
et al., 2002). This energy is transferred from LolD to LolC/
LolE and utilized to release lipoproteins from the outer
leaflet of the membrane, leading to the formation of a
water-soluble Lol A-lipoprotein complex in the periplasm.
This requires the opening of the LolA lid through
disruption of the hydrogen bonds between Arg43 and
the lid helices of LolA. The ATP energy released on the
cytoplasmic side of membranes is thus utilized on the
periplasmic side of the membrane to form a rather unstable
LolA-lipoprotein complex. Inner membrane-specific lipo-
proteins are not recognized by LolCDE and therefore
remain in the inner membrane (Masuda et al., 2002).

(i) When the LolA-lipoprotein complex interacts with
LolB, lipoproteins are transferred from LolA to LolB
according to the affinity difference between their hydro-
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phobic cavities for lipoproteins. LolA turns into a more
stable free form upon the release of lipoproteins and then
catalyzes the next lipoprotein release reaction cycle.

(iii) LolB anchored to the outer membrane swings
through the flexible N-terminal region toward the outer
membrane and then transfers the associated lipoproteins to
the inner leaflet of the outer membrane. Lipoproteins are
stably anchored to the outer membrane through three acyl
chains.

The sequences of all Lol proteins are highly conserved
among Gram-negative bacteria, and most bacteria have
lipoproteins in their envelopes. The lipoprotein transfer
mechanism involving the very similar hydrophobic cavities
of LolA and LolB should also be conserved among Gram-
negative bacteria and may provide insights into other traffic
systems for hydrophobic proteins or lipids.

Materials and methods

Expression and purification of LolA and LolB

Wild-type LolA was overexpressed and purified as described previously
(Matsuyama et al., 1995). A water-soluble LolB mutant, mLolB, was
overexpressed and purified as described previously (Matsuyama et al.,
1997). Selenomethionyl mLolB was overexpressed in E.coli P4X8
(Hfr P4X A-metBI) grown at 37°C in minimal medium containing
selenomethionine and purified as described for mLolB.

Crystallographic studies of LolA

LolA was concentrated to ~20 mg/ml in 10 mM Tris—-HCI pH 7.4. Two
crystal forms of LolA were obtained by the hanging drop vapor diffusion
method. Orthorhombic crystals were grown in 15% (w/v) PEG8000,
80 mM sodium cacodylate pH 6.5, 0.15 M zinc acetate and 20% (v/v)
glycerol at 4°C. Trigonal crystals were obtained in a solution comprising
15% (w/v) PEG1500, 20 mM Tris—HCI pH 8.0 and 20% (v/v) glycerol at
20°C. A platinum derivative of an orthorhombic crystal was prepared by
soaking a crystal in a reservoir solution containing 2 mM K,PtBr, for
5 days. For diffraction data collection at a cryogenic temperature, all
orthorhombic crystals were picked up with a nylon loop (Hampton
Research) and rapidly cooled with liquid ethane. The orthorhombic
crystals belong to space group /222, and the unit-cell dimensions are
a=558,b="754and c =99.5 A. The trigonal crystals belong to space
group P3,21 (or P3,21) with unit-cell dimensions of @ = b = 60.6 and
¢ =79.0 A. Multi-wavelength anomalous diffraction data for the
platinum derivative of an orthorhombic crystal were collected for one
crystal. Initial phases up to 2.5 A resolution were calculated with the
SOLVE program (Terwilliger and Berendzen, 1999) and gave an overall
figure of merit of 0.52. After density modification with the RESOLVE
program (Terwilliger, 2000), the overall figure of merit was improved
to 0.57. Details of the crystallization, data collection and phase
determination will be reported elsewhere (Takeda et al., 2003a). The
structural model was constructed into the electron density map using the
XtalView program (McRee, 1999). The structure was refined by the
simulated annealing method with the CNS program (Brunger e al., 1998)
against the native data. Five per cent of the observed reflections were
omitted from the refinement and used for calculating the Ry, factor. The
final structural model exhibits R and Ry values of 0.249 and 0.222,
respectively. The final structure does not include the amino acid residues
(27-31) corresponding to the flexible loop region. The structure of the
trigonal form was solved by the molecular replacement method with the
CNS program using the molecular structure of the orthorhombic form of
LolA as a search model. The correct space group was determined to be
P3,21. The final Ry and Ry, factors for the model at 1.9 A resolution
are 0.259 and 0.226, respectively.

Crystallographic studies of LolB

LolB was concentrated to ~20 mg/ml in 10 mM Tris—-HCI pH 8.0. Two
different crystal forms were obtained by the hanging drop vapor diffusion
method. Monoclinic crystals were grown in 30% (w/v) PEGMME2000,
0.1 mM sodium acetate pH 4.6 and 0.2 M ammonium sulfate at 20°C.
Monoclinic crystals of selenomethionylated protein were obtained in 30%
(w/v) PEGMME2000, 0.1 mM sodium acetate pH 4.6 and 0.2 M cesium
sulfate at 20°C. For diffraction experiments at a cryogenic temperature,
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all crystals were picked up with a nylon loop (Hampton Research) and
rapidly cooled with liquid ethane without any cryo-protectant. The
crystals belong to space group P2, with two molecules in an asymmetric
unit with unit-cell dimensions of a = 37.2, b =112.4, ¢ =47.8 A and
B = 111.4°. The initial phases were calculated by the MAD method with
the selenomethionylated derivative using four-wavelength data sets. All
sites of the 10 selenium atoms were determined with the SOLVE
program. The overall figure of merit at 2.5 A resolution was 0.50.
Subsequent solvent flattening was performed using the RESOLVE
program with an overall figure of merit 0.55. Details of the crystallization,
data collection and phase determination will be reported elsewhere
(Takeda et al., 2003b). The final model structure at 1.9 A resolution
exhibits Rgee and Ry, values of 0.249 and 0.215, respectively. Least-
square superpositioning of the two molecules in the asymmetric unit gave
the root-mean-square deviation value of 0.80 A. The hexagonal crystals
of LolB were also grown in 30% (w/v) PEGMME2000, 0.1 mM sodium
acetate pH 4.6, 0.2 M ammonium sulfate and 0.15 M sodium iodide at
20°C. The crystals belong to space group P6322 with unit-cell dimensions
of a=b=714 and ¢ =133.9 A. The structure was solved by the
molecular replacement method with the CNS program using the
molecular structure of the monoclinic form of LolB as a search model.
The final Rge. and R, factors for the model at 2.2 A resolution are
0.247 and 0.217, respectively. All the diffraction data were collected at
the BL38B1 and BL44B2 beamlines of SPring-8 and processed with the
HKL2000 package (Otwinowski and Minor, 1997). Ramachandran plots
obtained for all structural models using the PROCHECK program
(Laskowski et al., 1993) indicated that all residues are in the most favored
or additional allowed regions, i.e. there are none in the generously
allowed or disallowed regions. Figures were prepared using the MolScript
(Kraulis, 1991), XtalView (McRee, 1999) and WebLabViewerPro
(Accelrys, San Diego, CA, USA) programs.

Coordinates

The coordinates for LolA (orthorhombic and trigonal forms) and LolB
(monoclinic and hexagonal forms) have been deposited in the Protein
Data Bank under accession Nos 1IWL, 1UAS8, 1IWM and 1IWN,
respectively.
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