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ABSTRACT: The membrane insertase YidC from Escherichia coli reversibly binds its substrate Pf3 coat protein.
The effect of this initial binding process was examined in vitro by fluorescence quenching of the tryptophan
(Trp) residues of YidC which are highly sensitive fluorescent probes for changes of the protein’s tertiary
structure. Membrane-reconstituted (in DOPC or DOPE/DOPG vesicles) as well as detergent-solubilized
(C12PC) YidC was titrated with a Trp-free Pf3 coat mutant. Quenching of the intrinsic Trp fluorescence after
titration indicates a change in the tertiary structure of YidC upon binding to the Pf3 coat substrate. Analysis
of the binding curves taken from the fluorescence data yielded values for the dissociation constant (KD) in the
range of 0.5-1.8 μM. Titration experiments with two Trp mutants reveal that the change in the tertiary
structure involves mainly themembrane-spanning domain. The influence of the different environments on the
secondary structure of YidC as well as of the YidC large periplasmic domain (P1) was investigated by circular
dichroism (CD). The CD data show that the YidC secondary structure changes upon reconstitution into a
membrane environment when compared to the detergent-solubilized state. In particular, the P1 domain of
YidC is considerably affected by the detergent C12PC. This underlines the importance to study conforma-
tional changes with membrane-inserted proteins.

During the membrane insertion process of the newly synthe-
sized coat protein of the filamentous phage Pf3, the protein first
binds to YidC and then adopts a transmembrane conformation
in the membrane bilayer. YidC is a six-spanning membrane
protein of Escherichia coli and has homologues in mitochondria
and chloroplasts (1). The proposed membrane topology of YidC
is displayed in Figure 1 (2) and shows a large periplasmic domain
that is located between TM1 and TM2. In mitochondria, Oxa1 is
the only enzyme that inserts proteins from the matrix into the
inner membrane since mitochondria lack the Sec translocase. In
bacteria, most proteins are inserted by the Sec translocase with
the help of YidC (3). However, a few Sec-independent proteins
use the YidC-only pathway for membrane insertion. Among
these are the filamenteous phage coat proteins (4), subunit c of
the ATP synthase (5), the mechanosensitive channel protein
MscL (6), and components of respiratory complexes (7).

The Pf3 coat protein is the smallest of the YidC substrates and
consists of 44 amino acid residues. The transmembrane region of
18 hydrophobic residues is flanked by an N-terminal negatively
charged periplasmic region of 18 residues and a positively
charged cytoplasmic region of eight residues at the C-terminus.
The negatively charged residues are important for the transloca-
tion of the N-terminal domain into the periplasm (8). Binding of
the Pf3 coat protein to YidC on its cytoplasmic face allows the
protein to insert into the membrane bilayer before it is assembled

with the phage DNA into the viral particles. The binding of the
Pf3 coat protein to YidC involves most likely transmembrane
regions TM1 and TM3 of YidC since cysteine residues at specific
positions in YidC were cross-linked to a Pf3 coat derivative that
has a single cysteine in its transmembrane region (9). The cross-
links are located in the center of the transmembrane regions,
suggesting that binding to YidC is mainly driven by hydropho-
bicity.

We have previously shown that the Pf3 coat protein binds
reversibly to detergent-solubilized YidC and verified that the
binding process is dominated by hydrophobic interactions (10).
In this study, we analyzed in detail the binding reaction of the Pf3
coat protein to membrane-reconstituted YidC. Proteoliposomes
containing purified YidC were titrated with a tryptophan-free
mutant Pf3 coat protein, and the binding was monitored by
quenching of the intrinsic Trp fluorescence of the YidC protein.
In addition, the membrane reconstitution of YidC was spectro-
scopically analyzed by measuring the intrinsic Trp fluorescence
and circular dichroism (CD).1 We show that the binding of the
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Pf3 coat protein to the reconstituted YidC induces a conforma-
tional change. The binding of the Pf3 coat protein is reversible
with a dissociation constant KD in the same range as that of
solubilizedYidC in detergent.We also show that the choice of the
detergent which is used for solubilization of YidC is crucial for
maintaining the correct folding of periplasmic domain P1.

