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ABSTRACT The bacterial outer membrane comprises two main classes of components, lipids and membrane proteins. These
nonsoluble compounds are conveyed across the aqueous periplasm along specific molecular transport routes: the lipid lipopoly-
saccharide (LPS) is shuttled by the Lpt system, whereas outer membrane proteins (Omps) are transported by chaperones,
including the periplasmic Skp. In this study, we revisit the specificity of the chaperone-lipid interaction of Skp and LPS. High-
resolution NMR spectroscopy measurements indicate that LPS interacts with Skp nonspecifically, accompanied by destabiliza-
tion of the Skp trimer and similar to denaturation by the nonnatural detergent lauryldimethylamine-N-oxide (LDAO). Bioinformatic
analysis of amino acid conservation, structural analysis of LPS-binding proteins, and MD simulations further confirm the
absence of a specific LPS binding site on Skp, making a biological relevance of the interaction unlikely. Instead, our analysis
reveals a highly conserved salt-bridge network, which likely has a role for Skp function.
INTRODUCTION
The outer membrane of Gram-negative bacteria includes
lipids and integral membrane proteins as the two main
component classes. For these insoluble molecules, specific
molecular biogenesis systems are responsible for transport
and assembly from the cytosolic point of synthesis to their
final location. The lipid lipopolysaccharide (LPS) is a key
component of the outer leaflet of the outer membrane,
with high relevance for the structural integrity and chemical
protection of bacteria (1). LPS contains the hydrophobic
moiety lipid A that is covalently attached to a polysaccha-
ride and that elicits strong immune responses in mamma-
lians (2,3). LPS is transported to the cell surface by the
lipopolysaccharide transport (Lpt) system, which consists
of seven essential proteins (1).

The biogenesis machinery for b-barrel outer membrane
proteins (Omps) comprises multiple chaperones (4,5),
including the cytosolic proteins trigger factor, SecB,
and SecA (6–8); the SecYEG-translocon in the bacterial
inner membrane (9); and the periplasmic proteins Skp
and SurA, for transport across the periplasmic space
toward the Bam-complex (b-barrel assembly machinery)
(4,5,10). Whereas many chaperones in all kingdoms of
life fulfill their tasks including protein disaggregation
and folding in an ATP-dependent manner (11–14), the
periplasmic chaperones pursue transport and release of
aggregation-prone membrane proteins independent of
ATP (15,16).
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The periplasmic chaperone Skp was initially identified as
a component of the cytoplasm (17,18), the outer membrane
(19), or located on the cell surface (20), and was found to be
associated with DNA (17,18), ribosomes (19), and LPS (20).
Subsequently, the DNA and ribosome affinities could be
attributed to nonspecific electrostatic interactions, arising
from the basic nature of Skp (20), and the main functional
role of Skp as a periplasmic Omp-folding factor was estab-
lished (21,22). Skp is a homotrimeric protein exhibiting
a jellyfish-like structure, and featuring a central cavity
confined by helical coiled-coils (23,24). Skp interacts with
a wide diversity of unfolded Omps during their periplasmic
transport (25,26). Typical chaperone-Omp dissociation con-
stants are in the nanomolar range (27), arising by avidity
from multiple transient local interactions (28). These
short-lived chaperone-Omp contacts are based on a combi-
nation of electrostatic and hydrophobic interactions (29,30).
Positive charges cluster mainly at the tips of the cavity-
forming helices, favoring Skp-dependent Omp insertion
into negatively charged membranes in vitro (30,31).

Three lines of evidence have led to a proposed specific
effect of LPS on Skp function. First, the skp gene maps in
a gene cluster involved in lipid A biosynthesis, pointing
toward a possible functional correlation of the two mole-
cules (18,32,33). Second, biochemical refolding experi-
ments have suggested the requirement of LPS for an
efficient assembly of trimeric PhoE and monomeric
OmpA in the outer membrane (34,35). Third, a structural
comparison of the known LPS binding sites on the b-barrel
outer membrane proteins FhuA and OmpT showed certain
similarities (36,37), leading to a proposition of residues
E29, K77, Q79, R87, and R88 as a conserved LPS binding
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site on Skp (23). Two possible roles of the Skp-LPS interac-
tion were suggested: either LPS might be involved in an in-
termediate state of Omp folding, where it forms a complex
with Skp-Omp to initiate subsequent membrane insertion
(30,33,38), or Skp might have a functional role during
LPS biogenesis, by transporting LPS molecules toward the
outer membrane (39).

