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ABSTRACT: Experimental determination of the free energy stabilizing the structure of membrane proteins
in their native lipid environment is undermined by the lack of appropriate methods and suitable model
systems. Annexin B12 (ANX) is a soluble protein which reversibly inserts into lipid membranes under
mildly acidic conditions, which makes it a good experimental model for thermodynamic studies of folding
and stability of membrane proteins. Here we apply fluorescence correlation spectroscopy for quantitative
analysis of ANX partitioning into large unilamellar vesicles containing either 25% or 75% anionic lipids.
Membrane binding of ANX results in changes of autocorrelation time and amplitude, both of which are
used in quantitative analysis. The thermodynamic scheme describing acid-induced membrane interactions
of ANX considers two independent processes: pH-dependent formation of a membrane-competent form
near the membrane interface and its insertion into the lipid bilayer. Our novel fluorescence lifetime topology
method demonstrates that the insertion proceeds via an interfacial refolded intermediate state, which can
be stabilized by anionic lipids. Lipid titration measurements are used to determine the free energy of both
transmembrane insertion and interfacial penetration, which are found to be similar, ~-10-12 kcal/mol.
The formation of the membrane-competent form, examined in a lipid saturation experiment, was found
to depend on the local proton concentration near the membrane interface, occurring with pK = 4.3 and
involving the protonation of two residues. Our results demonstrate that fluorescence correlation spectroscopy
is a convenient tool for the quantitative characterization of the energetics of transmembrane insertion and
that pH-triggered ANX insertion is a useful model for studying the thermodynamic stability of membrane

proteins.

Folding and bilayer insertion of constitutive membrane
proteins are managed by multiunit translocon complexes. For
nonconstitutive proteins (e.g., bacterial toxins, colicins, and some
annexins), however, such insertion is achieved spontaneously,
in response to changes in environment. Recent thermodynamic
evidence indicates that the underlying physicochemical prin-
ciples for these two processes are likely to be the same (/-3).
Thus, deciphering these principles with the help of spontane-
ously inserting proteins is relevant to the larger problems of
membrane protein folding and stability.

Annexins constitute a structurally conserved family of
proteins implicated in a variety of membrane-related func-
tions (4). Besides the well-documented Ca”"-dependent
binding to membrane interfaces, shared by most annexins,
annexin B12 (ANX)' has been demonstrated to insert in a
transmembrane (TM) conformation at acidic pH (5, 6).
Recently, we have demonstrated that this transition is
reversible (7), which made ANX an attractive model for
studies of thermodynamic stability. Because the information
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on the stability of membrane protein structure in the native
lipid environment cannot be obtained by the usual methods
[e.g., thermal or chemical denaturation (8)], an alternative
approach has been devised that allows useful thermodynamic
information to be extracted from data on membrane parti-
tioning of short soluble peptides (9, 10). Here we present a
further development of this approach by examining the
energetics of the pH-triggered transbilayer insertion of ANX
by means of fluorescence correlation spectroscopy (FCS).

FCS measures intensity fluctuations of a small number of
fluorescent molecules diffusing through a small focal volume.

! Abbreviations: ANX, annexin B12; dye-labeled or fluorescent
ANX, single-cysteine mutant Q4C of ANX, labeled with either
Alexa488 or Alexa647 dyes; ANX-134-NBD, ANX-162-NBD, ANX-
221-NBD, and ANX-251-NBD, NBD-labeled single-cysteine mutants
D132C, D162C, Q221C, and E251C of ANX; LysoUB, UniBlue-1-
palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine; NBD, 7-ni-
trobenz-2-oxa-1,3-diazol-4-yl; FRET, Forster resonance energy transfer;
LUV, large unilamellar vesicles; POPC, palmitoyloleoylphosphatidyl-
choline; POPG, palmitoyloleoylphosphatidylglycerol; 25PC:75PG and
75PC:25PG, mixtures of POPC and POPG that contain a molar
percentage of the corresponding lipid specified by the number; TM,
transmembrane; IF, interfacial; Fyic, fraction of membrane-competent
ANX; AG, free energy of transfer from water to membrane; AG™,
free energy of membrane insertion (transfer from water to TM state);
AG", free energy of IF membrane binding; 7, membrane surface
potential; FCS, fluorescence correlation spectroscopy.
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FIGURE 1: Thermodynamic scheme employed in the analysis of the
energetics of pH-dependent membrane interactions of ANX. Acidifica-
tion of ANX in solution (green arrows) leads to the formation of a
membrane-competent form, which interacts with the lipid bilayer (blue
arrows). Each of the two processes is characterized by an independent
equilibrium parameter: the pH-dependent fraction of the membrane-
competent form (Fyc) and the free energy of membrane partitioning
of this form (AG). Both parameters, Fyc and AG, can be experimen-
tally determined using FCS methodology.

Due to recent technical developments, FCS is gaining popularity
in biological studies (/7). Although this technique has not been
applied yet to study transmembrane insertion of proteins, several
groups have utilized it to study interfacial binding of peptides
and proteins (/2, 13). Rusu et al. (/2) compared FCS results to
those available from other measurements and found them to
be in excellent agreement, opening the doors for quantitative
application of FCS to membrane protein binding.

The thermodynamic scheme employed in the analysis of
the pH-dependent membrane interactions of ANX contains
two transitions (Figure 1): the formation of a membrane-
competent form via protonation and its partitioning into the
lipid bilayer. While presenting the FCS results, we use the
terms “binding” and “partitioning” interchangeably to de-
scribe any mode of interaction with the membrane, including
interfacial (IF) association and transmembrane (TM) inser-
tion. FCS studies alone cannot distinguish the interfacial
refolded intermediate state from the final transbilayer form
of ANX. This is done by means of topology measurements
based on fluorescence quenching methodology (6, 74). Both
transitions depicted in Figure 1 are characterized by FCS to
yield two independent equilibrium parameters: the pH-
dependent fraction of the membrane-competent form (Fyc)
and its free energy of membrane partitioning (AG). The latter
is determined in a lipid titration experiment, while the former
is estimated under lipid saturation conditions.