MATERIALS AND METHODS

Expression and Purification of Wild-Type YidC. Wild-
type E. coli YidC (with a C-terminal His10 tag) was cloned into
pMS119EH (11) and transformed into E. coli C41 cells, and the
cellswere grownaerobically in flasks inLBmediumat 37 �C to an
optical density (OD600) of 0.6. Protein expression was induced
with 0.5 mM IPTG for 3 h at 37 �C. The cells were harvested at
5000g and 4 �C, resuspended in 1 mL of 2-amino-2-(hydroxy-
methyl)-1,3-propanediol (Tris)-HCl buffer [20 mM Tris-HCl
(pH 8.0), 1 mM EDTA, and 20% sucrose] per gram cells, and
broken with a French pressure cell at 8000 psi after the addition
of protease inhibitor PMSF at 1 mM. Cell debris was separated
from the crude lysate at 6000g and 4 �C, and the membrane
fraction was collected by centrifugation for 40 min at 150000g
and 4 �C. The membranes were homogenized in PBS at pH 7.4
and stored at -80 �C. YidC was purified following the protocol
of Molina et al. (12) with minor changes. The membranes were
solubilized on ice for 3 h with 1% (w/v) dodecyl maltoside
(DDM) (GERBU Biochemicals GmbH) in 150 mL of potassium
phosphate buffer (PPB) [20 mM PPB (pH 7.4), 300 mM NaCl,
and 40 mM imidazole] and centrifuged at 150000g and 4 �C for
30 min to remove all nonsolubilized components. YidC was
purified on a Ni2þ-affinity column (Qiagen) followed by size
exclusion chromatography (SEC) using a Superdex 200 16/60
column (GEHealthcare) in sodium acetate buffer [100mMNaCl
(pH 5.2)]. The peak containing monomeric YidC was concen-
trated by ultrafiltration at 4 �C using an Amicon Ultra device
(Millipore) with a 30 kDa cutoff. Purified YidC was analyzed for
homogeneity and homodispersity by SEC using a Superdex 200
10/300 column (GE Healthcare).

The His10-tagged wild-type E. coli YidC was also purified in
n-dodecylphosphocholine (C12PC) (Anatrace, Inc.) as described
previously (10).
Generation, Expression, and Purification of YidC Trp

Mutants. Mutants YidCW332/W334 and YidCW454 (both with a
C-terminal His10 tag) were obtained after site-directed mutagen-
esis (8) to change all Trp residues into Phe with the exception of

the indicated residues. The mutants were cloned into
pMS119EH (11), transformed into E. coli C43 cells, and purified
in DDM as described previously (10). Both mutants are func-
tional since they complemented the YidC- phenotype of E. coli
MK6.
Expression and Purification of YidC Domain P1.Water-

soluble YidC periplasmic domain P1 was expressed and purified
as described by Ravaud (13). Ni2þ-affinity purified protein was
analyzed for homogeneity and homodispersity by SEC using a
Superdex 200 10/300 column (GE Healthcare). The monomeric
fractions were pooled and concentrated by ultrafiltration at 4 �C
using an Amicon Ultra device (Millipore).

For the intrinsic Trp fluorescence and CD measurements of
detergent-solubilized YidC and the P1 domain, it was necessary
to remove all traces of imidazole remaining after theNi2þ-affinity
step from the YidC samples. For this purpose, ≈350 μL of the
sample was dialyzed overnight against 100 mL of the respective
buffer required for the actual experiment. For the experiments
with detergent-solubilized YidC, the buffers contained 1.2 mM
C12PC or 0.36 mM DDM.

The purities of all purified proteins were confirmed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by staining with Coomassie Blue
R250, and the concentrations were determined using the method
of Lowry and Peterson (14).
Expression and Purification of Pf3 Coat Protein Mu-

tants. The tryptophan-free mutant Pf3W0 coat protein as well
as the mutant Pf319A coat protein, in which the membrane-
spanning region (residues 19-34) was replaced with 19 alanine
residues, were expressed from E. coli C41 cells bearing plasmid
pMS119HE with the pf3coat gene as described previously (15).
Preparation of Phospholipids. 1,2-Dioleoyl-sn-glycero-

3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-[phos-
pho-rac-(1-glycerol)] (DOPG)were purchased fromAvanti Polar
Lipids (Alabaster, AL). A total amount of 60 mg of DOPC and
60mg of a DOPE/DOPGmixture (3:1, w/w) were each dissolved
in 2 mL of CH2Cl2 and dried for 6 h as a thin film under vacuum
as described previously (16). The lipid films were resuspended in
4 mL of H2O, frozen with liquid nitrogen, and then stored at
-80 �C. Phosphate determination of the DOPC and DOPE/
DOPG samples was performed according to Ames and Du-
bin (17). To generate the vesicles, 3.2 mM DOPC and DOPE/
DOPG suspensions were treated by sonication with a microtip
(Branson) on ice for several minutes until translucency was
reached.
Membrane Reconstitution of YidC. YidC was reconsti-

tuted into membrane vesicles following the method described by
Rigaud et al. (18) using the DOPC andDOPE/DOPG (3:1, w/w)
phospholipid vesicles mixed with DDM at a molar ratio of 1:1.
For reconstitution, 500 μM phospholipids pre-equilibrated with
DDM were mixed with 2 μM YidC in DDM. The solution was
allowed to equilibrate for 2.5 h at 4 �C under gentle mixing. The
detergent was removed in 2 h via addition of 30 mg of Bio-Beads
SM-2 (Bio-Rad Laboratories) at 4 �C. The proteoliposomes were
separated by centrifugation for 10 min at 120000g, and the pellet
was resuspended in Tris-HCl buffer [20 mM Tris-HCl (pH 7.0)
and 100mMNaCl] or 10mMPPB (pH 7.0).With this protocol, a
molar lipid to protein ratio of ∼300:1 was achieved.
Topology Analysis. Proteoliposomes (prepared as described

above) were resuspended in 100 μL of Tris-HCl buffer [20 mM
Tris-HCl (pH 7.0) and 200 mM NaCl]. Trypsin was added to a