In this study, we use high-resolution NMR spectroscopy
to investigate the nature of the LPS-Skp interaction in a res-
idue-specific manner. We characterize the effects of the
amphiphilic LPS on Skp structure and compare it with
Dobs ¼ Dmax

ðKD þ ½LDAO� þ ½Skp�Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKD þ ½LDAO� þ ½Skp�Þ2 � ð4½Skp�½LDAO�Þ

q

2½Skp�
the nonnatural detergent lauryldimethylamine-N-oxide
(LDAO). Molecular dynamics (MD) simulations are em-
ployed to characterize the specificity of the Skp-LPS inter-
actions in silico. Furthermore, we perform an extended
sequence alignment to identify the most-conserved residues
within Skp.
MATERIALS AND METHODS

Expression and purification of Skp

Skp containing an N-terminal hexa-histidine tag and lacking its signal

sequence was expressed and purified as described previously (28).
Lipid titrations

Rough-type LPS from Escherichia coli (E. coli) EH100 (Sigma Aldrich,

St. Louis, MO) was dissolved in NMR buffer (25 mM MES, 150 mM

NaCl, pH 6.5) at a concentration of 20 mg/ml, corresponding to 3.6 mM

(40,41). To solubilize the LPS-powder, five cycles of vortexing, warming

to 80�C for 10 min, and subsequent cooling on ice for 15 min were done,

yielding a slightly hazy solution, which was directly used for the NMR-

titrations. LDAO (Anatrace, Maumee, OH) was dissolved in NMR-buffer

as a 20% (w/v) stock solution.
NMR spectroscopy

NMR measurements were performed on a Bruker AscendII 700 MHz spec-

trometer and a Bruker Avance 800 MHz spectrometer equipped with cryo-

genically cooled triple-resonance probes. For all titration measurements,

two-dimensional (2D) [15N,1H]-TROSY spectra were recorded (42). All

spectra were recorded with 1024 and 300 complex points in the direct

and indirect dimensions, respectively. The titration spectra at 13.6 and

18.2 mM LPS concentration were recorded with 16 and 92 scans per incre-

ment, respectively, whereas all other spectra were accumulated with eight

scans per increment. For quantitative analysis of signal intensities, the am-

plitudes were corrected by differences in 1H-90� pulse-length, the number

of scans, and the dilution factor (43). For the characterization of Skp in the

presence of high LPS concentration, 15N-filtered bipolar pulse pairs-longi-

tudinal eddy current delay (LED) diffusion was measured (44). All spectra
were acquired at 37�C. NMR data were processed using PROSA (45),

analyzed with CARA (46) and Topspin 3.2 (Bruker Biospin, Fällanden,

Switzerland).

The residue-specific interaction analysis of apo Skp was based on pub-

lished assignments (Biological Magnetic Resonance Bank: 19407) (28).

The chemical shift changes for the amide moiety were calculated as

follows.

DdðHNÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Dd1H

�2 þ �
Dd15N

�
5
�2q

Chemical shift changes upon LDAO titration were fitted by nonlinear

regression analysis as follows.
The population equilibrium of LDAO-induced Skp unfolding was calcu-

lated from ratios of NMR signal intensities in folded and unfolded Skp.

The average signal-intensities of 133 nonoverlapping peaks of the folded

and 130 nonoverlapping peaks of the unfolded species were determined

at each titration step. Error bars were calculated from the spectral noise.
Microscale thermophoresis

Skp was labeled on the amino-terminus using the NHS-ester Dylight488

(ThermoPierce, Rockford, IL) according to the manufacturer’s instructions.

The labeling ratio of 0.2 dye:1 Skp monomer was confirmed by ultraviolet-

visible spectroscopy. Samples for microscale thermophoresis were prepared

with a constant Skp concentration of 466 nM labeled Skp (99nM

DyLight488) and varying the LPS concentration from 2 to 1000 nM. Micro-

scale thermophoresis data were acquired using a Nanotemper Monolith

(München, Germany) NT.115 instrument with blue-channel detection.