MATERIALS AND METHODS

Materials. Experiments at neutral and acidic pH were
performed using 10 mM HEPES and 10 mM acetic acid
buffers, respectively, both containing 1 mM EDTA and 50
mM KCI. Rhodamine 6G (Merck, Darmstadt, Germany) in
buffer solution containing 100 mM NaCl and 10 mM
HEPES, pH 7, was used for system calibration. POPC and
POPG were obtained from Avanti Polar Lipids (Alabaster,
AL). UniBlue A vinyl sulfone was purchased from Sigma
(St. Louis, MO). INBD Alexa488-maleimide and Alexa647-
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maleimide were from Invitrogen (Carlsbad, CA). LysoUB
was synthesized by covalently attaching the UniBlue A probe
to the primary amino group of the lysoPE headgroup as
previously described (6). The concentration of the stock
solution was determined spectrophotometrically, assuming
an extinction of 11000 M~! cm™! at 617 nm. NBD-labeled
and Alexa-labeled annexin mutants were obtained by labeling
single cysteine residues, as described previously (6, 7).

Sample Preparation for FCS. Large unilamellar vesicles
(LUV) of diameter 0.1 gm were prepared by extrusion (15, 16).
Lipid concentrations were determined according to the
procedure of Bartlett (/7). A single cysteine ANX mutant
(Q4C) was labeled with either Alexa488 or Alexa647 dye
as described previously (7). The labeling site, in the charged
N-terminal domain, was chosen so as not to interfere with
membrane interactions. Most of the experiments were
performed with Alexa488, although the use of Alexa647
yielded identical results. The samples contained 0.5—6 nM
dye-labeled ANX, which falls on the linear range for FCS
concentration measurements, determined to be 6 x 1078—5
x 107" M for ANX-Alexa647 and 1077—4 x 1079 M for
ANX-Alexa488.

Experimental Setup. The experiment was conducted on a
MicroTime 200 confocal microscope (PicoQuant, Berlin,
Germany). The fluorescence was excited with pulsed pico-
second diode lasers (LDH-P-C-470 for Alexa488 and LDH-
P-C-635 for Alexa647) operated at 40 MHz. Narrow band
cleanup filters ensured that no parasitic light reached the
sample. The fluorescence was detected confocally after
passing through emission band-pass filters (AHF/Chroma:
HQ 520/40 for Alexa488, HQ 685/70m for Alexa647)
blocking the excitation wavelength. In order to suppress
influences from the afterpulsing typically observed with
single photon avalanche diodes (SPAD), the fluorescence
light was split with a 50/50 beam splitter cube onto two
SPADs (SPCM-AQR-14; Perkin-Elmer Inc.), and cross-
correlation analysis was applied. The high numerical aperture
apochromatic water immersion objective (60x, NA 1.2;
Olympus), together with the 50 um confocal pinhole, resulted
in a confocal detection volume of 0.5 fL. The confocal
detection volume was calculated using calibration with a 5
nM Rhodamine 6G solution [diffusion constant Dgyeg = 2.8
x 1071 m? ™! (57)]. The structural parameter S (eq 1) was
determined from measurements with Rhodamine 6G to be
5.1, and the focus volume was found to be 0.4 fL. The
fluorescence was detected by applying time-correlated single
photon counting (TCSPC) with the TimeHarp 200 board.
The data were stored in the time-tagged time-resolved mode
(TTTR), which allowed the recording of every detected
photon with its individual timing and detection channel
information. The presented measurement was performed 200
um deep in the solution with a total acquisition time of 30 s.
The data were averaged from at least six measurements.

FCS Data Analysis. The autocorrelation function for single
diffusing species undergoing Brownian motion can be
described with the equation (12, 18):

G0 =40 =

1 T )] 1\~
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where N is the average number of fluorescent molecules in
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the focus volume and 7p is the correlation time of the
particles. The correlation time represents the diffusion time
through the focus volume and equals tp = w*4D, where w?
is the square of the radius of the laser focus and D is the
diffusion constant. S is the ratio of the distances from the
center of the laser beam focus in the radial and axial
directions, respectively. T is the fraction of fluorophores in
the triplet state and 7r, is the triplet lifetime (~2 us in our
case).

The measured correlation function G(r) of a multicom-
ponent system is a weighted sum of the autocorrelation
functions of each component Gi(r) with amplitudes
A; (12, 13, 19) as

M M 2
G)=), qufG,-(r)/[Z qiN,] =

i=1 N i=1 " y w
2 qizNigi(r 2 aiN;| = ZAigi(T) &
i=1 i=1 i=1

where N; is the mean particle number and g; is the ratio of
the fluorescence yield of the ith component to that of the
first component. In our system ¢; = 1, as binding of dye-
labeled ANX to vesicles does not change fluorescence
intensity of either Alexa488 or Alexa647 fluorophores. For
our system (ANX binding to LUV) we consider only two
diffusing species: the fluorescently labeled proteins (index
P) and LUV with bound fluorescently labeled proteins
(index V):

G(v) =Apgp(T) T Aygy(T) 3)