FIGURE 1: Membrane topology of YidC with its large periplasmic
domain P1 (colored black). The numbers in this domain indicate the
positions of the amino acid residues flanking the segment of P1which
was used in this work. The approximate positions of the 11 Trp
residues along the structure are marked by circles, and the residues
left in the Trp mutants YidCW332/W334 and YidCW454 are denoted
with arrows.
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final concentration of 2.5 μM, and proteolysis was conducted on
ice for 1.5 h and terminated by precipitation with 15% (v/v)
trichloroacetic acid (TCA). The sample was centrifuged and
washed twice with acetone and subsequently analyzed by
SDS-PAGE. For a control, an aliquot was digested in the
presence of 10% (w/v) SDS.

The SDS gel was blotted onto a nitrocellulose membrane
(Perkin-Elmer), and the membrane was blocked in Tris-buffered
saline (TBS, pH 7.4) containing 5% (w/v) nonfat milk for 1 h at
room temperature. After being washed, the membrane was
consecutively incubated with the primary and secondary anti-
body, both diluted in TBS (pH 7.4) containing 0.05% Tween 20
and 4% (w/v) nonfat milk, for 1-1.5 h at room temperature. As
the primary antibody, we used a polyclonal rabbit antibody
recognizing periplasmic domain P1. The ECL (Millipore Corp.)-
exposed film was quantified using Kodak Image Station 440
software.
Measurement of the Circular Dichroism (CD). The CD

measurements were performed with a spectropolarimeter (Jasco
715) using quartz cuvettes (Hellma AG) with path lengths of
1 and 0.5 mm for the reconstituted and solubilized proteins,
respectively. The sample holder was modified such that the
cuvettes could be placed directly in front of the entrance window
of the photomultiplier (PM). This arrangement avoids effects
caused by differential scattering of turbid samples (19). All CD
spectra were recorded in the range of 185-260 nm with a step
width of 1 nm and a scanning speed of 20 nm/min. The signal-to-
noise ratio was improved by choosing a response time of 4 s and
an excitation bandwidth of 2 nm. Additionally, each spectrum
was recorded at least three times.

All experiments were performed in 10 mM PPB buffer at pH
7.0 and 6.0 for theYidC samples and the P1 domain, respectively.
The samples were diluted until the dynode voltage indication of
the PM tube, which is a measure of the sample’s linear absor-
bance, did not exceed 650 V during the complete scan. The
spectra of detergent-solubilized and water-soluble proteins were
background-corrected by subtracting a buffer blank spectrum,
whereas the spectra of the reconstituted proteins were corrected
with a spectrum of a sample containing DOPC orDOPE/DOPG
vesicles only. The collected spectra were smoothed with the
Savitzky-Golay filter, and first-derivative analysis was used to
determine the minima and maxima of the spectra. To com-
pare results from different samples, all spectra were normalized
to the mean residue weight ellipticity (θMRW) [deg cm2 /dmole]
with

θðλÞMRW ¼ θðλÞmdeg

10cnd

where θ(λ)mdeg is the recorded spectra inmillidegrees, d is the path
length of the cuvette in centimeters, n is the number of amino acid
residues, and c is the sample concentration in moles per liter. The
concentration of each sample was determined after the experi-
ment (14), and its purity was confirmed using SDS-PAGE
followed by staining with Coomassie Blue R250.
Measurement of Fluorescence Spectra, Fluorometric

Titration, and Data Analysis. The fluorescence measurements
and titration experiments were performed at a constant tempera-
ture of 25 �C in the same setup as previously described (10). The
tryptophan (Trp) residues of YidC were excited at 295 nm, and
fluorescence spectra were recorded in the range of 305-420 nm
with a step width of 1 nm and an integration time of 1 s. The slit

widths of the excitation and detection monochromator were set
to a spectral width of 2 and 3 nm, respectively. Fluorescence
spectra were analyzed by fitting the background-corrected spec-
tra F(λ) to the log-normal distribution (20)

FðλÞlog-normal ¼ F0 exp
ln 2

ln2 F
ln2 1þ ðλ-λmaxÞðF2 - 1Þ

FΓ

" # !

ð1Þ
where F0 is the fluorescence maximum value at λmax, Γ is the line
width (full width at the half maximum intensity), and F is the line
shape asymmetry parameter.