The LED power was 100%, laser power was 60%, laser-on time was 30s,

and laser-off time 5 s.
Sequence conservation analysis

The ConSurf (Tel Aviv University, Israel) server (47,48) was used with the

E. coli Skp crystal structure (PDB ID 1SP2, chain A (24)) as an input for a

CSI-Blast homology search (49,50) against the UNIREF-90 database (51)

with standard parameters. This homology search yielded 55 nonredundant

Skp sequences (Fig. S1 in the Supporting Material). These sequences were

used for analysis on the ConSurf server using Bayesian methods for the

calculation of amino acid conversation scores (47,48).
Molecular dynamics simulations

A crystal structure of Skp (PDB ID 1SG2 (24)) was used as the initial

configuration for all simulations. The missing tips of partially unresolved

subunits were modeled via superimposition of the resolved chains. Simula-

tions of Skp in the presence of a major hexa-acylated 1-pyrophosphate form

of lipid A and with the addition of two KDO-sugars (termed lipid-A-KDO)

from E. coli (52) were performed with the Nanoscale Molecular Dynamics

program package v2.7b2 (53) using the CHARMM27 force field parameter

set incorporating the CMAP potential corrections (54,55). The lipid A pa-

rameters were based on a previously reported simulation study (56). Anal-

ysis of trajectories was performed using the GROMACS simulation
Biophysical Journal 108(6) 1516–1526



1518 Burmann et al.
package version 4.6.5 (57–59), VMD (60), and locally written code. The

trajectories, originally in dcd format, were made GROMACS-readable

using catdcd. Initially, three lipid molecules per Skp trimer were positioned

with a minimum-distance of%5 Å between the lipid phosphate groups and

the charged side-chain atoms originally proposed as part of an LPS binding

site, and with the acyl tails oriented away from the protein. A protein-

restrained simulation was then run during which the lipid A molecules

spontaneously adsorbed to the protein surface. Subsequently, 500 ns of pro-

tein-unrestrained simulation sampling were generated for trimeric Skp, split

into five simulation replicas to improve conformational sampling. The cut-

off distance for the quantification of salt bridge formation within Skp was

set to 4.5 Å.
RESULTS

Denaturation of the Skp trimer by LDAO

As a reference point for the LPS interaction, we charac-
terize the interaction of the nonnatural detergent LDAO
with Skp. A stepwise titration of LDAO to [U-2H,15N]-
Skp was performed and the effects on the structure were
monitored by 2D NMR spectroscopy (Fig. 1). In buffer
solution, Skp populates a two-state chemical equilibrium
between a trimeric and a monomeric, unfolded form,
with a population of ~5% monomers at 37�C. The identifi-
cation of the lowly populated monomeric species, devoid
of secondary structure, is based on the analysis of 2D
[15N,1H]-TROSY NMR spectra, which feature a second
complete set of resonances for the tentacle as well as the
basal multimerization domain besides the trimeric Skp,
with chemical shifts in the random-coil region (Fig. 1 A).
The two conformations are in slow exchange on the
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NMR timescale, i.e., with kinetic exchange rate constants
<1 s�1. Importantly, the monomeric form is flexibly
unfolded and vanishes below the detection sensitivity
upon binding of an outer membrane protein substrate
(28). Upon titration of LDAO to [U-2H,15N]-Skp, the equi-
librium between the two species is shifted toward mono-
meric Skp, with an unfolding transition midpoint at
60 5 10 mM LDAO (Fig. 1 B).

In addition to shifting the folding equilibrium, LDAO
molecules bind to both the folded and unfolded forms of
Skp, as evidenced by chemical shift changes to a subset
of resonances of each species. In the folded state, these
are residues located in two main interaction sites: one
LDAO interaction site comprises strands b2 and b3 as
well as the linker to helix a4. These elements are all part
of the basal trimerization interface. The second LDAO
interaction site is located in the lower parts of helices a2
and a3 toward the tip, and in the kink in helix a3
(Fig. 1, C–E). Thereby, the concentration-dependence of
the chemical shift changes follow a two-state binding
model with a dissociation constant of KD ¼ 77 5
12 mM (Fig. 1 F; Table S1). Binding of LDAO is also
observed for a subset of the residues of unfolded Skp, for
which currently no sequence-specific resonance assign-
ments are available, with a divergence of local dissociation
constants in the range of 47 to 138 mM (Fig. 1 G; Table
S2). Overall, the detergent LDAO thus destabilizes and un-
folds trimeric Skp, both by interfering with hydrophobic
regions in the trimer interface, as well as by stabilizing
the unfolded Skp monomer polypeptide. These effects
C.β3.β3