Determination of Membrane Partitioning from FCS Data.
Information on the fraction of free and bound ANX can be
extracted from the values of weighting factors in two
different ways, depending on certain assumptions. First, we
consider the case where each vesicle contains no more than
a single bound protein, which will require an overwhelming
molar excess of lipid (~10°), and is therefore referred to as
an “infinite dilution regime”. It also requires that the protein
be the monomer (which is the case for ANX under the
conditions of our FCS experiment (7)) or, at least, that the
number of subunits in the oligomer is known. In this case
the number of particles associated with the slow mobility
will be equal to the number of vesicle-bound protein, and
the fraction of bound protein will be equal (/9):

[P]bound _ AV
[Plyw Ay +Ap

In many cases, however, the infinite dilution regime is
unachievable, and every vesicle carries several bound
proteins, and eq 4A will no longer be valid. Nevertheless,
as demonstrated by Rusu and co-workers (/2), the fraction
of bound protein/peptide still can be calculated from the FCS
experiment, in this case by comparing measurements in the
presence and in the absence of LUV. The autocorrelation
collected in the presence of LUV is used to determine the
amplitude associated with the free protein (Ap) by fitting the
data with eq 3. The autocorrelation for the sample containing
the same amount of protein, but no LUV, will be fitted with
eq 1 to determine the total number of proteins/peptides in
the focal volume (N). The fraction of the bound protein will
be equal (/2):

(4A)

total
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The fraction of bound ANX as a function of lipid
concentration is estimated depending on experimental condi-
tions discussed above using either eq 4A or eq 4B. The
resulting titration isotherm is fitted to a mole fraction
partitioning equation (9, 20), modified to account for the pres-
ence of membrane-incompetent protein species (Figure 1):

[P] bound __ I(x [L]
Pl VCIWI+K]L]

(&)

AG=—RTInK,

where Fyc is a fraction of membrane-competent ANX
(determined at lipid saturation), [L] is lipid concentration,
[W] is water concentration (55.3 M), and K, is a mole
fraction partitioning coefficient which is used to determine
the free energy of binding AG.

Analysis of the pH Dependencies of Fyc. The fractions of
bound ANX at lipid saturation were fitted to the equation:

1

St ©

MC
where pK is the negative logarithm of the dissociation
constant and n is the Hill coefficient. The pH values at
membrane interfaces were calculated from bulk pH values
and membrane surface potential (¢) (21):

pHinterface = prulk - F([J/RT (7)

where F and R are Faraday and gas constants, respectively,
and T is the absolute temperature.

Time-Resolved Fluorescence Measurements and Mem-
brane Topology Analysis. Fluorescence decays were mea-
sured with a time-resolved fluorescence spectrometer Fluo-
Time 200 (PicoQuant, Berlin, Germany) using a standard
time-correlated single-photon counting scheme as described
in ref /4. Samples were excited at 439 nm by a subnano-
second pulsed diode laser LDH 440 (PicoQuant, Berlin,
Germany) with a repetition rate of 10 MHz. Fluorescence
emission was detected at 536 nm, selected by a Sciencetech
Model 9030 monochromator, using a PMA-182 photomul-
tiplier (PicoQuant, Berlin, Germany). To reject the scattered
light, the emission was recorded via a cut-on glass filter at
480 nm and a polarizer set at 54.7°. Data were normally
collected to a constant peak value of 10000 counts. The
instrumental response function (IRF) was recorded under the
same conditions at the excitation wavelength by replacing
the sample with a scattering solution of colloidal silica
(LUDOX, Grace). The total width on the half-height of the
IRF was about 0.3 ns. The samples normally contained 0.1
uM protein and 0.4 mM lipid. LysoUB was added from the
micellar suspension in buffer either after 10 min or after 2 h
of incubation of protein and LUV. Lifetime measurements
took 2-3 min and were taken in 2 min after addition of
LysoUB to minimize spontaneous translocation of the
quencher across the bilayer.

The fluorescence intensity decay was analyzed using
FluoFit software (PicoQuant, Berlin, Germany). The program
uses an iterative fitting procedure based on the Marquardt
algorithm to minimize the deviation of the experimental data,
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FIGURE 2: Example of binding measurement using FCS performed
under conditions of the “infinite dilution regime” satisfied at
extremely high lipid excess over fluorescently labeled protein (see
Materials and Methods). Acidification results in a progressive shift
of mobility from that of the free ANX (correlation time ~0.34 ms)
to that of a vesicle-bound ANX (correlation time ~2.1 ms).
Quantitative determination of partitioning is achieved by a linked
analysis (solid lines) of fluorescence autocorrelation curves (dashed
lines) that links the two correlation times for all curves and allows
free fitting of the preexponential amplitudes (see eq 3). Note that
the absolute values of amplitudes are not important under these
conditions, but only their relative contributions (eq 4A). To indicate
this fact and for the purpose of better visual representation, all data
are normalized to the same number of fluorescent particles in the
focal volume (N = 1).

presented as the sum of the three exponential components,
the longest of which, 7, was used for topology analysis (/4).

RESULTS

Before investigating the pH-dependent insertion of ANX,
we tested the sensitivity of the FCS-based detection of
membrane binding using the well-studied phenomenon of
calcium-dependent binding of ANX to membrane interfaces
(4). As expected, addition of Ca?" resulted in a pronounced
increase in the autocorrelation decay time of the dye-labeled
ANX from 0.3 to 2.1 ms, which can be reversed by the
addition of EGTA (not shown). This shift, resulting from
the lower mobility of a relatively large vesicle (~100 nm
diameter) compared to a free ANX molecule, is sufficient
to make single color autocorrelation measurements useful
for binding studies. Because the mobility of ANX bound to
the vesicle in a Ca?t-dependent manner and that of the ANX
inserted into the vesicle at low pH are the same (they coincide
with the mobility of the vesicle itself), we can use these
results as the hallmarks for subsequent experiments at low
pH.

