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While the study of how globular proteins fold has reached an
advanced stage, there have been far fewer studies focused on the
folding dynamics of membrane proteins.'* This is due in part to the
fact that most membrane proteins are insoluble in aqueous solution,
thus making kinetic studies (e.g., via mixing) difficult. Here we show
that through the use of a water-soluble transmembrane (TM) peptide,
anti-ayp,, > and two fluorescent probes, tryptophan (Trp) and p-
cyanophenylalanine (Phecy), it is possible to kinetically dissect distinct
phases in the peptide—membrane interaction, representing binding,
insertion, and dimerization, thus providing new mechanistic and kinetic
information on several processes that are fundamentally important to
membrane protein folding.

Anti-oyy, (sequence: KKAYV MLLPF FIGLL LGLIF GGAFW
GPARH LKK) inserts spontaneously into lipid bilayers and has a
dimerization affinity similar to that of GpA, which is known to
form tight TM homodimers.”~” In addition, the lysine residues
appended to both the N- and C-terminus greatly enhance the
solubility of anti-ayy, in water, allowing kinetic studies of membrane
peptide folding starting from the aqueous phase. More importantly,
the TM anti-oyp, homodimers neither further aggregate to form
higher-order oligomers or pores nor induce membrane lysis at lipid/
peptide ratios of up to 10:1.° Thus, through the use of this peptide
and an appropriate spectroscopic probe, it is possible to directly
assess the time scales on which several important kinetic steps
occur, including peptide binding to the membrane from aqueous
solution, insertion into the membrane, and helix—helix association
inside the membrane.

The peptide—membrane interaction was probed using either the
native Trp fluorescence in anti-oyy, or that arising from Phecy in
anti-oyp,-Phecy, an anti-ayy, mutant wherein the Trp residue is
replaced by Phecn. It has been shown earlier that the Phecy
fluorescence is sensitive to its environment and thus can be used
as a probe of protein conformation.® As Figure 1 shows, upon
association of the respective peptides with 3:1 (w/w) POPC/POPG
vesicles, both the Trp fluorescence and the Phecy fluorescence
increase, indicating the usefulness of these probes.

The peptide—membrane association kinetics were measured using
a stopped-flow fluorescence techgnique.” Consistent with the
equilibrium results (Figure 1), rapid mixing of anti-oyy, and POPC/
POPG vesicle solutions induces a time-dependent net increase in
the Trp fluorescence, although some minor, wavy features occur
in the late stages of the stopped-flow kinetics (Figure 2). Similarly,
rapid mixing of anti-ayy,-Phecy with POPC/POPG vesicles also leads
to an overall increase in the Phecy fluorescence. However, the
resultant stopped-flow kinetics clearly show three distinct phases
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Figure 1. Fluorescence spectra of anti-oyy, (pink and green) and anti-Oyp,-
Phecy (red and blue) in buffer and POPC/POPG vesicle solutions, as
indicated. The peptide and lipid concentrations were 2.5 uM and 0.86 mg/
mL, respectively. The excitation wavelengths were 290 and 240 nm for
anti-oyy, and anti-oyp,-Phecy, respectively.

with alternating signs (Figure 2). Thus, these results not only
underscore the importance of employing multiple probes in the
study of complex “reaction” kinetics but also indicate that in
the current case, the Phecy fluorescence is more sensitive to those
molecular events occurring during the time course leading to the
formation of the TM anti-oy;, homodimer.
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Figure 2. Stopped-flow kinetics of anti-ayy, (black) and anti-ayy,-Phecy (blue)
upon association with POPC/POPG vesicles (0.86 mg/mL). In both cases, the
final peptide concentration was 2.5 4M. The corresponding red and pink smooth
lines are fits of these data to the model discussed in the text.

