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Summary

The Seventeen Kilodalton Protein (Skp) is a trimeric
periplasmic chaperone that assists outer membrane
proteins in their folding and insertion into membranes.
Here we report the crystal structure of Skp from E. coli.
The structure of the Skp trimer resembles a jellyfish
with «-helical tentacles protruding from a B barrel
body defining a central cavity. The architecture of Skp
is unexpectedly similar to that of Prefoldin/GimC, a
cytosolic chaperone present in eukaria and archea,
that binds unfolded substrates in its central cavity.
The ability of Skp to prevent the aggregation of model
substrates in vitro is independent of ATP. Skp can
interact directly with membrane lipids and lipopoly-
saccharide (LPS). These interactions are needed for
efficient Skp-assisted folding of membrane proteins.
We have identified a putative LPS binding site on the
outer surface of Skp and propose a model for unfolded
substrate binding.

Introduction

Outer membrane proteins (OMPs) from gram-negative
bacteria are synthesized in the cytosol and translocated
into the periplasm in an unfolded state (Danese and
Silhavy, 1998; Driessen et al., 2001; Manting and Driessen,
2000). A chaperone system has been described in the
periplasm that assists in the folding of OMPs and their
insertion into the outer membrane (Danese and Silhavy,
1998; Missiakas et al., 1996; Missiakas and Raina, 1997).
Members of this system include chaperones with pepti-
dyl-prolyl isomerase activity (SurA, FkpA, RotA, and
PpiD) and the Dsb protein-disulfide-isomerases. The
protease DegP degrades the proteins that remain un-
folded in the periplasm (Pallen and Wren, 1997).

An important player in this chaperone system is the
Seventeen Kilodalton Protein (Skp, also known as OmpH
and HIpA) (Hirvas et al., 1990; Koski et al., 1990; Missia-
kas et al., 1996). Skp has been characterized as a molec-
ular chaperone that interacts with unfolded proteins as
they emerge in the periplasm from the Sec translocation
machinery (Harms et al., 2001; Schafer et al., 1999). Skp
is required for efficient release of translocated proteins
from the plasma membrane (Schafer et al., 1999). It is
also important for the correct folding of several OMPs
and their insertion into the outer membrane (Chen and
Henning, 1996; De Cock et al., 1999). The knockout of
the Skp gene in E. coli produced a phenotype with signif-
icantly reduced expression of OMPs in the outer mem-
brane (Chen and Henning, 1996). In addition, the Skp
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knockout induced the of response, increasing the tran-
scription of the DegP protease (Missiakas and Raina,
1997). This suggests an accumulation of unfolded pro-
teins in the periplasm of Skp deletion mutants (Schafer
et al., 1999).

Skp interacts directly with the plasma membrane and
with lipopolysaccharide (LPS), a specific glycolipid of
the outer membrane of gram-negative bacteria (De Cock
et al., 1999). The interaction with membranes alters Skp
sensitivity to proteases, suggesting that the Skp confor-
mation can be modulated by lipid binding (De Cock et
al., 1999). Bulieris and coworkers have recently shown
that Skp and LPS are required for the efficient folding
and insertion into lipid bilayers of OmpA (a model B
barrel OMP of E. coli extensively used to study mem-
brane protein folding and insertion into membranes) (Bu-
lieris et al., 2003). In addition, Skp has been shown to
improve the folding of recombinant proteins targeted to
the E. coli periplasm (Bothmann and Pluckthun, 1998).

Skp does not display sequence similarity to any other
known chaperone, and the molecular mechanisms by
which Skp carries out its chaperone function have re-
mained undefined. Here we present the crystal structure
of Skp from E. coli, which suggests a model for binding
unfolded substrates. The architectural and functional
similarities between Skp and Prefoldin, a cytosolic chap-
erone present in archea and eukarya, are also explored.