FCS Experiments at Lipid Saturation. Next, we examined
low pH insertion of ANX using a very dilute protein sample
(1 nM) and a relatively high lipid concentration (1 mM),
which serves two purposes. First, lipid saturation shifts the
membrane-binding equilibrium toward the bound ANX, thus
leaving the membrane-incompetent form as the only form
of ANX in solution (Figure 1). Second, high lipid excess
allows us to work in a so-called infinite dilution regime,
which simplifies quantitative analysis of binding from FCS
data (see Materials and Methods section). The example of
such an experiment presented in Figure 2 reveals a progres-
sive shift of the autocorrelation curve upon lowering the pH,
consistent with progressive binding of ANX to vesicles. The
diffusion time measured at pH 7.2 coincided with that of
ANX in the absence of vesicles, while one measured at pH
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FIGURE 3: Example of binding measurement using FCS performed
outside of the “infinite dilution regime” (the average number of
ANX bound per vesicle is > 1). Correlation curves (symbols) were
measured for samples containing 1 nM ANX and no LUV or LUV
with 1, 2, and 4 uM total lipid LUV (bottom to top). Progressive
vesicle binding of fluorescently labeled ANX results in a reduction
of the number of fluorescent particles in the focal volume and a
corresponding increase in total autocorrelation amplitude. Solid
curves correspond to a fit with eq 3 (or eq 1 for sample containing
no LUV). The fractions of bound ANX are calculated by comparing
absolute amplitudes in the presence and absence of LUV (eq 4B)
and for data presented equal to 0, 0.42, 0.59, and 0.73 (bottom to

top).
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FIGURE 4: Typical ANX membrane-binding isotherms measured
with 75PC:25LUV at pH 5.5 (circles) and pH 5 (squares). Closed
symbols correspond to the experimental scheme described in
Figure 2 (regular regime). Open symbols correspond to the
experimental scheme described in Figure 3 (infinite dilution regime).
Solid curves are the fitting results using eq 5 with the corresponding
parameters presented on the graph. Note that both parameters, the
fraction of the membrane-competent form Fyjc and the free energy
of membrane partitioning AG, are pH-dependent.

4.6 coincided with that of totally bound ANX in the Ca’*-
triggered binding experiment. Thus, the limiting curves in
Figure 2 can be assigned to a totally free and totally
membrane-bound ANX. This assignment allowed us to
determine the fractions of free and bound protein at
intermediate pH using the global (or linked) analysis
approach (22, 23). Specifically, the diffusion times for free
and bound ANX were linked for all four curves, while the
fractions of free and bound ANX for the two middle curves
were allowed to float. The resulting global fit (solid curves)
is rather good and provides accurate determination of the
bound fractions.

The final results from lipid saturation experiments for two
lipid systems are presented in Figure SA (open symbols).
We confirm that our experimental conditions indeed cor-
respond to lipid saturation by reducing lipid concentration
in half, which did not result in any change in the fractions
of free and bound ANX (not shown). Therefore, the data
plotted in Figure SA present the pH-dependent formation of
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FIGURE 5: Summary of thermodynamic parameters characterizing
the pH-dependent membrane insertion pathway of ANX. Red and
blue symbols correspond to 75PC:25PG and 25PC:75PG lipid
compositions, respectively. The same data sets are plotted using
either uncorrected bulk pH values (open symbols) or corrected pH
values near the membrane interfaces with different surface potentials
(closed symbols). Corrected pH dependences for the formation of
the membrane-competent form (A) measured with the two lipid
compositions coincide (solid squares) and can be fitted with a single
curve using eq 6 (black line). The resulting parameters suggest that
the conversion to a membrane-competent form requires protonation
of two residues (n ~ 2). The free energies of membrane partitioning
(B) depend on the pH and lipid composition, which are known to
affect the insertion of the ANX. PC-rich LUV (75PC:25PG)
promote fast insertion of ANX into the transmembrane (TM) state,
while PG-rich LUV (25PC:75PG) stabilize an interfacial (IF)
intermediate state (see Discussion).

the membrane-competent form and can be fitted with eq 6
to determine the effective pK and the Hill coefficient n. The
latter was found to be similar for the two lipid compositions
used in this study: 1.7 £ 0.2 for 75PC:25PG and 2.1 £ 0.2
for 25PC:75PG. The corresponding pK’s, however, differ
substantially: 5.5 + 0.2 for 75PC:25PG and 6.2 + 0.1 for
25PC:75PG. This difference for the apparent protonation
behavior in solution (presumed to be lipid-independent) is
surprising only at first glance. In reality, formation of the
membrane-competent form is likely to occur near the
membrane interface, where local proton concentration is
different from that in the bulk solution. Moreover, local
proton concentration will be different for the two lipid
compositions because of the difference in the surface
potential. We correct for this difference using eq 7 (2/) and
replot the same data, now using corrected pH values (Figure
5A, solid symbols). Surprisingly, this rather simple correction
gives excellent results as the data sets for both lipids coincide,
as they should. The combined data set is fitted with eq 6
(black line), and the following parameters are obtained: pK
=43+£0.1;n=19 £0.1.