B.β3

.β2.β2 A.β3.β3

[LDAO] [mM]
100 150 200

140120100

folded Skp

unfolded Skp

FIGURE 1 Denaturation of Skp by the detergent

LDAO. (A) Overlay of 2D [15N,1H]-TROSY NMR

fingerprint spectra of [U-15N,2H]-Skp (black,

190 mM trimer concentration) in NMR buffer,

with increasing LDAO-concentrations as indicated.

Sequence-specific resonance assignments of folded

Skp are indicated. Resonances of unfolded Skp are

marked by asterisks. (B) Population equilibrium of

LDAO-induced Skp unfolding. Experimental data

points are shown as circles, the magenta line shows

a nonlinear least-squares fit of the data to a two-

state model of chemical unfolding (61). (C) Com-

bined amide chemical shift differences dD(HN)

of folded Skp in 218 mM LDAO relative

to 0 mM LDAO. The dashed line indicates the sig-

nificance level of 0.05 ppm. (D and E) Skp crystal

structure (blue, PDB 1SG2 (24)) with the signifi-

cant chemical shift changes of the amide moiety

at 218 mM LDAO marked yellow-orange-red, as

indicated. (F and G) Backbone amide chemical

shift perturbations for selected residues of (F)

folded Skp and (G) unfolded Skp upon titration

with LDAO. Experimental data points are shown

as circles, the lines represent a simultaneous

nonlinear least-squares fit to all data, using a bimo-

lecular equilibrium binding model. To see this

figure in color, go online.
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lead to a full disassembly of Skp into its monomeric sub-
units at LDAO concentrations above 250 mM.
Skp is denatured by LPS and interacts with
LPS-aggregates

For the characterization of the LPS-Skp interaction, a step-
wise titration of LPS to [U-2H,15N]-Skp was performed and
the effects on the structure were monitored by 2D NMR
spectroscopy (Fig. 2). The addition of the lipid LPS shifted
the monomer-trimer equilibrium toward the unfolded mono-
mer species, similar to the LDAO denaturation. Analysis of
the signal intensity of the C-terminal residue K141 in folded
and unfolded Skp in 2D [15N,1H]-TROSY spectra showed
that trimeric Skp is stable up to a concentration of
0.7 mM LPS (Fig. 2 B). The midpoint of the unfolding tran-
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FIGURE 2 Denaturation of Skp by lipopolysaccharide (LPS). (A) Over-

lay of 2D [15N,1H]-TROSY NMR fingerprint spectra of [U-15N,2H]-Skp

(200 mM trimer concentration) in NMR buffer in absence of LPS (black)

and in the presence of 1.8 mM LPS (blue). The C-terminal residue K141

in the folded as well as unfolded state, and additional alanine residues

belonging to the unfolded species are encircled. (B) d1[
15N]-1D cross-

sections of 2D [15N,1H]-TROSY NMR spectra at variable LPS concentra-

tion, taken at the positions of residue K141. The relative signal intensities

of K141 in folded and unfolded Skp are indicated in black and gray, respec-

tively. (C) Population of unfolded Skp as a function of the LPS concentra-

tion. The circles are experimental data points, the line is a nonlinear fit to

the data. (D) Two spectral regions from 2D [15N,1H]-TROSY NMR spectra

of [U-15N,2H]-Skp during an LPS titration (yellow-red-blue, as indicated).