Results and Discussion

Structure Determination and Skp Model

The mature E. coli Skp (amino acids 21-161) was overex-
pressed as a HiseTag fusion and purified to homogeneity
as described in Experimental Procedures. The HiseTag
was cleaved with TEV protease, resulting in a mature
Skp protein with a three additional amino acids (HGM)
at the N terminus. The crystal structure of seleno-methi-
onine Skp was solved using a three wavelength, 2.5 A
resolution MAD data set (Table 1). The final model was
refined with data to 2.3 A resolution (Table 1). The crys-
tals contain three protomers per asymmetric unit and
have a 68% solvent content. The protomers are ar-
ranged as a trimer, which is consistent with biochemical
data suggesting that a trimer is the biologically active
species (Schlapschy et al., 2004).

The Skp monomer is composed of two domains (Fig-
ure 1A). The small association domain (amino acids
19-41 and 133-161) folds into two short « helices and
four B strands. This domain constitutes the limited hy-
drophobic core of Skp and mediates the oligomerization
into trimers (Figure 1C). A second tentacle-shaped
coiled a-helical domain is formed by amino acids 42 to
132. Significant conformational flexibility is apparent in
the tentacle domain. The average B factor for all atoms
in this domain is 68 A2, compared to 39 A2 for all atoms
in the association domain. The experimental electron
density was nevertheless unambiguous and allowed the
complete modeling of the Skp monomer (chain C in the
coordinate file).
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Subunit
C

Overall Structure of the Skp Trimer

The Skp trimer has a distinct quaternary structure similar
in shape to a jellyfish (Figure 1D). The body consists
of a tightly packed central g barrel surrounded by the
C-terminal helices of the three subunits (Figure 1C). This
gives the body a flat, triangular shape with ~44 A sides
and ~18 A thickness. Each subunit contributes four B
strands to the B barrel, which stabilizes the trimer and
constitutes the limited hydrophobic core of the protein.
Pointing away from the body are the three «-helical
“tentacles” ~65 A long that together with the body de-
fine a central cavity (Figure 2).

The three Skp subunits present in the asymmetric unit
are related by a 3-fold rotation. The Ca of the body
domains is well defined in all three protomers and super-
impose with an rms deviation of 0.32 A (A and C), 0.56 A
(B and C), and 0.53 A (A and B). The structure of the
tentacle domains of the Skp trimer is very flexible. When
the body domains of protomers B and C are superim-
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Figure 1. Crystal Structure of Skp

(A) Cartoon diagram of the Skp monomer. The
body domain (amino acids 19-41, 133-161)
is colored magenta and the tentacle domain
(amino acids 42-132) is green.

(B) Superimposition of two Skp protomers.
The body domain of both chains is magenta
(rmsd 0.56 A for all Ca atoms). The tentacle
domain of chains B and C are gold and
green, respectively.

(C) Top view of Skp trimer. B sheets forming
a 3 barrel are blue and « helices are red.
(D) Side view of Skp trimer. Subunits A, B,
and C are colored green, magenta, and blue,
respectively. Semitransparent regions are not
defined in the experimental density and were
modeled by superimposing residues from
chain C onto chains A and B as described in
Experimental Procedures. All molecular fig-
ures were prepared with Molscript (Kraulis,
1991) and rendered with Raster3D (Merritt
and Bacon, 1997).

Body

Tentacle

posed, the helices forming the tentacle domain diverge
at amino acid 42 and converge again at amino acid
132 (Figure 1B). The loops connecting the body to the
tentacles define hinge points that afford the tentacle
domains considerable flexibility. A lattice contact stabi-
lizes the conformation of the tentacle domain of chain
C while no such contact exists for chains A and B. As
a consequence, only broken electron density was seen
for the areas in the tentacle domains corresponding to
amino acids 68-90 in chain B and 48-104 in chain A
and these residues could not be built into the density.
However, for the purpose of analyzing the overall struc-
ture of the Skp trimer, those residues were modeled by
superimposing chain C onto chains A and B (for details,
see Experimental Procedures). The resulting model is
shown in Figure 1D where the residues of the tentacle
domains of subunits A and B for which no clear density
is available are shown as semitransparent.