FCS Lipid Titration Experiments. In order to obtain
information on the energetics of membrane portioning of the
protonated membrane-competent ANX, one needs to ex-
amine the fraction of free and bound ANX as a function of
the lipid concentration. As a rule, such experiments cannot
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be done under conditions of infinite dilution, and the
assumptions for the simplified analysis (eq 4A) are no longer
valid. We circumvent this problem by following the example
of Rusu et al. (/2), who estimated free and bound fractions
by comparing autocorreltion amplitudes for samples of the
same protein concentration in the presence and in the absence
of LUV (see also Materials and Methods). An example of
such an analysis is presented in Figure 3: symbols are
experimental autocorrelation curves and the solid lines are
fitting results with eq 3 (or eq 1 in case of no LUV sample).
Addition of increasing concentrations of LUV results in
progressive membrane binding and reduction in concentration
of free ANX. This leads to an overall reduction in the number
of fluorescent particles (free ANX plus vesicle with bound
ANX), since under these conditions a single vesicle carries
more than a single labeled protein. The average number of
particles in the focal volume is inversely proportional to the
autocorrelation amplitude. Therefore, the amplitude is ex-
pected to increase with increasing lipid concentration, which
is indeed observed (Figure 3). The quantitative analysis of
binding is based on fitting individual curves to a two-
component autocorrelation function (eq 3, solid lines) and
extracting the fractions of bound ANX by comparing relative
amplitudes in the presence and absence of LUV (see
Materials and Methods and eq 4B).

Two examples of the resulting titration isotherms collected
with 75PC:25PG LUV at pH 5.0 and 5.5 are shown in Figure
4. Several data points collected under infinite dilution
conditions (open symbols) fall on the same curve, which
confirms the validity of our FCS treatment under these
conditions. Solid symbols correspond to the analysis outlined
above, with the lines representing a two-parameter fit with
eq 5 describing our thermodynamic scheme in Figure 1. Both
fitting parameters vary with the change of pH, with Fyc
mirroring the difference observed in lipid saturation experi-
ments. The AG values obtained by this analysis for the two
lipid systems studied here are summarized in Figure 5B and
range up to 12 kcal/mol.

Experimental and Computational Analysis of Topology.
The final inserted state of ANX is believed to be an aqueous
pore, comprised of several TM helices, very few of which
have been identified experimentally (5, 6, 24). Hydropathy
analysis of ANX at low pH (e.g., glutamic, aspartic, and
histidine residues are assumed to be protonated) with the
web-based tool MPEx identifies several potential TM seg-
ments, centered at residues 146, 243, and 301 (black bars in
Figure 6). The first one coincides with the E—D region of
repeat 2 that was experimentally demonstrated to cross the
bilayer (5, 6). Previously, we have demonstrated the insertion
of a C-terminal part of this segment across the bilayer in
the final TM conformation, using our steady-state fluores-
cence LysoUB topology method (6).

We have applied our lifetime fluorescence-based topology
method (/4) to examining the translocation of several critical
sites on the ANX sequence during pH-triggered insertion.
Four single-cysteine mutants (D132C, D162C, Q221C,
E251C) were labeled with NBD dye as described before (6)
and mixed with extruded large unilamellar vesicles (LUV)
containing various amounts of anionic POPG and zwitterionic
POPC lipids at pH 4.6 in the presence of 1 mM EGTA to
remove Ca’'. The LysoUB quencher, comprised of a
UniBlue FRET quencher of NBD and a single acyl chain,



Membrane Insertion Pathway of Annexin B12

L 134-cis 221-cis
s[ [ _prdoed | K__ ¥ -
i TM segments * *
—~ r 162-trans 251-trans
‘© [ :
° 0 l & 1 "
£ f
®
Q
3 L
o St
<

50 100 150 200 250 300
ANX Residue Number

FIGURE 6: Hydropathy analysis of ANX with the web-based tool
MPEXx (S. Jaysinghe, K. Hristova, W. Wimley, C. Snider, and S. H.
White (2006) http://blanco.biomol.uci.edu/mpex) using a standard
low pH assumption (black line) and additional deprotonation of
H205 and H209 (orange line). The pattern of predicted TM
segments (bars) is compared to cis or trans topology experimentally
determined at several sites (stars). See text for details.
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FIGURE 7: Typical fluorescence decay experiment used to determine
the topology of the NBD probe attached to ANX residue 162 (A)
or residue 221 (B) 25PC:75PG LUV. Arrows illustrate the amount
of quenching caused by addition of 2% LysoUB after 10 min or
2 h of the initiation of protein insertion. Strong quenching indicates
the cis location of the probe (e.g., ANX-221-NBD or ANX-162-
NBD after 10 min incubation with 25PC:75PG LUV). Translocation
of the protein-attached NBD across the bilayer results in reduced
quenching (e.g., ANX-162-NBD after 2 h incubation). The topology
assignments for several ANX mutants under various experimental
conditions based on the quantitative results of the lifetime quenching
experiments are presented in Table 1.

was added to a 2% level of the total lipid from aqueous
micellar stock. Fluorescence decays were measured after
either 10 min or 2 h incubation of NBD-labeled ANX with
LUV (Figure 7, coinciding top lines), after which a LysoUB
quencher was added and fluorescence decays were measured
(lower lines). (Note that in all cases, in order to minimize
the translocation of LysoUB across the bilayer by inserting
protein, the quencher was added from aqueous stock 2 min
prior to data acquisition.) The arrows, presented in the graphs,
serve to visualize the amount of quenching. Large quenching
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Table 1: Experimental Determination of Cis or Trans Topology of
Several NBD-Labeled Sites of ANX during pH-Triggered Membrane
Insertion”

labeled residue LUV incubation 7o/t topology
134 25POPC:75POPG 10 min 1.50  cis
2h 1.51 cis
75POPC:25POPG 10 min 148  cis
2h 147  cis
162 25POPC:75POPG 10 min 1.60  cis
2h 1.29  cis/trans
75POPC:25POPG 10 min 1.19  trans
2h 1.11 trans
221 25POPC:75POPG 10 min 1.60  cis
2h 1.66  cis
75POPC:25POPG 10 min 1.57  cis
2h 1.63  cis
251 25POPC:75POPG 10 min 148  cis
2h 1.41 cis/trans
75POPC:25POPG 10 min 1.25  trans
2h 1.23  trans