The amide resonances of E29, K77, Q79, and R88 are indicated. To see this

figure in color, go online.
sition is at ~1.7 mM LPS, indicating a stronger denaturing
effect of LPS compared with LDAO (Fig. 2 C). Importantly,
while causing this denaturation of trimeric Skp, LPS did not
lead to any significant chemical shift changes on Skp,
consistent with the absence of a specific binding site. In
particular, residues E29, K77, Q79, and R88, which are
part of a previously proposed LPS binding site, do not
feature LPS-dependent chemical shifts (Fig. 2 D). Rather,
the addition of LPS caused a general decrease of the Skp
signal intensities (Fig. 3 A). This decrease is significantly
enhanced at increasing LPS concentrations, up to a signal
loss of ~90% at 1.8 mM LPS (Fig. 3 B). The magnitude
of this line-broadening effect is uniform over the sequence
of Skp, in agreement with a nonspecific interaction
(Fig. S2).

In aqueous solution at 37�C, LPS forms large preaggre-
gate oligomers of ~60 nm size, with a critical aggregation
concentration of 8.1 5 0.3 nM (62). The most likely
explanation for the decrease in NMR signal intensity is
thus a restriction of molecular motion, as it would be
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FIGURE 3 Unspecific interaction of Skp with LPS-preaggregates. (A)

d1[
15N]-1D cross-sections from 2D [15N,1H]-TROSY spectra of a titration

of [U-15N,2H]-Skp (200 mM trimer concentration) in NMR buffer with var-

iable LPS concentration, as indicated by the color gradient. The red and

blue dashed lines indicate the integration limits for folded Skp and all pro-

tein signals, respectively. (B) NMR signal intensity of the spectra in A as a

function of the LPS concentration. Values for the complete spectrum are

shown in blue and for the b-sheet region in red. (C) Measurement of effec-

tive molecular diffusion constants of Skp in the presence of 1.8 mM LPS by

a 15N-filtered diffusion bipolar pulse pairs-LED NMR experiment (44). The

blue circles are measurements of the signal intensity as a function of the

field gradient strength. The black line represents the linear fit to

the measured data. To see this figure in color, go online.
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caused by transient interactions of Skp with the LPS-preag-

gregate oligomers (63). This explanation is additionally

evidenced by measurements of the Skp self-diffusion coef-

ficient at 1.8 mM LPS (Fig. 3 C). Whereas free Skp with

a molecular weight of 54 kDa has a self-diffusion

coefficient of D ¼ 6.0$10�11 m2s�1, the self-diffusion co-

efficient of the molecule in presence of LPS is decreased

by a factor of 2.5 to D ¼ 2.4$10�11 m2s�1 (Fig. 3 C). Addi-

tionally, to assess if Skp might bind to monomeric LPS

at nanomolar concentrations we used microscale thermo-

phoresis, which showed that under our experimental

conditions no significant interaction between Skp and

monomeric LPS occurs (Fig. S3). Overall, the structural

effect of LPS is thus a nonspecific denaturation of the

trimeric chaperone Skp.
Biophysical Journal 108(6) 1516–1526
Conservation of amino acid residues in Skp

The initial proposition of residues E29, K77, Q79, R87, and
R88 as an LPS binding site was supported by considerations
of evolutionary conservation of these residues in Skp (23). A
specific and biologically relevant LPS binding site would be
expected to be highly conserved within the Skp family of
proteins. We revisited this scenario by a sequence alignment
of 55 nonredundant Skp-sequences, comprising the entire
currently annotated Skp family. The analysis shows a distinct
region with high conservation at the interhelix interface
(Fig. 4 A). However, this region overlaps only partially
with the previously suggested LPS binding site, of which
only residues E29, K77, and R88, but not Q79 and R87 are
highly conserved (Fig. 4 B). Rather, the region of highly
conserved residues comprises further residues. It is centered
FIGURE 4 Conservation analysis of the Skp family of

proteins. (A) Surface representation of one Skp protomer

displaying the degree of evolutionary conservation in a

color gradient from dark purple-white-gray, as indicated

(47,48). The protomer is shown as part of the Skp trimer

(PDB 1SG2 (24)), as well as rotated by 180�. (B) Close-
up of Skp in ribbon representation with a highly

conserved arrangement of amino acid residues shown as

ball and sticks. (C) Amino acid sequence of E. coli Skp

with the same coloring. For G57 (yellow), no conserva-

tion score could be calculated. The complete alignment

is shown in Fig. S1. To see this figure in color, go online.
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around invariant F30 and consists of the pairs of oppositely
charged residues R88–E29, R88–E92, and Q14–E92.
These residues are located on the adjacent a-helices of the
Skp coiled-coil arm, forming a salt bridge network. The
conserved region further comprises residues V136, V140,
and K141, which are located in a patch on the C-terminal he-
lix a4 and whose side chains all point toward helix a3. Pre-
sumably, these residues form a functional side-chain network
important for stabilization of the helical coiled-coils of Skp.