There are virtually no contacts between the tentacles,

Figure 2. Skp Molecular Surface

(A and B) Two views of the electrostatic po-
tential of the Skp trimer mapped to the molec-
‘ ular surface of Skp: (A) side view and (B) bot-
tom view. Electrostatic potential mapped in
red (negative) and blue (positive).
‘ (C and D) The same views of the Skp trimer
as in (A) and (B) but with hydrophobic resi-
dues (in green) mapped to the molecular sur-
face. This model contains residues for chains
A and B that were not defined in the experi-
mental density and modeled by superimpos-
ing residues from chain C onto chains A and
B as described in Experimental Procedures.
Molecular surface renderings prepared using
GRASP (Nicholls et al., 1991).
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Figure 3. Chaperone Activity of Skp

Effect of Skp on the aggregation of lysozyme. Relative aggreation
of 2 uM lysozyme, monitored at 360 nm, after dilution of denatured
lysozyme into a solution containing buffer alone (open squares) or
Skp in the concentrations indicated (open circles). Replicate experi-
ments supplemented with 1 mM Mg?*ATP are shown with closed
circles.

and access to the cavity is open from the bottom and
also from the sides where the tentacles are separated
by ~25 A. The electrostatic surface potential of Skp
(Figure 2) reveals that the exterior face and the distal
part of the tentacles are rich in positively charged resi-
dues (the calculated PI of Skp is 9.5). The interior of the
cavity is less charged and contains patches of hy-
drophobic residues (Figures 2C and 2D). It is most likely
that Skp binds its unfolded substrates in this central
cavity. The volume of the cavity, approximated to a trian-
gular prism (27 A sides and 51 A long), is ~~33,000 A
Assuming a folded protein occupies a volume of ~1.3 Ay
Da (Xu et al., 1997), this cavity could accommodate
a folded protein of ~25 kDa, assuming a perfect fit.
However, unfolded proteins in a molten globule state
are more loosely packed and would have to be smaller
to fit in the cavity. OmpA, one of the best-characterized
substrates of Skp, has a molecular mass of 18.8 kDa
and would likely fit in the cavity in a molten globule
state. Given that substrates bound in the cavity could
protrude from the bottom and the sides, it is likely that
Skp could accommodate substrates significantly bigger
than OmpA. In addition, the flexibility of the tentacle
domains we observe in the structure would allow Skp to
tailor the size of the chamber to the size of the substrate.

The Chaperone Activity of Skp Is

Independent of ATP

In vitro experiments have shown that the folding and
insertion of OmpA into lipid bilayers is assisted by Skp
(Bulieris et al., 2003). This chaperone activity of Skp did
not require addition of ATP or any other nucleotide. In
addition to OMPs, Skp can also prevent the aggregation
of soluble proteins. Figure 3 shows that Skp is also
able to effectively prevent the aggregation of a soluble
protein like lysozyme as judged by the increase of ab-
sorbance at 360 nm. Skp prevented the aggregation of

lysozyme almost completely at a Skp/lysozyme ratio of
3:1, consistent with the trimeric nature of Skp. This is
consistent with reports that Skp improves the folding
of recombinant proteins targeted to the periplasm in
E. coli (Hayhurst and Harris, 1999). The addition of
MgeATP had no effect on Skp activity (Figure 3). More-
over, Skp had no detectable ATPase activity either by
itself or in the presence of denatured lysozyme (data
not shown).

There is no consensus motif for ATP binding in the
amino acid sequence of Skp, and no nucleotide binding
site is apparent in its structure. Therefore, the available
biochemical and structural data support the conclusion
that Skp does not require ATP for its chaperone activity.
This is in contrast to other molecular chaperones like
the Hsp70 and Hsp60 families that have an intrinsic
ATPase activity that is stimulated by binding of unfolded
substrates. These proteins use the energy of ATP bind-
ing and hydrolysis to go through cycles of substrate
binding and release (Hartl and Hayer-Hartl, 2002; Sigler
et al., 1998). The ability to prevent protein aggregation
in a nucleotide-independent fashion makes Skp func-
tionally similar to Prefoldin (also known as GimC), a
cytosolic chaperone present in eukarya and archea
(Vainberg et al., 1998).