It is reasonable to assume that under the current experimental
conditions, the peptides form TM homodimers as the reaction reaches
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equilibrium.>® Therefore, similar to what is observed for many
antimicrobial peptides,”' the increase in Trp fluorescence in the early
stages of the stopped-flow kinetics of anti-auy, most likely arises from
the binding and insertion of the peptide into the membrane. However,
a more insightful assessment of the entire kinetics reported by Trp
fluorescence is less straightforward. On the other hand, the distinct
features in the stopped-flow kinetics of anti-oyp-Phecy make it
relatively easier to interpret. It has been shown that upon burial in a
hydrophobic environment, Phecy fluorescence decreases.® Hence, it
is reasonable to attribute the middle, negative kinetic phase to peptide
insertion into the membrane, as such a process brings the Phecy residue
to the hydrophobic interior of the bilayer, and to attribute the initial,
minor positive phase to membrane binding, as it brings the peptide to
the polar head group region of the membrane. On the basis of these
assignments and also the two-stage model of membrane protein
folding,'" it is logical to further attribute the third kinetic phase, in
which the Phecy fluorescence increases, to the formation of TM
homodimers.

To provide quantitative information regarding the kinetics of
membrane binding, insertion, and dimerization of anti-oy,, we fit
all of the stopped-flow traces to the following kinetic scheme, which
is a minimally expanded version of the two-stage model that
includes peptide dimer formation in solution:

P+ VLP;-LLP*mél
ko ks ks 2
ky ks
P,+ V=—P,=—D
key ks

where P and V represent the peptide and vesicle, respectively, D
represents the TM peptide dimer, the subscripts m and d refer to peptide
monomer and dimer, respectively, and the superscripts s and i represent
the surface-bound and membrane-inserted states of the peptide species,
respectively. As shown in Figure 2, despite its lack of consideration
of (a) the dynamic equilibria between the peptide monomer and dimer
in solution and on the membrane surface and (b) the possibility that
anti-oyy, may form higher-order oligmers in solution, this simple model
yields not only satisfactory fits to the anti-ay,, and anti-ayp,-Phecy
stopped-flow kinetics but also self-consistent kinetic and fluorescence
parameters (Tables S1 and S2 in the Supporting Information). In
addition, kinetic data obtained at other peptide concentrations (5 uM
for anti-ayy, and 1, 5, and 15 uM for anti-oyp,-Phecy) can also be fit
by this model, yielding comparable microscopic rate constants but
different percentages of Py in solution (Figures S1—S5 and Tables S1
and S2 in the Supporting Information), further substantiating the
validity of the model.

Furthermore, and perhaps more importantly, the fitting parameters
recovered also make physical sense. For example, all of the
backward rate constants are negligible compared with the corre-
sponding forward rate constants, indicating that all of the kinetic
steps are essentially irreversible. This is consistent with previous
thermodynamic measurements.” In addition, the recovered mem-
brane binding rate constant is also in good agreement with those
measured for other peptides,®®° and the membrane insertion rate
constant of the anti-oy, monomer (2.4 & 0.7 s™!, the average of
the k, values in Table S1 in the Supporting Information), is very
similar to that of the membrane pH (low) insertion peptide (pHLIP)
(1.9 s7").'2 On the other hand, as expected, the membrane insertion
rate constant of the anti-oyy, dimer (0.5 &= 0.1 s71) is close to that
of a helical membrane protein, diacylglycerol kinase (~0.24 s™1).?

Moreover, our results indicate that the event of helix—helix
association inside a membrane environment takes place on a time
scale of a few seconds, which is not only much slower than the
folding of the coiled-coil motif in solution'? but also several orders

of magnitude slower than that expected for a diffusion-limited
association process. The time scale of the latter is estimated to be
on the order of a few hundreds of microseconds using the diffusion
constant of a model TM peptide (3 x 107 cm? s™)'* and a two-
dimensional random-walk model.'> Taken together, these results
thus indicate that the rate of TM helix—helix association is not
diffusion-limited but rather is determined by the actual assembly
process of the TM helical dimer, the folding of which requires
proper backbone orientations and well-defined intermolecular side-
chain—side-chain interactions.'¢

In summary, using two fluorescent amino acids, we were able
to dissect the major kinetic events associated with the interaction
of a designed TM peptide, anti-ayy, with a POPC/POPG model
membrane, including membrane binding, insertion, and TM
helix—helix association. While the kinetics of the latter process
have been studied earlier, both in a micelle environment and via
vesicle fusion,'” the current study has allowed the direct assessment
of the kinetics of this fundamental membrane folding event starting
from the aqueous phase.
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