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ABSTRACT: When it is bound to lipid bilayers, the con-
formation and location of the membrane pH (low)
insertion peptide (pHLIP) depend on pH. This unique
feature allows us to explicitly measure the kinetics leading
to different membrane-bound states of pHLIP using a
model membrane and stopped-flow technique. Our results
show that the membrane association kinetics of pHLIP
are multiexponential and are consistent with a parallel
membrane interaction mechanism. Interestingly, our re-
sults also show that the overall rate at which the
membrane-inserted state is formed is almost identical to
that of formation of the surface-bound state, while
prebinding slows the rate of peptide insertion.

Engelman and co-workers have recently shown that the
membrane pH (low) insertion peptide (pHLIP) constitutes
an attractive model system for studying the mechanism of
membrane protein folding and insertion, among other
applications (/-5). This is due to the unique properties of
pHLIP. (a) It is soluble and unstructured in aqueous solution
near neutral pH. (b) It binds to the surface of lipid membranes
near neutral pH as an extended chain (hereafter called the
surface-bound state). (c) It inserts into lipid membranes to
form a transmembrane a-helix (hereafter called the membrane-
inserted state) at low pH when the aspartic acid residues
(Asp) in the sequence are protonated. (d) Unlike antimicro-
bial peptides, it remains monomeric when bound to mem-
branes and thus does not induce membrane fusion or damage
(4). While the thermodynamic aspects of pHLIP—membrane
interactions have been extensively studied (/, 4, 5), little is
known about the kinetics and hence the mechanism govern-
ing pHLIP—membrane association. Herein, we report the
kinetics of binding and insertion of pHLIP to a model
membrane, POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine), under different conditions.

The pHLIP studied here has the sequence GGEQNPIY-
WARYADWLFTTPLLLLDLALLVDADEGT, which was
synthesized using standard Fmoc-based solid-phase synthesis
protocols employing a double-coupling strategy. As shown
(Figure 1), upon association of pHLIP with POPC vesicles
(6), its tryptophan (Trp) fluorescence increases. However,
compared to that obtained at pH 8.0, the increase at pH 4.0
is considerably larger. This is consistent with the study of
Reshetnyak et al. (4), which shows that upon formation of
the surface-bound state (e.g., at pH 8.0) only one Trp residue
changes its environment, whereas in the membrane-inserted
state both Trp residues are buried in the hydrophobic region
of the membrane. Thus, this pH-dependent change in Trp
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FIGURE 1: Fluorescence spectra of pHLIP (2 uM) in its solution
state (magenta) [10 mM phosphate buffer (pH 8.0)], surface-bound
state (blue) [1 mM POPC vesicle (pH 8.0)], and membrane-inserted
state (red) [1 mM POPC vesicle (pH 4.0)]. These data were
collected at 20 °C with a A, of 290 nm.

fluorescence makes it feasible to measure the kinetics leading
to different membrane-bound states of pHLIP. Below we
discuss such kinetics measured with a home-built stopped-
flow apparatus (7, 8).

First, we measured the kinetics of association of pHLIP
to POPC vesicles at pH 8.0, which lead to the formation of
the surface-bound state. As shown (magenta line in Figure
2), the Trp fluorescence increases as a function of time,
consistent with the equilibrium measurement (Figure 1).
Interestingly, the corresponding stopped-flow kinetics require
a minimum of three exponentials to fit (see below). Since in
the surface-bound state pHLIP is only peripherally bound
to the vesicles and does not oligomerize under the current
condition (4), these results suggest that the process of binding
of pHLIP to POPC vesicles near neutral pH either involves
intermediate states or yields two distinguishable (by the
current approach) surface-bound conformational ensembles
(see below).