Skp Is a Prefoldin-like Protein

The overall shape of the Skp trimer bears a remarkable
similarity with Prefoldin from the archaeum Methano-
bacterium thermoautotrophicum (mt) (Siegert et al.,
2000). Although mtPrefoldin is a hexamer («,B,), for the
purpose of comparing it to Skp, it can be thought of as a
dimer of trimers. Like Skp, Prefoldin also has a “jellyfish”
structure with a 3 barrel body and «-helical tentacles
(Figure 4). They also share functional similarities. Skp
prevents aggregation of proteins in the periplasm and
delivers them to the outer membrane of gram-negative
bacteria in an ATP-independent manner. Prefoldin pre-
vents the aggregation of proteins in the cytosol and
delivers them to class Il cytosolic chaperonins (alterna-
tively named c-cpn, CCT, or TriC), also in a nucleotide-
independent fashion (Vainberg et al., 1998). In addition
to preventing the aggregation of OMPs, Skp can, like
Prefoldin, effectively prevent the aggregation of a solu-
ble protein like lysozyme (Figure 3).

Electron microscopy (EM) reconstructions of Prefol-
din bound to unfolded substrates have shown that the
substrates occupy the central cavity and appear to bind
the distal part of the tentacles (Lundin et al., 2004; Mar-
tin-Benito et al., 2002). This reinforces the notion that
the unfolded substrates of Skp also bind in the central
cavity. As shown in Figures 2A and 2B, the external
surface of the Skp tentacles are rich in charged residues
(particularly Lys and Arg), while the internal face lining
the cavity is less charged and contains hydrophobic
patches (Figures 2C and 2D).

In spite of these similarities, Skp and Prefoldin do not
appear to share significant sequence similarity and have
a circularly permutated structural topology. The N- and
C-terminal sections of the Skp monomer form the body
domain and the middle section forms the tentacle. In
Prefoldin, the two helices that make up the tentacle are
the N and C termini of the monomers, whereas the mid-
dle section of the protein constitutes the body.
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Skp Contains a Putative Binding Site

for Lipopolysaccharide

Skp is unique among chaperones in its ability to target
membrane proteins and directly interact with lipids (De
Cock et al., 1999). Skp and lipopolysaccharide (LPS) are
required for the efficient folding and insertion of OmpA
into lipid bilayers (Bulieris et al., 2003). The current hy-
pothesis suggests that Skp interacts with OmpA as it
emerges from the SecA/E/Y/G translocation machinery
in the plasma membrane and prevents its aggregation
(Harms et al., 2001; Schafer et al., 1999). After binding
LPS, the Skp-OmpA complex delivers OmpA to the outer
membrane where it inserts and folds (Bulieris et al.,
2003).

Based on the crystal structure of FhuA (an outer mem-
brane protein from E. coli) in complex with LPS, Fergu-
son and coworkers proposed a structural motif for LPS
binding, consisting of four basic residues, that could be
identified in other LPS binding proteins (Ferguson et al.,
1998). Three of those four residues can be found in Skp
in a similar spatial arrangement (rms deviation 1.75 A
for the Ca-Cy atoms of K97, R107, and R108 in Skp
matched to R382, K351, and K306 in FhuA, respectively).
Skp has a glutamine (Q99) as opposed to a basic residue
at the fourth position. In FhuA, that position is occupied
by K439, which hydrogen bonds a phosphate oxygen
in LPS, a function that could be served by Q99 in Skp.
One additional residue that binds LPS in FhuA (E349) is
also conserved in Skp (E49). Interestingly, a putative
LPS binding site has been described in OmpT that also
lacks one of the basic residues in the motif. Skp or-
thologs from other bacterial species display significant
sequence variability (Figure 5B). It is striking that the
residues we identify as forming a putative binding site
for LPS are among the few that are strictly conserved.
In addition, Q99 in Skp is in fact a basic residue in
other species.

Based on this evidence, we propose that Skp contains

Figure 4. Structural Similarities between Skp
and mtPrefoldin

(A) Ribbon diagram representing a side view
of the Skp trimer. This model contains resi-
dues for chains A and B that were not defined
in the experimental density and modeled by
superimposing residues from chain C onto
chains A and B as described in Experimen-
tal Procedures.