“ Analysis details were described previously (/4) and in the text.

corresponds to the cis location of the NBD-labeled site; low
quenching corresponds to the trans location. Even prior to
any mathematical analysis of the fluorescence decay, our raw
data indicate that some mutants (e.g., ANX-221-NBD, Figure
7B) demonstrate a constant and high level of quenching,
while the others (e.g., ANX-162-NBD, Figure 7A) show
incubation-dependent reduction in quenching. The latter
indicates time-dependent insertion, while the former indicates
that the labeled site remains on the cis side of the bilayer at
all times during the insertion. Thus, this new lifetime-based
methodology allows us to directly detect a cis-located
intermediate state populated at early incubation times. As
far as we know, this is the first direct kinetic measurement
of topology for any membrane protein.

In order to describe LysoUB quenching, and the resulting
topology, in a quantitative way, we have analyzed the
fluorescence decay for all samples and calculated the ratio
of the long lifetime component upon addition of the
quencher, as described previously (/4). Comparison of
the quenching in well-defined model systems indicates that
the ratio of the longest decay time in the absence (7p) and
presence of 2% LysoUB (7) is sensitive to the topology of
the NBD-labeled site: (a) weak quenching (z¢/r = 1.25)
indicates translocation to the trans side of the bilayer, (b)
strong quenching (7¢/T = 1.45) indicates lack of translocation,
and (c) intermediate quenching is consistent with a mixture
of cis and trans locations of the probe (/4). The topology
assignments of various sites of the ANX were made by
comparison with these hallmarks (Table 1). Our data indicate
that the NBD-labeled sites at residues 134 and 221 give a
very robust decrease in lifetime upon quenching and therefore
are not translocated. (In addition, the strong quenching
observed with ANX-221-NBD and ANX-134-NBD serves
as a control for the absence of the spontaneous translocation
of the LysoUB to the inner leaflet on the experimental time
scale.) In contrast, sites at residues 162 and 251 show great
variations in quenching, depending on time of incubation
and lipid composition. Membranes with high POPG content
appear to favor a nontranslocated state. Residues 162 and
251, however, are translocated in the final structure already
after 10 min incubation with 75PC:25PG membranes that
favor translocation (Table 1). These results confirm our early
suggestion as to the existence of a kinetic insertion inter-
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mediate with interfacial topology (6) and suggest that the
four helical regions flanking translocating sites might insert
cooperatively (compare the topology of residues 162 and 251
in various samples in Table 1). In addition, these data identify
the previously unknown TM segment of inserted ANX
flanked by residues 221 and 251.

DISCUSSION

FCS and Quantitation of Membrane Partitioning. There
are two principal ways of extracting quantitative information
on membrane binding from the FCS data. The first method
(based on eq 4B and illustrated in Figure 3) relies on the
comparison of amplitudes in two protein samples, one in
the absence and one in the presence of LUV (/2). It is
essential that the samples have exactly the same concentration
of the protein, which is not an easy task to accomplish, as
membrane samples are notorious for variation in protein
concentration due to precipitation and absorption to the
surfaces. Another limitation of this approach is an increasing
uncertainty at saturation of binding, as the fraction of the
free protein is reduced drastically, and as a result, the
autocorrelation amplitudes do not change appreciably.

An alternative approach, introduced here and illustrated
in Figure 2, is based on the simplified mathematical treatment
(eq 4A) justified under conditions of the so-called infinite
dilution regime. These conditions are met when no more than
one protein binds to a single vesicle, which in the case of
LUV requires a million-fold molar excess of lipid over bound
protein [the use of the smaller sonicated vesicles should be
avoided, as they are metastable and known to produce
anomalous binding (20, 25, 26), due perhaps to distorted lipid
packing associated with high surface curvature]. Because of
the extremely high sensitivity of the FCS experiment, reliable
data can be obtained in this concentration range. The main
advantage of this approach lies in the fact that a single
autocorrelation curve, measured at a particular lipid concen-
tration, contains all of the information needed to calculate
free and bound protein fractions. Of course, the most reliable
way to extract this information is to compare several data
sets, collected at different lipid concentrations or pH (as done
here), and to analyze them together using some sort of a
linked analysis (Figure 2). But in this case the samples are
not required to have exactly the same protein concentration,
and the fractions of free and bound protein can be calculated
from the normalized autocorrelation curves. The disadvantage
of the new approach lies in the stringent requirements of
the infinite dilution regime, which makes measurements
extremely difficult when lipid concentration is below 50 uM.
Nevertheless, our data indicate that both approaches are in
excellent agreement when comparable conditions are used
(compare solid and open symbols in Figure 4).

Interfacial State and Bilayer Insertion Reaction. Under-
standing the energetics of protein—membrane interactions
is crucial for deciphering the problem of membrane protein
stability and, ultimately, for predicting structure from
sequence. Most of the methods for experimental determina-
tion of protein stability, developed for soluble proteins, are
not directly applicable to membrane proteins, especially when
they are inserted into lipid membranes. White and co-workers
had suggested an alternative approach which relies on the
use of membrane interactions of short soluble peptides (9, 10).
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While this approach proved extremely useful for studying
thermodynamics of interfacial binding (27-29) and fold-
ing (30, 31), deciphering the energetics of transbilayer
insertion turned out to be much more elusive. A study of
membrane interactions of a designed peptide TMX-3 (32)
demonstrated that the interfacial folded state is the most
thermodynamically stable state for a self-inserting peptide.
This trend cannot be reversed by an increase in sequence
hydrophobicity, because the latter results in peptide precipi-
tation in solution (rendering thermodynamic analysis impos-
sible) prior to any noticeable increase in insertion. Conse-
quently, many important thermodynamic parameters, such
as the free energy cost for backbone partitioning of the helical
segment, crucial for correct prediction of the TM regions
(10), could not be verified experimentally.

