L-Phenylalanine Partitioning Mechanisms in Model

Biological Membranes

Katelyn M. Duncan™®, Rhys C. Trousdale™*, Cristina Gonzales', William H. Steel’, and Robert A.

Walker*7$

"Department of Chemistry and Biochemistry, Montana State University, Bozeman, Montana

59717, United States.
Department of Chemistry, Reed College, Portland, Oregon 97202, United States

*Department of Chemistry, York College of Pennsylvania, York, Pennsylvania 17403, United

States

YMontana Materials Science Program, Montana State University, Bozeman, Montana 59717,

United States

“Both authors contributed equally to this work.

KEYWORDS: L-Phenylalanine, membrane partitioning, lipid membranes, time-resolved

fluorescence, TCSPC, DSC



Abstract.

Time-resolved fluorescence spectroscopy in combination with differential scanning calorimetry
(DSC) was used to study the chemical interactions that occur when L-Phenylalanine is introduced
to solutions containing phosphatidylcholine vesicles. Studies reported in this work address open
questions about L-Phe’s affinity for lipid vesicle bilayers, the effects of L-Phe partitioning on
bilayer properties, L-Phe’s solvation within a lipid bilayer, and the amount of L-Phe within that
local solvation environment. DSC data show that L-Phe reduces the amount of heat necessary to
melt saturated phosphatidylcholine bilayers from their gel to liquid-crystalline state but does not
change the transition temperature (Tgel-ic). Time-resolved emission shows only a single L-Phe
lifetime at low temperatures corresponding to L-Phe remaining solvated in aqueous solution. At
temperatures close to Teel-ic, a second, shorter lifetime appears that is assigned to L-Phe already
embedded within the membrane that becomes hydrated as water starts to permeate the lipid bilayer.
This new lifetime is attributed to a conformationally restricted rotamer in the bilayer’s polar
headgroup region and accounts for up to 30% of the emission amplitude. Results reported for
dipalmitoylphosphatidylcholine (DPPC, 16:0) lipid vesicles prove to be general with similar
effects observed for dimyristoylphosphatidylcholine (DMPC, 14:0) and
distearoylphosphatidylcholine (DSPC, 18:0) vesicles. Taken together, these results create a
complete and compelling picture of how L-Phe associates with model biological membranes.
Furthermore, this approach to examining amino acid partitioning into membranes and the resulting
solvation forces points to new strategies for studying the structure and chemistry of membrane

soluble peptides and selected membrane proteins.



Introduction. Small molecule accumulation in lipid membranes can have far reaching effects
on membrane properties. Solutes such as chloroform, diethyl ether, and others have long been
known to have anesthetic effects."? Fat soluble vitamins such as vitamins A and E serve as
antioxidants, protecting lipid membranes from reactive oxygen species.” Small molecule
partitioning into lipid membranes can also result in cell death through deactivating transmembrane
ion channels and subsequent accumulation of reactive oxide species.*® Historically, a solute's
tendency to partition is empirically predicted by the partitioning coefficient (logP) that calculates
a solute's solubility preference for an organic (l-octanol) phase in comparison to an aqueous
phase.” LogP has long historical relevance and is still being used today in agriculture and
pharmaceuticals.® ® While logP is a useful, zeroth-order predictor, it is still a solubility argument
and therefore does not account for the chemical complexity found within biological membranes.
Understanding specific chemical interactions that occur is important as actual partitioning behavior
depends on much more than calculated and measured molecular properties used to develop
quantitative structural activity relationships (QSARs) and linear solvation free energy relationships
(LSERs).10-13

To identify and isolate solute-membrane interactions, biological membranes are often simplified
and represented by pure lipid bilayer vesicles. Real biological membranes are decidedly complex
in nature as they include proteins, carbohydrates, and cholesterol within the bilayer as depicted in
the fluid mosaic model.'* ' In this context amino acids play an important role as changing
individual residues on membrane peptides and proteins can change structure, orientation and
stability.'*!®* Amino acids in membrane proteins have also been used as sensors of a membrane’s

physical state.!®-2



Specific to Phenylalanine (Phe or L-Phe), L-Phe aggregate interactions with membranes is
responsible for the inherited disease, phenyketonuria (PKU). Model membranes were used to
study how phenylalanine interacts with biological membranes.?"* 2* One study analyzed oleic acid
vesicles and a fluorescent probe to analyze Phe’s effects on vesicle properties and found Phe
reduces vesicle rigidity and changes membrane hydration.”> Another study analyzed L-Phe’s
effects on lipid monolayers and discovered L-Phe integrates into the film and affects surface

24 While instructive, neither of these

tension, phase morphology and ordering of the lipid film.
studies were able to quantify the amount of L-Phe that could be accommodated by a lipid
membrane, nor where within the membrane L-Phe or its aggregates were accumulating.