C12PC-solubilized and reconstituted YidC was titrated by
stepwise addition of small aliquots (2-5 μL) of a 26 μM Pf3W0
coat stock solution. YidC was at a concentration of ∼0.1 μM in
20 mM Tris-HCl buffer containing 10% (v/v) 2-propanol [Tris-
HCl (pH 8.0) and 50mMNaCl for the solubilized YidC and Tris-
HCl (pH 7.0) and 100-250 mM NaCl for the reconstituted
samples]. After each addition of Pf3W0 coat protein, the solution
was allowed to equilibrate for 5 min, and subsequently, a
fluorescence spectrum was recorded. All spectra were back-
ground-corrected by subtraction of a buffer blank spectrum.
The binding curves were constructed by taking the fluorescence
values F at the maxima and plotting ΔFi=|Fi(1 þ Vi/V0) - F0|
against the molar substrate concentration, where Fi is the
fluorescence value at the ith titration step and F0 is the initial
fluorescence value of YidC without substrate. Because of the
increasing sample volume during the titration, the fluorescence
values had to be corrected by the factor 1þ Vi/V0, whereVi is the
total added volume at the ith titration step and V0 is the initial
volume. The dissociation constant KD was obtained by fitting the
binding curve to the hyperbolic equation

ΔF ¼ ΔFmax
½Pf3�

½Pf3�þKD
ð2Þ

where ΔFmax is the maximum fluorescence change at saturation.
All linear and nonlinear least-squares fitting procedures were
performed with the commercial software packages Origin 6.1
(OriginLab Corp.) and SigmaPlot 2000 (SPSS Inc.).

Since the Pf319A coat protein still contains a Trp residue at the
original position, the recorded spectra were corrected for the
additional fluorescence. To do this, a parallel experiment in
which a buffer blank in an identical cuvette was titrated by
identical aliquots of Pf319A coat protein was performed. The
respective fluorescence spectrum was subtracted from the spec-
trum of the YidC-containing sample recorded for each corre-
sponding titration step. The corrected spectra were further
analyzed as described above.

In the titration experiment with C12PC-solubilized YidC, the
detergent concentration was kept below the critical micellar
concentration (cmc) of C12PC (1.2 mM) to prevent interactions
between the Pf3 protein and the detergent molecules (10).

RESULTS

Conformational States of Soluble and Membrane-Re-
constituted YidC. The six-spanning membrane protein YidC
contains 11 tryptophan residues, all located on the periplasmic
side (Figure 1). Fluorescence and CD spectroscopy were used to
characterize the solubilized (YidC in C12PC and YidC in DDM)
and reconstituted (YidC in DOPC and YidC in DOPE/DOPG
vesicles) states of YidC.
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Typical spectra of the intrinsic trytophan fluorescence of the
detergent-solubilized and reconstituted YidC are shown in
Figure 2A,B. The line shapes could be fitted with good accuracy
to eq 1 (data not shown). The spectral position of the fluorescence
peak is dependent on the protein environment. YidC in C12PC
exhibits a fluorescence spectrum with a peak at a λmax of 348 nm
and awidthΓ of 64.5 nm, whereas the spectrumofYidC inDDM
is blue-shifted by ≈3 nm to a λmax of 345 nm and has a width
similar to that for YidC in C12PC. The fluorescence spectra of
membrane-reconstituted YidC show for both membrane envir-
onments fluorescence peaks at a λmax of 345 nmand linewidths of
61.7 and 62.7 nm for DOPC and DOPE/DOPG vesicles,
respectively.

For the reconstituted YidC samples, the observed blue shift is
accompanied by an increase in the intrinsic fluorescence per mole
compared to that of the DDM-solubilized state (Figure 2C). A
blue shift and an increase in the quantum yield are indicative of a
change of the Trp residues to a more hydrophobic environment
and hence strong spectroscopic indications of successfully recon-
stituted protein.

To examine the influence of the different environments on the
secondary structure of YidC, the CD of YidC and the CD of
periplasmic loop P1 of YidC (residues 56-329) weremeasured in
the region between 185 and 260 nm. Panels A and B of Figure 3
show CD spectra of detergent-solubilized and membrane-recon-
stituted YidC, respectively. For the solubilized proteins
(Figure 3A), both spectra exhibit rather similar shapes and
amplitudes. Both spectra had minima at 220 and 209 nm, with
the latter being significantly pronounced for YidC in C12PC.

Furthermore, the maximum in the spectrum of YidC in C12PC is
blue-shifted by≈2 nm in comparison to that ofYidC inDDM. In
contrast, the spectra of the membrane-reconstituted samples
(Figure 3B) show that the first minimum at 209 nm disappeared,
and a red shift of the whole spectrum occurred by ≈3 nm when
compared to the spectra in Figure 3A. In comparison to the
spectra in Figure 3A, the observed disappearance of the mini-
mum and the decrease in the amplitude of the positive band
suggest that a significant fraction of R-helical structure is induced
by the interaction with the detergent and disappears upon
membrane reconstitution. This was confirmed by measuring
CD spectra of periplasmic loop P1 in the presence of 4.5 mM
C12PC and 0.48 mMDDM. These concentrations correspond to
approximately 3 times the cmc of both detergents. The spectrum
of free P1 is shown in Figure 3C (black spectrum).With its single
broad negative band centered at 216 nm, the spectrum is typical
for a protein with a predominant β-structure that has previously
been proven by X-ray crystallography (13, 21). In the presence of
DDM, the secondary structure of the protein remained un-
changed (dashed spectrum), whereas the presence of C12PC

FIGURE 2: Normalized intrinsic Trp fluorescence spectra of (A)
detergent-solubilized (DDM and C12PC) and (B) membrane-recon-
stituted [DOPC and DOPE/DOPG (3:1, w/w)] YidC. (C) Intrinsic
fluorescence per mole of DDM-solubilized and reconstituted YidC
[DOPC and DOPE/DOPG (3:1, w/w)] [in 10 mM PPB (pH 7.0)].