Second, we investigated the kinetics of association of
pHLIP with POPC vesicles at pH 4.0, which lead to the
formation of the membrane-inserted state. As shown (red
line in Figure 2), the overall increase in the Trp fluorescence
is clearly larger than that obtained in the first experiment,
consistent with the equilibrium results (Figure 1). In addition,
the corresponding stopped-flow kinetics also follow a non-
exponential time course that can be described by a three-
exponential function. Surprisingly, the rate constants recov-
ered from the fitting are almost identical to those obtained
in the first experiment. In fact, the stopped-flow kinetics
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FIGURE 2: Stopped-flow kinetics obtained at 20 °C and under
different mixing conditions. For the trace colored magenta, the
process was initiated by mixing equal volumes of pHLIP in 10
mM phosphate buffer (pH 8.0) with POPC vesicles (pH 8.0). For
the trace colored red, the process was initiated by mixing equal
volumes of pHLIP in 10 mM phosphate buffer (pH 8.0), POPC
vesicles (pH 8.0), and a HCI solution (pH 1.6). For the trace colored
blue, the process was initiated via a pH jump from 8.0 to 4.0 by
mixing equal volumes of a pre-equilibrated peptide/vesicle solution
(pH 8.0) with a HCl solution (pH 1.9). In all cases, the final peptide
and vesicle concentrations were 2 uM and 1 mM, respectively. The
Trp fluorescence was excited at 290 nm and collected through a
315 nm long path filter. Smooth lines are fits to a three-exponential
function with those kinetic parameters discussed in the text. These
data have been offset for clarity.

measured in both cases can be fit globally with the following
global rate constants and local relative amplitudes (% at pH
8.0, % at pH 4.0): 231 £ 21 s! (39%, 21%), 33 + 4 s7!
(46%, 64%), and 1.9 &= 0.4 s™! (15%, 15%). In accordance
with previous kinetic studies on other membrane peptides (7—10),
we assign the first or fastest kinetic phase to the initial
bimolecular association of pHLIP with POPC vesicles. By
assuming that the initial binding phase occurs under pseudo-
first-order conditions and is irreversible, the corresponding
second-order binding rate constant is calculated to be 2.3 x
10° M~! ™!, which is comparable to that determined for other
peptides (7—10).

However, interpreting the other two kinetic phases is more
difficult since complex kinetics could arise from either a
sequential binding—insertion mechanism involving multiple
intermediates or a parallel mechanism involving multiple
routes. Tentatively, we invoke the following parallel kinetic
schemes to describe the stopped-flow kinetics: where P and

P+M / e h
Scheme-I (pH 8.0)
\ Ps; = Py,
Ps; =P,
P+M / Scheme-II (pH 4.0)
AN
\ P54-:‘Pl

M stand for pHLIP and POPC vesicles, respectively, and
subscripts S, B, and I denote the surface-adsorbed, surface-
bound, and membrane-inserted pHLIP molecules, respec-
tively. The number denotes a specific conformational en-
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semble. These parallel schemes suggest that upon initial
binding of pHLIP to POPC vesicles two superficially
adsorbed conformational ensembles are generated, which can
be further stabilized on the membrane surface to reach a
surface-bound state or insert into the membrane to reach the
membrane-inserted state, depending on the pH. The strongest
evidence in support of such a parallel mechanism comes from
the fact that in both kinetic traces the second kinetic phase
exhibits the largest amplitude. This is inconsistent with a
sequential mechanism, at least in the low-pH case, wherein
one would expect the largest fluorescence signal to arise from
the slowest (or insertion) kinetic step, during which pHLIP
is inserted across the lipid bilayer to form a monomeric,
transmembrane o-helix (4, 5). In addition, Scheme-I is also
consistent with previous equilibrium studies indicating that
the surface-bound pHLIP is dynamic and hence might sample
multiple conformations (5). While Trp fluorescence has its
limit in differentiating different conformational states, our
kinetic results nevertheless suggest that at least two distin-
guishable surface-bound pHLIP conformational ensembles
are populated. These ensembles, which may exhibit different
degrees of peptide backbone burial, would show different
insertion kinetics in response to protonation of the Asp
residues. This is exactly what we have observed in the third
experiment (see below). In addition, the apparent peptide
insertion rate constants (i.e., 33 & 4 and 1.9 £ 04 s71)
recovered in the current case are also similar to those (in
the range of 0.3—30 s~ !) obtained for other membrane
peptides (7, 8, 11, 12).

Interaction with POPC vesicles at pH 4.0 ultimately leads
to the insertion of pHLIP into the lipid bilayer as a
transmembrane o-helix, whereas at neutral pH, only a portion
of the unstructured peptide chain is expected to be buried in
the hydrophobic region of the membrane (/, 4). Thus, it came
as a surprise when at both pH 4.0 and 8.0 the stopped-flow
kinetics evolve with almost identical rates. While further
studies are required to achieve a microscopic understanding
of the factors that control the membrane binding and insertion
kinetics of pHLIP, these results nonetheless suggest that the
free energy barrier for membrane insertion may arise from
burying only a few key residues. Furthermore, these results
also suggest that the coil-to-helix transition is not the rate-
limiting step for insertion, as observed for antimicrobial
peptides (7, 8). Interestingly, the rate of insertion of pHLIP
into POPC vesicles is much faster than the rate of insertion
of a synthetic alanine-rich peptide into DOPC vesicles (/3),
further indicating that the peptide sequence as well as the
lipid composition may play a critical role in the kinetics of
insertion.