To circumvent this limitation, we have switched from
peptides to more complex protein systems [e.g., ANX and
diphtheria toxin T-domain (33-35)] to study the energetics
of membrane insertion. The lessons learned from peptide
work, however, are essential to understanding the thermo-
dynamics and molecular mechanisms of pH-triggered inser-
tion/refolding of the T-domain and ANX. The general
concept emerging from the peptide studies and from struc-
tural studies of the lipid bilayer (36, 37) is that the interfacial
region of the bilayer can provide special accommodation for
large elements of the protein structure undergoing refolding
and serve as a catalyst for the conformational change
resulting in transbilayer insertion. As a result, any theoretical
or experimental description of membrane protein insertion
has to explicitly consider both interfacial and transmembrane
states.

Several studies of bacterial toxins, colicins, and other
spontaneously inserting nonconstitutive proteins (i.e., those
not using translocon machinery to get into the bilayer)
suggested that an interfacial intermediate state is an important
feature of their insertion pathway (33, 38—40), a feature also
shared by ANX (6). None of these studies, however,
contained direct kinetic measurements of bilayer topology,
defined as cis or trans location of a particular site of the
protein inserting into the lipid bilayer. Recently, we have
advanced our original LysoUB topology method (6) to take
advantage of the fluorescence lifetime measurements (/4).
This allowed us to reduce the data acquisition time from
half an hour to several minutes and opened the door to direct
probing of the topology of the insertion intermediate,
presented here. Our results indicate that residues 134 and
221 remain on the cis side at all times, while residues 162
and 251 are rapidly translocated in 75PC:25PG LUV. The
use of LUV with an increased content of anionic lipids
hinders the translocation (Table 1, Figure 7), which confirms
our early suggestion as to the existence of a kinetic insertion
intermediate with interfacial topology (6).

Comparison of our experimental topology results (stars,
Figure 6) with our standard low pH hydropathy prediction
(black bars, Figure 6) reveals that an additional TM segment
has to be located between the trans-162 site and cis-221 site.
Indeed, this segment can be predicted (orange bar in Figure
6) if we assume that the two histidine residues, H205 and
H209, are uncharged (dotted orange hydropathy line). While
acidic pH favors protonation of histidines, it is not unusual
to see their pK, shifted down in a nonpolar environment.
On the other hand, favorable interaction of protonated
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histidines with anionic lipid headgroups could explain the
observed stabilization for the interfacial intermediate (see
discussion below). Moreover, even if those residues are still
charged, they can lower the penalty for TM penetration by
forming salt bridges or, since ANX forms an aqueous pore,
by solvation with water. Possibly the segments identified by
hydropathy analysis are the first to adopt a TM conformation,
while other, less hydrophobic ones [e.g., the one centered at
T262 (24)] will follow with the formation of an aqueous
pore. Therefore, application of hydropathy analysis to
nonconstitutive proteins should be done with caution. We
use it here to guide the experimental determination of
insertion of critical sites.

As discussed above, the interfacial state of ANX is
populated as a kinetic intermediate on the pathway toward
the fully inserted state. This intermediate can be stabilized
by increasing content in anionic lipids, so in 25PC:75PG
LUV ANX does not fully translocate across the lipid bilayer
even after hours of incubation, while in 75PC:25PG LUV
the translocation is completed on a time scale of minutes. A
plausible explanation for this hindered insertion is presented
in Figure 8, which contains hydropathy analysis for the
known TM segment of ANX. The red line corresponds to
the TM prediction based on the Wimley—White octanol
hydrophobicity scales (27), which was shown empirically
to give excellent predictions when tested against a database
of known TM helixes (47). The cyan line corresponds to
the IF prediction based on the interfacial Wimley—White
scale (27) for uncharged bilayer. Other IF lines were
generated by addition of the free energy component account-
ing for electrostatic interactions of the charged residues (most
importantly R149) with the membrane of various surface
potentials (for details of this analysis see ref 33). Although
a direct comparison of the TM and IF profiles is complicated
by a number of factors [most notably by the difference in
the reference state and interfacial folding (33) and the
possible lack of additivity of hydrophobic and electrostatic
interactions on membrane interfaces (28, 42)], the trend is
clear: increasing surface potential will tend to stabilize the
IF state over the TM state.

ANX as a Model for Thermodynamic Studies of Membrane
Protein Insertion/Folding. While the physiological relevance
of the Ca*"-independent TM insertion of ANX at low pH
remains under discussion, its role as a model for pH-triggered
membrane insertion of bacterial toxins and colicins should
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not be underestimated. What makes ANX such a convenient
model? In addition to the reversible nature of its insertion
(7), ANX follows a relatively simple insertion pathway. First,
ANX will not interact with membranes at neutral pH (in the
absence of Ca?"), and second, ANX remains monomeric in
solution at low pH (7). This distinguishes ANX, for example,
from the diphtheria toxin T-domain (33, 34) and makes the
thermodynamic analysis more straightforward (Figure 1).