FIGURE 3: Circular dichroism spectra of (A) detergent-solubilized
(DDM and C12PC) and (B) membrane-reconstituted YidC [DOPC
andDOPE/DOPG (3:1, w/w)] [in 10mMPPB (pH 7.0)]. (C) Circular
dichroism spectra of the P1 domain in the absence of detergent and in
the presence of 0.48 mMDDM and 4.5 mM C12PC [in 10 mM PPB
(pH 6.0)].
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leads to the appearance of a second negative band at 206 nm
(gray spectrum). Thus, C12PC interacts with the loop, leading to
a considerable change in its secondary structure. Because of the
spectral position and intensity of this band, we conclude that the
minimum at 209 nm in the spectrum of YidC solubilized in

C12PC originates from the interaction of the detergent with
periplasmic domain P1.
Membrane Topology of Reconstituted YidC. The mem-

brane topology of the reconstituted samples was examined by
trypsin digestion of the proteoliposomes. If YidC is reconstituted
with its P1 domain inside the lumen (“loop-in” conformation),
trypsin digestion generates a 42 kDa protected fragment (15)
containing the first and second transmembrane motif as well as
loopP1 (seeFigure 1). This large fragment can then be recognized
by the antiserum. If the protein is reconstituted in the inverted
orientation, no such fragment is expected after digestion.

Figure 4 shows the results of the tryptic digest of YidC
reconstituted in DOPC and DOPE/DOPG vesicles. For both
samples, the 42 kDa fragment was detected in significant
amounts (A and B, lane 2). Compared to the nondigested protein
(lane 1), more than 80%ofYidC inDOPCand∼40%ofYidC in
DOPE/DOPG vesicles was found in the loop-in conformation.
Since the topology of the reconstituted YidC is mostly in the
correct orientation, we focused on these proteoliposomes for the
substrate binding assay. As a control, the tryptic digest of the
SDS-solubilized proteoliposomes did not exhibit the 42 kDa
fragment (lane 3). Taken together, the results show that a large
percentage of YidC is reconstituted in an orientation with the P1
domain located in the lumen of the proteoliposomes.
Pf3W0 Coat Protein-Induced Conformational Change

in YidC. Fluorometric titration was used to probe for tertiary
structural changes ofYidCupon binding to its substrate Pf3 coat.
Panel 1A in Figure 5 shows a representative series of intrinsic Trp
fluorescence spectra recorded after titration of 0.32 μM YidC
solubilized in C12PCwith increasing amounts Pf3W0 coat. These

FIGURE 5: Series of intrinsic Trp fluorescence spectra recorded after the titration of (1A) 0.32 μMYidC in C12PC micelles, (2A) 0.20 μMYidC
reconstituted inDOPCvesicles, and (3A) 0.25μMYidC reconstituted inDOPE/DOPG(3:1,w/w) vesicleswith increasing amounts of Pf3W0 coat
protein and the corresponding binding curves (1B-3B) constructed from the fluorescence values at 350 and 345 nm for the detergent-solubilized
and reconstituted samples, respectively. The curves show a best-fitKD value of (0.53( 0.10) μMforYidC inC12PC [in 20mMTris-HCl (pH 8.0),
50 mMNaCl, 10% (v/v) 2-propanol, and 0.87 mMC12PC] andKD values of (0.66( 0.04) and (1.78( 0.27) μM for YidC in DOPC and DOPE/
DOPG vesicles, respectively [in 20 mMTris-HCl (pH 7.0), 10% (v/v) 2-propanol, and 100 mMNaCl for YidC in DOPC and 250 mMNaCl for
YidC in DOPE/DOPG vesicles]. (1C-3C) Dependence of line width Γ (see eq 1) of the YidC fluorescence spectra in section A on Pf3W0 coat
protein concentration.

FIGURE 4: Topological analysis of the reconstituted YidC. Proteoli-
posomes with YidC reconstituted in (A) DOPC and (B) DOPE/
DOPG (3:1, w/w) vesicles were digested with trypsin. The undigested
(lanes 1) and digested (lanes 2) samples are shown. The full-length
YidC and the 42 kDa fragment are denoted with an arrow. The
percentageofYidC thathas theP1domain located in the lumenof the
proteoliposomes (loop-in) was calculated.
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spectra reveal that the fluorescence of the Trp residues decreases
upon binding of Pf3W0 coat to the YidC insertase. The binding
curve (Figure 5, panel 1B) constructed from the fluorescence
values at 350 nm could be fitted with good accuracy to eq 2with a
best-fit value for dissociation constant KD of (0.53 ( 0.10) μM.
Data analysis from two consecutive experiments revealed a mean
KD value of (0.67(0.14) μM. The quenching of the Trp fluo-
rescence is accompanied by a broadening of the fluorescence
spectra from a Γ of 65.8 nm (0 μMPf3W0 coat) to a Γ of 70.6 nm
upon addition of Pf3W0 coat protein (1.8 μM Pf3W0 coat) as
shown in panel 1C in Figure 5. The emission maximum λmax was
not significantly shifted (<1 nm) in this experiment.