In addition to the region of conserved residues at the helix-
helix interface, a set of seven highly conserved residues L3,
I4, V6, A108, V116, I132, and T133 is found in the basal unit
of Skp. These residues are directly or indirectly involved in
interstrand stabilization of b1 and b2. In contrast, the most
variable region of Skp is located in the lower part of the he-
lices a2 and a3 and in the tip of the arms. Their high vari-
ability suggests these residues to be of little importance for
substrate interaction, in excellent agreement with our previ-
ous experimental observations that the helical tips are not in
contact with typical substrates (28).
Molecular dynamics simulations

MD simulations of hypothetical Skp-LPS complexes at
atomic resolution were performed as additional assessment.
For this we used lipid A and 2 attached KDO sugars (lipid-
A-KDO) as well as lipid A only. Starting from a configura-
tion of lipid-A-KDO docked to the proposed binding site of
trimeric Skp, five independent simulations of 100 ns length
provided 15 independent observations of the interaction
(Fig. 5). The interaction specificity was assessed by the
occurrence of intermolecular contacts within %3.5 Å of
lipid, for either the first or the last 20 ns of each 100 ns tra-
jectory, averaged over all 15 Skp monomers (Fig. 6).
Initial Position Final Positions

BA

FIGURE 5 Conformations of Skp–lipid-A-KDO ensembles. (A) Initial

configuration of the Skp–lipid-A-KDO complex after its adsorption to the

binding site. This is the initial configuration for the unrestrained MD sim-

ulations. (B) Overlaid final positions of 15 lipid molecules relative to Skp.

The structures of Skp were aligned by a least-square fit of the proposed

binding site residues. To see this figure in color, go online.
In general, the contacts between lipid-A-KDO and the
proposed binding site on Skp mirrored those of the lipid A
simulations (Fig. 6 and Table S3). The specificity of the
interaction between Skp and lipid-A-KDO decreased over
the course of the simulations, with residues in the first
20 ns of the simulations, R87 (88.8%), K77 (87.1%), and
D84 (43.7%), displaying less time in contact with lipid-A-
KDO in the last 20 ns, 71.5%, 84.7%, and 33.4% of the
time, respectively. In a few cases, residues from Skp were
observed to be in contact with lipid-A-KDO more often at
the end of the simulations, E36 (40.3%) and E91 (18.9%)
than at the start, 16.3% and 6.1%, respectively. In a similar
fashion to the lipid A simulations, the acyl tails also showed
substantial variation over the course of the trajectories. Dur-
ing the initial 20 ns, the tails were in proximity with nine
residues for R2.5% of the time, whereas in the last 20 ns,
the tails were in contact with a total of 15 residues. These
changes in the distribution of contacts between the start
and end of the simulations were the result of a positional re-
arrangement of the lipid-A-KDO molecules relative to Skp
(Fig. 5). During the initial 20 ns, the tails were in proximity
with 10 residues for R2.5% of the time, whereas in the last
20 ns, the tails were in contact with a total of 15 residues. All
these contacts were nonspecific and made only with hydro-
philic residues, as a result of the absence of solvent-exposed
hydrophobic amino acids near to the proposed LPS binding
site. Indeed, despite the homogeneously assembled initial
state, in several cases the lipid molecules completely disso-
ciated from the proposed LPS-binding site during the 100 ns
simulations (Fig. 5).

The stability of the salt bridge network formed by
conserved residues E29, R88, and E92 upon contact with
lipid A was compared with an equivalent simulation of
apoSkp. In the absence of LPS, R88 is involved in a salt
bridge in >95% of the trajectories. These are formed with
E29, E91 and E92 in 88%, 30%, and 79% of the trajectories,
respectively. In the presence of LPS, these values changed
only insignificantly. The salt bridge between R88 and E29
remained the most persistent and was present in 89% of
the simulation time. The salt bridges formed between R88
and either E91 or E92 were present in 34% and 72%, respec-
tively. The salt bridge network is largely unaffected by the
docked lipid molecules and its stability is thus not depen-
dent on the presence of LPS.