Our data presented here indicate that the formation of the
membrane-competent state of ANX depends on the protonation
near the membrane interface, rather than in the bulk of the
solution. This conclusion is based on the fact that the pH titration
curves determined at lipid saturation for the two lipid composi-
tions (75PC:25PG and 25PC:75PG) coincide after correction
for surface-induced variation in pH (Figure 5A). The resulting
titration curve has a pK = 4.3 and the Hill coefficient of n ~
2, indicating titration of two amino acid residues. The free
energy of subsequent insertion of ANX across the bilayer is
also pH-dependent (Figures 4 and 5B), suggesting change in
protonation of additional protein groups at this step. The nature
of the titratable residues involved in the two transitions in Figure
1 will be a subject of future studies, involving site-directed
mutagenesis. Usually Glu’s and Asp’s are considered to be
crucial for bilayer insertion under acidic conditions; the involve-
ment of His’s, however, cannot be ruled out, especially at the
first step of formation of the membrane-competent state.
Protonation of His residues may be involved in destabilization
of the folded ANX in solution, as well as in the promotion of
the interfacial state via electrostatic interactions with anionic
lipids [e.g., both were suggested for the diphtheria toxin
T-domain (33, 40)].

Different stages of the pH-triggered insertion pathway of
ANX, along with their corresponding time scales, are
summarized in Figure 9. A fast transition from the water-
soluble W-state to an interfacial intermediate I-state (<10 s
(6)) is followed by a slower insertion to a final TM T-state.
The rate of the latter process is strongly slowed by a high
content of anionic lipids, presumably via stabilization of an
I-state with Coulombic attraction between anionic lipids and
cationic protein groups. If enough protein lingers in the
I-state, it starts aggregating (A-state) (43), while the properly
inserted T-state shows no signs of aggregation in the same
concentration range (7, 43). At the present time we do not
understand what forces contribute to this selective aggrega-
tion of the noninserted ANX, but the nature of the interfacial
zone of the lipid bilayer is bound to play a role (10, 44).

Application of the FCS methodology had permitted
accurate determination of the free energy of transfer of ANX
from solution into the lipid bilayer. Numerous data from our
laboratory and others indicate transmembrane topology of
the ANX (5, 6, 24), especially in the 75PC:25PG LUV (Table
1). Thus the goal of accurate thermodynamic measurement
of the AG for TM insertion motivating this study has been
achieved, and ANX can now be used as a template for further
host—guest mutagenesis studies. As revealed by our kinetic
topology studies, the insertion into 25PC:75PG LUV is slow;
therefore, the free energy of 11-12 kcal/mol measured with
this lipid composition corresponds to the transfer to the IF
state, AG™. For the 75PC:25PG LUV the insertion is very
fast, and the free energy of 10-11 kcal/mol, for the
comparable pH range, corresponds to the TM state, AG™.
Let us consider that the AG™ does not depend on the surface
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FIGURE 9: Schematic representation of the insertion pathway of
ANX into the lipid bilayer at low pH, containing the water-soluble
state (W), final transmembrane state (T), interfacial intermediate
state (I), and aggregated state (A). The initial unfolding (W to I)
occurs very fast (6), while the final insertion (I to T), resulting in
translocation of several helical hairpins (residues 162 and 251),
may take somewhere from minutes to hours (Table 1), depending
on the lipid composition. An excess of anionic lipids will stabilize
the insertion intermediate (ref 6 and this paper) which at high
concentrations is prone to aggregation on the time scale of tens of
minutes (43). Formation of a membrane-competent form of ANX
is likely to occur in close proximity to the membrane interface and
requires protonation of two residues (Figure 5A), while additional
protonation may be required for bilayer insertion (Figure 5B). The
free energies for final insertion AG™ (W to T) and interfacial
penetration (W to I) AG' have similar values, ~10~12 kcal/mol;
thus the final transmembrane insertion is affected by a complex
interplay of electrostatic and hydrophobic interactions.

potential, while the AG™ obviously does (Figure 6). The
difference in the surface potential between the two lipid
systems in this study is ~30 mV [—105 mV for 25PC:75PG
and =74 mV for 75PC:25PG (42)], meaning that just four
positive charges will be sufficient to bring an additional ~3
kcal/mol to the IF state in 25PC:75PG. For example, R149,
R199, H205, and H209 are located in the segments that can
undergo a TM insertion in ANX (Figure 6, Table 1, and refs
5 and 6), and therefore their electrostatic attraction to the anionic
membrane interface will be sufficient to make the IF conforma-
tion more favorable compared to the TM. The small difference
between the energy levels of TM and IF means that the insertion
is fine-tuned for a particular surface potential, as observed for
example with colicin E1 (45).

Improving existing prediction algorithms for membrane
interactions from genomic data requires further refinement
of the physicochemical rules for quantifying various factors
influencing the transitions to interfacial and to the final
inserted state. Nevertheless, it is clear that the interfacial state
should be considered explicitly in predicting membrane
association of nonconstitutive proteins, such as bacterial
toxins, colicins, or annexins (33, 39, 40, 45). The interfacial
interactions, however, are important not only for these
proteins but also for those involved in cell signaling (46),
enzymatic surface activity [e.g., phospholipases (47)], host-
defense function [peptide antibiotics (48, 49)], membrane
fusion [e.g., “membrane-dipped” parts of the neuronal
SNARE complex (50, 51) or influenza hemagglutinin (52)],
and the action of ion-channel blockers (53-55). Moreover,
recent studies of the thermodynamics of cotranslational
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membrane protein insertion (/) suggest that protein—lipid
interactions may determine the recognition of TM helices at
the ER translocon (2, 3). This suggests the intriguing but
poorly explored possibility of a link between disease-
associated membrane protein misfolding (56) and the relative
stability of the interfacial (misfolded) state of native TM
segments of constitutive proteins.
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