A similar quenching behavior was measured for the mem-
brane-reconstituted YidC in DOPC. A series of intrinsic Trp
fluorescence spectra were recorded after titration of 0.20 μM
reconstituted YidC with Pf3W0 coat, and the binding curve was
constructed from the fluorescence values at 345 nm (Figure 5,
panels 2A and 2B). The binding curve could be fitted with good
accuracy to eq 2 with a best-fit value for dissociation constantKD

of (0.66 ( 0.04) μM. Data analysis from two consecutive
experiments revealed a mean KD value of (0.61 ( 0.06) μM. In
contrast to that of the C12PC-solubilized protein, the line width
changed only slightly from a Γ of 62.3 nm (0 μM Pf3W0 coat)
upon the addition of the Pf3W0 coat protein to a Γ of 63.4 nm
(2.14 μM Pf3W0 coat) (Figure 5, panel 2C).

For a control, YidC reconstituted in DOPC vesicles was
titrated with Pf319A coat protein. The hydrophobic membrane
anchor of this mutant is replaced by a 19-residue polyalanine
sequence and does not insert into the E. coli membrane in
vivo (22). A series of intrinsic fluorescence spectra were recorded
after titration of 0.20 μM YidC with increasing amounts of
Pf319A coat (Figure 6A). The spectra show that the intrinsic
fluorescence decreases upon addition of the Pf319A coat to the
insertase. The accurate linear behavior of the binding curve
(Figure 6B) constructed from the fluorescence values at 345 nm
indicates a nonspecific binding of this Pf3 coat mutant to YidC.

When the substrate binding experiment was performed with
YidC reconstituted in DOPE/DOPG vesicles under conditions
identical to those used in the experiment with the DOPC vesicles
[20 mM Tris-HCl (pH 7.0), 100 mM NaCl, and 10% (v/v)
2-propanol], data of poor quality were obtained (data not
shown). However, at a salt concentration of >200 mM NaCl,
the quality of the binding curves became acceptable. This
behavior is plausible considering the different charge distribu-
tions of the PE/PG headgroups as compared to DOPC
(see Discussion). Panel 3A in Figure 5 shows a series of intrinsic
Trp fluorescence spectra recorded after titration of 0.25 μM
reconstituted YidC in the same buffer mentioned above in the
presence of 250 mM NaCl. The binding curve constructed from
the fluorescence values at 345 nm could be fitted with good
accuracy to eq 2 with a best-fit value for dissociation constantKD

of (1.78 ( 0.25) μM (Figure 5, panel 3B). The observed broad-
ening of the spectra after titration was nearly twice the value that
was determined for YidC in DOPC membranes. The line width
changed from a Γ of 62.7 nm (0 μM Pf3W0 coat) upon the
addition of the Pf3W0 coat protein to a Γ of 64.7 nm (2.4 μM
Pf3W0 coat) (Figure 5, panel 3C). However, this broadening is
still 2-3 times less than that observed for the solubilizedYidC. In
both experiments, with DOPC and with DOPE/DOPG-recon-
stituted YidC, the emission maximum λmax was not significantly
shifted (<1 nm).

The observed quenching of the Trp fluorescence is consistent
with a conformational change in the YidC protein upon binding
to its substrate. This quenching is concomitant with a spectral
broadening of the Trp fluorescence band which is reduced as
compared to that of the detergent-solubilized protein. Further-
more, the absence of a spectral shift in all experiments suggests
that the accessibility of the Trp residues to the solvent remained
unchanged upon Pf3 coat binding.
Pf3W0 Coat-Induced Conformational Change in

YidCW332/W334 and YidCW454. To investigate which of the
Trp residues are mainly involved by the quenching process, two
YidC mutants were examined: (i) YidCW332/W334 with only two
Trp residues in the P1 domain at positions 332 and 334 and
(ii) YidCW454 with a single Trp residue at position 454 in the
second periplasmic loop between transmembrane regions TM3
and TM4 (see Figure 1).

Panels 1A and 2A of Figure 7 show representative series of
intrinsic Trp fluorescence spectra recorded after titration of
0.18 μM YidCW332/W334 and 0.2 μM YidCW454 reconstituted in
DOPC vesicles, respectively, with increasing amounts of Pf3W0
coat. Because of the lower Trp content of bothYidCmutants, the
fluorescence spectra exhibit a considerably lower signal-to-noise
ratio compared to the spectra of the wild type (see Figure 5). The
binding curves (Figure 7, panels 1B and 2B) constructed from the
fluorescence values at 345 nm could be fitted with sufficient
accuracy to eq 2 with a best-fit values for dissociation constant
KD of (0.95( 0.28) and (0.30( 0.04) μM for YidCW332/W334 and
YidCW454, respectively. The spectrum of unboundYidCW332/W334