Finally, the stability of the Skp-LPS interaction was as-
sessed by measuring the buried, or solvent excluded, surface
area of LPS. The KDO sugars in isolation made few contacts
with the bound subunit, with no residue in contact for>43%
(R87) of the time. Interestingly, the sugars were able to
make contact with adjacent Skp subunits forming a stable
crosslink, inhibiting substantial rearrangements during the
timescale of the simulations. The mean buried surface
area between the polar head group of lipid-A-KDO and
Skp subunit was 3.3 nm2. This represents an increase over
the lipid A simulations (~2.4 nm2) and can be directly
Biophysical Journal 108(6) 1516–1526
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attributed to interactions between the KDO sugars and the
adjacent Skp subunits, which adds ~1.3 nm2 to the buried
area. Although the additional KDO sugars increased the
total buried area, this represented only ~16% of the surface
area of the lipid-A-KDO polar head group, lower than the
20% observed in the lipid A simulations. The buried surface
area between the fatty acid tails and the Skp subunit was
7.3 nm2. We compare these values with published data
from a known high-affinity LPS binder, the MD-2 domain
of TLR4 (56). In equivalent simulations of that complex
with lipid A, the mean buried surface area was ~5.4 nm2

for the polar headgroup and ~25.1 nm2 for the acyl tails, cor-
responding, respectively, to burial of ~40% versus ~80% of
the total surface area of lipid A. Thereby, the association of
lipid Awith the hydrophobic MD-2 cavity involves substan-
tial burial of the acyl tails from solvent, similar to a mem-
brane environment. Nonpolar residues are absent at the
proposed conserved site in Skp and the limited burial of
LPS is inconsistent with a specific binding site in Skp hinge
region.
DISCUSSION

The trimeric chaperone Skp is destabilized and denatured
into monomeric subunits by either of the amphiphilic mole-
cules LPS and LDAO. Thereby, the facile denaturation of
Biophysical Journal 108(6) 1516–1526
Skp by LDAO can readily be explained by the small size
of the hydrophobic core within the Skp trimerization
domain, which exhibits only ~20 Å of the 80 Å full-length
of the protein (23,24). It is accompanied by interactions of
LDAO with both states of Skp. The interaction with folded
Skp has a dissociation constant of 77 mM and is site-prefer-
ential, as the residues most strongly affected are located in
a cluster in the basal head region of folded Skp at the
trimerization interface, linking the interaction to the simul-
taneously occurring trimer destabilization. LDAO dissocia-
tion constants for unfolded Skp vary in the range 47 to
138 mM, and these local affinity modulations are likely
caused by variations of the amino acid sequence, leading
to LDAO interactions with variable ionic and hydrophobic
character.

The interaction with LPS preaggregates results in a
similar, nonspecific denaturation of Skp, in agreement
with previous observations (20). The interaction is accom-
panied by a decrease of the effective, ensemble-averaged
lateral diffusion constant by a factor of 2.5, corresponding
in first order to an increase in effective molecular weight
by the same factor. This increase readily explains the signal
loss upon LPS interaction, rendering only the most flexible
residues in the random-coil region observable at high LPS
concentrations. Compared with the biophysically deter-
mined hydrophobic radii of the LPS preaggregates in this
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concentration range (62,64), this observation indicates that
Skp is not stably bound to LPS, but in a dynamic equilib-
rium between an LPS-bound and an unbound form, pro-
moted by the positive overall charge of the Skp. MD
simulations of Skp in complex with monomeric LPS pro-
vide no indications for a specific or stable binding. Impor-
tantly, the denaturating effect of LPS on Skp, or the
incorporation of LPS into the lipid bilayer may well result
in a modulation of the folding kinetics, as well as folding
yields of Skp-bound outer membrane protein substrates
(33,65). The denaturing effect of LPS on Skp may partly
contribute to a modulation of the folding kinetics, but only
if the LPS concentration is sufficiently high (33,65). At
low LPS concentrations, Skp facilitates Omp folding into
negatively charged membranes mainly by electrostatic
effects and not by a specific interaction (30,31).