(B) Ribbon diagram representing side view of
the prefoldin hexamer with two 3 subunits
(blue and magenta) and one « subunit (green)
colored while the rest of the molecule is trans-
parent gray.

(C) Ribbon diagram representing the top view
of the Skp trimer.

(D) Ribbon diagram representing the top view
of the prefoldin hexamer colored as in (B).

a putative binding site for LPS. The site maps to the
outer surface of the tentacle domain (Figure 5A). The
overall positive charge of the tentacle surface may be
important for the interaction of Skp with LPS and/or the
negatively charged head groups of membrane phospho-
lipids. Additional structural and biochemical studies of
Skp with bound LPS will be needed to asses the impor-
tance of these residues in LPS binding.

A Working Model for Skp Function

Biochemical and structural data can be consolidated
into a working model of how Skp assists in the folding
and membrane insertion of OMPs (Figure 6). Studies of
the translocation and folding of PhoE (an E. coli OMP)
have shown that the protein interacts with Skp while it
is being translocated across the cytosolic membrane
by the Sec machinery (Harms et al., 2001). The aggrega-
tion of proteins once they are fully translocated into the
periplasm is then prevented by their association with
Skp. Skp would, like Prefoldin, sequester the unfolded
substrate in the cavity formed by its tentacles. The struc-
tural flexibility displayed by the tentacle domains of Skp
is likely important for its interaction with unfolded pro-
teins of various sizes.

The efficient delivery of Skp-associated OmpA to lipid
bilayers was shown to be dependent on LPS (Bulieris
et al., 2003). We have identified a putative binding site
for LPS in the external surface of the Skp tentacles.
Previous studies have also provided biochemical evi-
dence for a direct interaction between Skp and LPS.
Interestingly, Skp was first purified as an LPS binding
protein from Salmonella minnesota (Geyer et al., 1979).
The binding of LPS to the Skp-OMP complex may be
required to assist in folding and insertion of the mem-
brane protein as proposed by Bulieris et al. (2003). An-
other possibility is that the Skp-OMP complex binds
LPS embedded in the OM and this interaction mediates
the docking and delivery of the membrane protein to the
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Figure 5. Putative LPS Binding Site in Skp
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(A) Ribbon diagram of the Skp trimer in turquoise with putative LPS binding residues colored in magenta.

(B) Multiple sequence alignment of Skp protein sequences with a BLAST E-value of 1 X 1075 or less. Strictly conserved residues are shaded
in red while partially conserved residues are shaded orange and yellow. Residues proposed to bind LPS are boxed and highlighted in white.
Abbreviation are as follows: E_coli, Escherichia coli; S_typhi, Salmonella typhimurium; P_lumi, Photorhabdus luminescens; Y_pestis, Yersinia
pestis; W_gloss, Wigglesworthia glossindia; P_prof, Photobacterium profundum; V_chol, Vibrio cholerae; S_oneid, Shewanella oneidensis;

B_parap, Bordetella parapertussis. Only free living organisms included. Only one representative Vibrio sequence is shown.

OM. A conformational change triggered by lipid binding
may be responsible for the release of substrates into
the membrane (De Cock et al., 1999). Once delivered to
the outer membrane, OMPs would fold into their final
conformation. Several studies have shown that OMPs
can fold spontaneously when allowed to contact lipid
bilayers or micelles before they aggregate (Kleinschmidt
et al., 1999; Surrey et al., 1996). Skp has also been
reported to improve the yield of functional proteins when
they are overexpressed and targeted to the periplasm
(Bothmann and Pluckthun, 1998; Hayhurst and Harris,
1999). Therefore, Skp may have an additional role in
helping the folding of soluble periplasmic proteins, re-
leasing them in the aqueous environment. Whether this
activity also requires LPS is a question that requires
further experimentation.

In summary, our model suggests that unfolded OMPs
are sequestered in the cavity of Skp to prevent their
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aggregation and are delivered to the outer membrane
for folding and insertion. The cycling of Skp between
its free form and its Skp-OMP complex is modulated by
LPS binding, not ATP. We have identified a putative LPS
binding site in the structure of Skp. Detailed structure-
function studies are now possible to refine this model
and gain a better understanding of the chaperone-
assisted folding and membrane insertion of mem-
brane proteins.