Third, we measured the membrane insertion kinetics of
pHLIP directly from its surface-bound state following a pH
jump from 8.0 to 4.0, i.e., by mixing a preequilibrated pHLIP/
POPC solution at pH 8.0, which is equivalent to the
“product” in the first experiment, with a HCI solution of the
desired pH. As shown (blue line in Figure 2), the resultant
stopped-flow kinetics are quite different from those obtained
in the second experiment, although in both cases the final
products are essentially the same. In particular, the increase
in Trp fluorescence does not reach its maximum even at 5 s,
the longest time that can be reached by the current stopped-
flow setup, indicating that overall it takes a longer time for
pHLIP molecules in the surface-bound state to insert into
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POPC membranes in comparison with the insertion rates
obtained in the second experiment. It has been shown that it
is the protonation of two key aspartic acid residues (i.e.,
Aspl4 and Asp25 in the current peptide sequence) that
controls the membrane insertion of pHLIP (7, 4, 5). Hence,
it is conceivable that the slower insertion rates in this case
arise from slow protonation of these residues. If in the
surface-bound state one or both of these Asp residues are
located beneath the polar headgroup region of the lipids (/4),
one would expect the corresponding protonation rate to
become significantly slower than that of protonating solvent-
exposed carboxylates. The latter typically occurs with a
bimolecular rate constant of approximately 10'°M~!s™! (15),
or on a submillisecond time scale for our case.

Similarly, the kinetic data obtained in the third experiment
can be described by a three-exponential function with the
following rate constants and relative amplitudes (in paren-
theses): 43 s7! (36%), 3.8 s (21%), and 0.3 s™! (43%).
While the slowest rate constant is not accurately determined
due to the incomplete stopped-flow kinetics, these results
are still in good agreement with an earlier pH-jump experi-
ment in which 70% of the fluorescence signal arising from
the insertion of pHLIP from its surface-bound state into
DMPC bilayers was observed to occur in approximately 3 s
(). Moreover, the three-exponential fitting further indicates
that in the surface-bound state pHLIP molecules sample
multiple conformational ensembles which exhibit different
rates of membrane insertion. Thus, this observation not only
corroborates the aforementioned parallel mechanism but also
coincides with previous findings that the surface-bound
pHLIP is disordered and that the interaction of pHLIP with
the bilayer surface distorts the lipids (4, 5). More importantly,
these results also suggest that the surface-bound species
formed at pH 8.0 are different from those (i.e., Ps3 and Psa)
in Scheme-II (pH 4.0).

In summary, we have studied the membrane association
kinetics of pHLIP under different conditions in an attempt
to provide new insights into the mechanism of pHLIP—membrane
interactions. Specifically, we have carried out three experi-
ments to measure the kinetics of association of pHLIP with
POPC vesicles from its aqueous phase at pH 8.0 and 4.0 as
well as the membrane insertion kinetics from its surface-
bound state. Our results show that the membrane association
kinetics of pHLIP require multiple exponentials to describe
and support a kinetic model for membrane interaction in
which the initial binding bifurcates to generate two fluores-
cently distinguishable surface-adsorbed pHLIP ensembles.
Depending on the pH value, these ensembles can either insert
into the lipid bilayer to form monomeric transmembrane
o-helices or become further stabilized on the membrane
surface. Surprisingly, the kinetics leading to these different
membrane-bound states of pHLIP are almost identical,
suggestive of a local origin for the free energy barrier for
peptide membrane insertion. Moreover, our results show that
when starting from the surface-bound state, the membrane
insertion kinetics of pHLIP not only are heterogeneous but
also become slower, suggesting that one or two of the key
Asp residues may be sequestered in an environment which
has limited accessibility to protons. Taken together, these
results provide new insight into the interactions of pHLIP
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with lipid bilayers. In light of the unique properties of pHLIP
and also the interesting findings from this study, it would
be desirable to carry out further experimental and compu-
tational studies (/6—18) to substantiate the proposed kinetic
mechanisms.
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