In contrast to the earlier alignment on a subset of Skp se-
quences (23), we observe only a partial evolutionary conser-
vation of a previously proposed LPS binding site, where
residues E29, K77, and R88, but not Q79 and R87, are
highly conserved within the Skp family. The absence of a
specific LPS binding motif in this region is further evi-
denced by a comparison of Skp with known protein crystal
structures with bound LPS. These are the b-barrel outer
membrane proteins FhuA (36), and OmpT (37), the Toll-
like receptor (66), the LPS binding protein (67), and anti-
bodies raised against LPS (68). All these proteins show
exclusively b-strand secondary structure at the LPS binding
site. Also the known structures of LPS biogenesis proteins,
LptA (69), LptC (70), LptD (71,72), and LptE (71–73),
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exhibit high b-content and the LPS binding sites derived
from cross-linking experiments are located on the inside
of the b-jellyroll structures in LptA and LptC (74). Impor-
tantly, in all these structures the LPS binding sites are
located either on the surface of an extended b-sheet, if
LPS is bound when integrated in the outer membrane
(36,75), or it is extended into a b-pocket for LPS binding
in aqueous solution (66–68,74). In stark contrast, the pre-
sumed LPS binding site on Skp would be formed by two
a-helices, leaving the outside of the LPS molecule exposed
to the aqueous environment in an unusual and thermody-
namically unfavorable arrangement (Fig. 7). Altogether,
these evolutionary and structural considerations combined
with the experimental absence of a specific interaction in
an NMR titration make the scenario of a specific and biolog-
ically relevant LPS-interaction of Skp unlikely.

Rather, the set of conserved amino acid residues form an
interhelical salt bridge network between the coiled-coil
arms of Skp. Coiled-coils generally have a high degree of
intrinsic disorder in need of stabilization by helix-helix in-
teractions (76,77). The sequence alignment highlights the
importance of the interhelix stabilization centered around
residue F30, further strengthening our earlier observations
of a pivot element around this residue, as well as the
observed stabilization of helix a3.2 upon substrate bind-
ing (28). Whereas a high importance of this side-chain
network for Skp function is suggested by its conservation
as well as by the experimental evidence of rigidification
upon substrate binding, its exact functional role remains
elusive. For example, this stabilization may present a lock
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R87R87
R88R88

K306K306

E304E304

K351K351

β5 β4β6β7

FIGURE 7 Structural comparison of FhuA-LPS

with Skp. (A) Ribbon representation of the FhuA

crystal structure (silver) in complex with LPS

(gold; PDB 2FCP (36)). Residues E304, K306,

K351, R382, and K439, which are part of the

FhuA-LPS contact surface, are highlighted in pur-

ple. In the right panel, LPS is omitted for clarity

to show the structural arrangement of these side

chains. (B) Hypothetic structural model of Skp-

LPS based on a spatial alignment of the FhuA bind-

ing site with conserved Skp residues (23). Ribbon

representation of the Skp crystal structure (blue,

PDB 1SG2 (24)) with residues E29, K77, Q79,

R87, and R88 highlighted in magenta on one Skp-

protomer. A zoom is shown in the middle panel.

The right panel shows the hypothetic LPS-interac-

tion site rotated by 45�, to be in the same spatial

orientation as in FhuA in (A). To see this figure in

color, go online.
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mechanism upon substrate binding, or a control mechanism
for the arm dynamics.

In conclusion, the interaction of LPS with Skp is of
nonspecific nature and has no biological significance,
considering additionally the fact that free LPS is present
in the periplasm only at very low concentrations of
~0.1 fM (44). The previously proposed role of Skp in LPS
biosynthesis based on the close genetic proximity of the
skp gene to lipid-A–related genes (18,78) can well be ratio-
nalized by the functional role of Skp in LptD biogenesis
(79), a b-barrel membrane protein that shuttles LPS mole-
cules from the periplasm to the outer leaflet of the outer
membrane (1,80).
SUPPORTING MATERIAL

Three figures and three tables are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(15)00123-X.
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