(0 μMPf3W0 coat) shows an emission maximum λmax of 344 nm
which slightly changes upon titration (<2 nm). In contrast, the
fluorescence emission for YidCW454 shows a maximum λmax of
342 nm (0 μM Pf3W0 coat) which is red-shifted by ≈4 nm upon
addition of substrate (2.1 μMPf3W0 coat). Analysis of the fluo-
rescence data revealed that the initial intensity of YidCW332/W334

is quenched by 26 ( 3%, whereas the intensity for YidCW454 is
quenched by 36 ( 2% upon addition of the substrate. This
result indicates that the surroundings of Trp residue W454 are

FIGURE 6: (A) Series of intrinsic Trp fluorescence spectra recorded
after the titration of 0.20 μM YidC reconstituted in DOPC vesicles
with increasing amounts of Pf319A coat protein and (B) binding curve
constructed from the fluorescence values at 345 nm [in 20 mM Tris-
HCl (pH 7.0), 100 mMNaCl, and 10% (v/v) 2-propanol].
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subjected to a larger conformational change than the surround-
ings of Trp residues W332 and W334 in the large periplasmic
region.

DISCUSSION

YidC and its substrate Pf3 coat make up a well-examined
model system for the Sec-independent pathway of membrane
insertion. The initial step of such an insertion process is the
binding of the substrate to the insertase. This step is often
considered to be an irrevesible binding process. However, in a
previous study, we had shown unambiguously by fluorometric
titration of ANS-labeled YidC that the Pf3 coat protein binds
reversibly to detergent-solubilized YidC (10). To obtain binding
data for the native system, we used in this study YidC that was
reconstituted in DOPC and DOPE/DOPG membranes. Instead
of labeling the insertase with ANS, which may pose problems
because of the partitioning of the ANS molecules into the
hydrophobic interior of the membrane, we have used the
fluorescence properties of the YidC’s Trp residues. Since the
fluorescence properties of Trp are highly sensitive to even minor
changes in the local environment, changes in the fluorescence
yield and spectral position of the intrinsic fluorescence are direct
indications of conformational events of a protein. We have taken
advantage of the fact that the 11 Trp residues of YidC together
with a sensitive photodetection system allow fluorometric titra-
tion experiments with reconstituted YidC at protein concentra-
tions in the range of ∼100 nM to be performed with a sufficient
signal level.

The measured dependence of the intrinsic Trp fluorescence of
YidC on the concentration of the added Pf3 coat protein
(Figure 5, panels 1A-3A) allowed the description of the sub-
strate binding process. All binding curves constructed from the
fluorescence data showed a similar hyperbolic, noncooperative
behavior and KD values (≈1 μM) in the same range that was
measured previously in experimentswithANS-labeledYidC (10).
In conclusion, the binding behavior of the reconstituted samples
confirms our results obtainedwith detergent-solubilizedYidC. In
the experiments with YidC reconstituted in DOPE/DOPG
vesicles, we found that the Trp emission spectra exhibited poor

reproducibility under conditions that were used in the experi-
ments with DOPC proteoliposomes. We think that this behavior
can be explained with the charge distribution of the Pf3 coat
protein and the phospholipid headgroups. Pf3 coat protein has
two positively charged amino acid residues at its C-terminus
which are predicted to bind to the inner membrane surface prior
to its insertion (23, 24). The headgroups of the phospholipid
membrane comprised of DOPE and DOPG (3:1, w/w) have
charge distributions similar to that of the bacterial inner mem-
brane, suggesting that Pf3 coat can electrostatically bind to the
membrane surface. This binding eventmay lead to agglomeration
of proteoliposomes resulting in a disturbed diffusion behavior of
the sample as well as to sedimentation of the agglomerated
proteoliposomes leaving the detection volume of the cuvette. This
was tested by analyzing the binding at elevated NaCl concentra-
tions which may result in an increased level of shielding of the
membrane surface potential of the negatively charged PG head-
groups with increasing salt concentrations (25, 26). We noticed
that at >200 mM NaCl the recorded spectra became reprodu-
cible, allowing the construction of binding curves of reliable
quality. Thus, most probably, the electrostatic binding between
the Pf3 coat protein and the phospholipid headgroups is the
reason why we obtained data of good quality only at high salt
concentrations which prevent such undesired electrostatic inter-
actions. Because of the observed quenching of the Trp fluores-
cence togetherwith the particular arrangement of theTrp residues
(see Figure 1), we conclude that the substrate-binding site, which
is located in the cytoplasmic part of the insertase, is conforma-
tionally coupled to the periplasmic region of the insertase. In the
experiments with Trp mutants YidCW332/W334 and YidCW454

reconstituted in DOPC vesicles, we attempted to locate the
periplasmic regions that are subjected to the conformational
change. The results indicate that the structural change caused
by the binding process involves mainly the membrane-spanning
domain and also, to a less degree, periplasmic domain P1.