Experimental Procedures

Protein Expression, Purification, and Crystallization

The Skp gene was PCR-amplified from genomic DNA of E. coli K12
using the primers forward 5'-AGGCATCCCGGGTTTAACCTGTTT
CAGTACG-3' and reverse 5'-CTTCTGCTCATATGGCTGACAAAATT
GCAATCGTC-3'. Region 21-161 (SwissProt P11457) was cloned
into a modified pET28 vector (pMS122) containing a TEV protease
cleavage site downstream of the Hiss tag using Xmal and Ndel,
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Figure 6. A Model for Skp Function

As proteins are translocated across the
plasma membrane (inner membrane, IM) by
the Sec translocation machinery (Sec), they
are sequestered in the central cavity of Skp,
which prevents their aggregation. Skp is then
released from the plasma membrane and binds
LPS. The Skp-OMP-LPS complex mediates
the delivery and insertion of OMPs into the
outer membrane (OM). The OMP is released
into the membrane where it folds to its native
conformation. Skp is now free to restart the
cycle.
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yielding a protein with an N-terminal Hiss tag followed by a TEV
protease cleavage site. This plasmid was used to express protein
in E. coli Rosetta cells. Cells were grown at 37°C in Luria-Bertrani
(LB) media supplemented with 50 mg/l kanamycin to a cell density
corresponding to Agy ~0.6. Skp expression was induced by addition
of 0.4 mM isopropyl-B-D-thio-galactoside (IPTG) and cells were
grown for an additional 4 hr at 37°C before harvesting by centrifuga-
tion. The pellet was resuspended in buffer A (256 mM HEPES [pH
7.5], 250 mM NaCl) supplemented with 0.5 mg/ml lysozyme and
either frozen or processed immediately as follows. Cells were lysed
by sonication and centrifuged at 17,500 rpm in a JA20 rotor for 30
min. The supernatant was applied to a Ni-NTA column equilibrated
in buffer A. The column was washed extensively (25 column vol-
umes) with wash buffer (buffer A plus 25 mM imidazole). Protein
was eluted in approximately 80 ml of elution buffer (buffer A plus
300 mM imidazole). The eluate was dialyzed back into buffer A for
the TEV cleavage reaction. TEV was added at a 1:10 (w/w) ratio to
the Skp protein solution supplemented with 10 mM DTT and allowed
to incubate at room temperature for 48 hr. This mixture was applied
to a Superdex200 column running in buffer A, and fractions con-
taining pure Skp were pooled and concentrated for crystallization
trials. The final yield was approximately 30 mg per liter of culture.
Selenomethionine (SeMet)-labeled protein was prepared by growing
4 | of Rosetta cells at 37°C in minimal media containing M9 salts,
2 mM MgSO,, 0.1 mM CaCl,, 0.4% glucose, and 50 p.g/ml kanamya-
cin to an ODgy ~0.6. Cultures were then supplemented with 100
wng/ml D-lys, D-Phe, and D-Thr, 50 wg/ml D-lle and D-Val, and 60
rg/ml SeMet and grown for an additional 20 min before addition of
0.4 mM IPTG. Again, cells were grown for an additional 4 hr at 37°C
before harvesting by centrifugation, and Se-Met Skp was purified
as described above. Se-Met Skp crystals were grown in hanging
drops from 35% PEG 350 monomethy ether, 856 mM NH,H,PO,, and
0.1 M Tris (pH 8.5) and a stock of Skp at a concentration of 16.9
mg/ml. Crystals had approximate dimensions of 50 X 100 X 500
wmand grew at 4°C in 48-72 hr after tray set-up at room temperature.
Prior to data collection, crystals were cryo-protected in a solution
containing mother liquor supplemented with 15% glucose.

Data Collection, Structure Determination, and Refinement
Multiwavelength anomalous scattering data were measured at three
wavelengths with an inverse beam strategy from a frozen crystal of
SeMet-Skp using a Quantum-4 CCD detector (Area Detector Sys-
tems Corporation) at beamline 8.2.1 of the Advanced Light Source
(Lawrence Berkeley National Laboratory). The crystal belongs to
space group P2,2,2, with unit cell dimensions a = 55.83 A, b =
84.19A, ¢ = 160.18 A, and three Skp protomers per asymmetric unit.
All data were processed and scaled using the DENZO/SCALEPACK
program package (Otwinowski and Minor, 1997). Data collection
statistics for the SeMet-Skp are summarized in Table 1.

The program Solve (http://www.solve.lanl.gov/; Terwilliger, 2004)
was used to calculate an anomalous difference Patterson map using
data collected at the absorption peak wavelength of the SeMet-
Skp crystal in the 25-2.5 A resolution range. Solve’s automated
Patterson search identified nine selenium sites (out of a potential 18)
and the 3-fold noncrystallographic symmetry operation that related
them (Terwilliger, 2002b). These nine sites were used to calculate
initial phases using the Philips-Hodgson method and maximum like-
lihood refinement as implemented in the program CNS (Brunger et
al., 1998). MAD phasing statistics are summarized in Table 1. The
phases were then modified by solvent flipping and histogram match-
ing as implemented in CNS. The resulting electron density map was
readily interpretable and automated model building was performed
using the program Resolve (Terwilliger, 2002a, 2002c, 2004). Partial
models were built automatically for all three subunits of Skp and
manual model building assisted by the program O (Jones, 1978) to
complete the model.

Refinement of the SeMet-Skp model was carried out using the
program CNS using data from the remote wavelength in the 25-2.3 A
resolution range. Before refinement, a subset of the data was se-
lected as a test set for crossvalidation. An overall anisotropic tem-
perature factor correction was used throughout refinement. The
initial SeMet-Skp model was subjected to a round of slow-cool
torsional annealing followed by positional refinement and group B

factor refinement using the MLHL target function and the solvent-
flipped phases as restraints. Manual rebuilding and several rounds
of simulated annealing and positional and atomic B factor refine-
ment were then carried out until no further drop in the R factors
was observed. At this stage, several solvent molecules were clearly
visible and added to the model. A new round of refinement using
the MLHL target function was carried out followed by a round of
refinement using the MLF target and no phase restraints. Manual
rebuilding interspersed with positional and B factor refinement con-
tinued until no further improvement of the free R factor was ob-
served. The final model contains all residues for chain C (19-161),
residues 23-67 and 91-161 for chain B, residues 19-47 and 105-161
for chain A, and 49 water molecules. The amino acids that are
missing from our model (68-90 in chain B and 48-104 in chain A)
make the R factors (R;ys = 23.1 and Ry, = 25.9) slightly higher than
would be expected for a structure at this resolution because they
cannot be modeled but still contribute to the observed structure
factor amplitudes.

For the purpose of analyzing the overall structure of the Skp trimer,
we constructed a spliced model. We superimposed amino acids
42-132 from the tentacle domain of chain C on the partial models
of chains A and B (rmsd = 0.12 A and 0.43 A, respectively) and
spliced the missing residues to make a complete trimer (Figure 1).
The spliced tentacle domains for chains A and B coincided with the
broken electron density we observed in the experimental maps.
However, attempts to further refine the structure with these residues
did not improve the Rq.. value. Therefore, residues 68-90 in chain
B and residues 48-104 in chain A are not included in the coordinate
file and were modeled based on the structure of the fully defined
chain C only for the purpose of analyzing the overall structure of
the Skp homotrimer.

Aggregation Assay

Assays were carried out as described (Lundin et al., 2004). Hen egg-
white lysozyme (Sigma) was dissolved in denaturing buffer (6 M
guanidine HCI, 250 mM NaCl, 25 mM HEPES [pH 7.5], 50 mM DTT)
and then diluted 100X to a final concentration of 2 uM into buffer
A alone or containing various concentrations of Skp or Skp plus
1 mM Mg?*ATP. Aggregation of lysozyme was monitored at A, for
15 min at room temperature. Raw absorbance data was normalized
and relative aggregation was defined as a fraction of the final ab-
sorbance in the no-Skp control.
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