We found that the surrounding environment also affects the
intrinsic Trp fluorescence of YidC. The fluorescence spectra of
YidC in membranes as well as of YidC solubilized in DDM are
clearly blue-shifted compared to that of YidC solubilized with
C12PC (Figure 2). A blue shift of the Trp fluorescence is typically
a sign of decreased accessibility of the residues to the aqueous
surroundings. However, the experimental data do not allow us to
distinguish between a change in the tertiary structure or an
increase in the level of shielding of the Trp residues by the lipid
andDDMmolecules, respectively. The analysis of the line shapes
revealed that the line width of the intrinsic fluorescence is
appreciably reduced upon membrane reconstitution, and the
substrate binding process involves a line broadening (Figure 5,
panels 1C-3C)which turned out to be smaller for themembrane-
reconstituted samples. These results are consistent with the idea
that the lateral pressure of the membrane reduces the dynamics
and accessible conformational space of a membrane protein (27).

CD spectroscopy was used to analyze the conformational state
of YidC before and after membrane reconstitution. The spectra in
Figure 3 reveal the influence upon different environments on the
YidC secondary structure. Compared to that of the solubilized
state, the CD spectra for the reconstituted protein changed
significantly. An exact calculation of the fractions of secondary
structure elements in membrane proteins is difficult to obtain by
analyzing CD spectra (28). However, the results clearly show that
the fraction of R-helical structure of YidC is increased due to the
interactions with the detergent molecules. The CD spectra of the

FIGURE 7: Series of intrinsic Trp fluorescence spectra recorded after
the titration of (1A) 0.18 μM YidCW332/W334 and (2A) 0.20 μM
YidCW454, both reconstituted in DOPC vesicles, with increasing
amounts of Pf3W0 coat protein and corresponding binding curves
(1B and 2B) constructed from the fluorescence values at 345 nm [in 20
mM Tris-HCl (pH 7.0), 100 mMNaCl, and 10% (v/v) 2-propanol].
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reconstituted YidC in DOPC and YidC in DOPE/DOPG vesicles
are similar in shape and amplitude, so these two environments can
be considered as equivalent. Since the DOPE/DOPG membranes
(3:1,w/w) used for the reconstitutionhave a composition similar to
that of the E. coli inner membrane, we believe that the spectra in
Figure 3B represent the native conformation of the YidC protein.

Since the reconstituted YidC in DOPC and the detergent-
solubilized YidC exhibited nearly identical KD values for the Pf3
coat protein, one might conclude that C12PC is a good choice for
solubilizing YidC in a functional state. However, the CDanalysis
shows an unambiguously strong influence of C12PC on the
secondary structure of the YidC P1 domain (Figure 3A,C).
The appearance of a negative band around 206 nm suggests that
the interaction of C12PC with the P1 domain increases the
R-helical content. Although periplasmic domain P1 is not
required for the insertase function of YidC (29), we do not
recommend the use of this detergent.

The knowledge of the KD value for the initial binding process
allows us to give an estimate for the rate that determines the
velocity of the actual insertion event. The overall process can be
described by the scheme

YidCþPf3free h
k1

k-1

YidC 3Pf3f
k2
YidCþPf3transmembrane

where k1, k-1, and k2 represent the velocity constants for the
individual reactions. In this scheme, the association process de-
scribed by k1 is assumed to be diffusion-controlled and the insertion
process described by k2 is considered to be irreversible. The order of
magnitude of association rate k1 is estimatedwith the Smolukowski
equation for bimolecular collision to be∼108M-1 s-1, andwith the
equation 1 μM ≈ KD = k-1/k1, we obtain a value for the
dissociation rate of the YidC 3Pf3 complex (k-1) of ≈102 s-1. This
high value of k-1 suggests that in vivo, the insertion rate k2 should
be at least 1 order of magnitude higher, i.e., k2≈ 103 s-1. This value
is similar to the turnover rates of, for example, fumarase and
β-lactamase (30). Future experiments will attempt to define exactly
the membrane insertion rate of the Pf3 coat protein.
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22. Xie,K., Hessa, T., Seppalä, S., Rapp,M., vonHeijne, G., andDalbey,
R. E. (2007) Features of transmembrane segments that promote the
lateral release from the translocase into the lipid phase. Biochemistry
46, 15153–15161.

23. Gallusser, A., and Kuhn, A. (1990) Initial steps in protein membrane
insertion. BacteriophageM13 procoat protein binds to the membrane
surface by electrostatic interaction. EMBO J. 9, 2723–2729.

24. Kiefer, D., Hu, X., Dalbey, R., and Kuhn, A. (1997) Negatively
charged amino acid residues play an active role in orienting the Sec-
independent Pf3 coat protein in the Escherichia coli inner membrane.
EMBO J. 16, 2197–21204.

25. Eisenberg, M., Gresalfi, T., Riccio, T., and McLaughlin, S. (1979)
Adsorption of monovalent cations to bilayer membranes containing
negative phospholipids. Biochemistry 18, 5213–5223.

26. Loosley-Millman,M.E.,Rand,R.P., andParsegian,V.A. (1981)Effects
ofmonovalent ionbindingand screeningonmeasured electrostatic forces
between charged phospholipid bilayers. Biophys. J. 40, 221–232.

27. Gerken, U., Jelezko, F., G€otze, B., Tietz, C., Branschädel,M.,Ghosh,
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