A recent study by Perkins et. al. found that Phenylalanine (L-Phe, Phe) increases membrane
permeability.?! Using cryo-TEM, the authors proposed that Phe aggregated to form fibrils that
reduced membrane rigidity making it more permeable. Motivated by this study, recent work in our
lab studied the effects that the isomer L-Phe has on coumarin partitioning in lipid bilayer vesicles.?
Results showed that L-Phe increased relative solute partitioning into the lipid bilayer’s nonpolar
region but blocked a large amount of solute from partitioning while the lipid was in the rigid and
structured gel phase.?

The calculated logP value for L-Phe is -1.4 in the uncharged, neutral phase indicating a solubility
preference for the aqueous environment rather than the organic phase.” 2> 2° However, at a
biologically relevant pH (~7.4), L-Phe is zwitterionic, and although the net charge is zero, its logP
value rises to 0.12 predicting that L-Phe is just as likely to partition into a polar organic phase as
remain in an aqueous phase. Initial literature reports by Chakrabarti et al. predicted that only the

uncharged neutral — not zwitterionic — form of L-Phe permeates into the membrane and comprises

only a small fraction of the total amount of L-Phe in solution.?”- 2 However, more recent studies



determined L-Phe in its zwitterionic form permeates deeper into the membrane allowing L-Phe
monomers to be more dynamic as they interact with the lipid.2* The zwitterionic L-Phe intercalates
into the polar headgroup of the lipid, primarily through membrane deformities when the membrane
is in its frozen gel phase.?* 2¢* Computational studies show that L-Phe’s aromatic ring increases
the solute’s tendency to enter into the lipid bilayer displacing the water that is in the polar

t.26

headgroup creating a polar aprotic environment.”® L-Phe then arranges itself with its aromatic ring

aligning normal to the nonpolar acyl chains.?*-*?

L-Phe is one of three aromatic amino acids that are naturally fluorescent and contribute to protein
fluorescence. L-Phe is the least fluorescent of the three of aromatic amino acids with a quantum
yield o 0.023 in an aqueous solution. For comparison, the quantum yields for Tyrosine (Tyr) and
Tryptophan (Trp) are 0.14 and 0.13, respectively.**” Interestingly, L-Phe does not directly
contribute to a protein’s fluorescence emission as it efficiently transfers its energy to Tyr then to
Trp. Because of this lack of direct contribution to protein fluorescence and low quantum yields,
the excited state photochemistry of L-Phe has not been studied as thoroughly as for Tyr and Trp.>*
3842 The emission behavior of L-Phe has been studied with differing functional groups in effort to
understand how each addition affects its photphysical properties.* ** Phenylalanine’s behavior in
a short peptide was characterized when phenylalanine and serine were analyzed as monomers in
the gas phase and then again in its excited state as the two monomers dimerized and relaxed to
form a short chain dipeptide.*

In most of the studies described above, L-Phe and other amino acids have been analyzed
indirectly either by using a fluorescent probe or through computational studies intended to predict

L-Phe partitioning into membranes.*> These surrogate studies were simpler to carry out relative to

direct measurements due to L-Phe’s intrinsically low fluorescence yields. Findings reported below



measure L-Phe’s partitioning behavior directly using time-resolved fluorescence spectroscopy in
four different lipid bilayer systems. Using time-resolved and steady-state fluorescence
spectroscopy, this work examines the chemical interactions that occur when L-Phe is introduced
to a model biological membrane. Specifically, these studies identify where within the membrane
does L-Phe integrate; how much L-Phe partitions within the heterogeneous membrane

environment; and the effects L-Phe has on the lipid bilayer properties.

Experimental Methods.
Materials
L-Phenylalanine (L-Phe) was purchased from Alfa Aesar and used as received. Organic solvents

used were purchased from Sigma-Aldrich and used as received. Millipore water (18.2 MQ) was
used to make the vesicle solutions. The vesicle solutions consisted of an aqueous solution
containing 0.84 g of sodium bicarbonate (Sigma Aldrich, 99.99%) with the pH adjusted to 7.0 +
0.1 at 20°C using concentrated HCI. Allowing for the Na* and HCO3™ concentrations at pH 7,
vesicle solution ionic strength 47.5 mM. 1,2-dilauroyl-sn-glycero-3-phosphocholine (12:0
DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0 DMPC), 1,2-Dipalmitoyl-sn-
glycero-3-phsophocholine (16:0 DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (18:0
DSPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and used as received. Vesicle
solutions were prepared with 1.5 mM lipid content for fluorescence experiments and

20 mM lipid content for DSC measurements. Structures of all molecules can be found in

Supporting Information (bSI-1).

Lipid Bilayer Vesicle Preparation
Lipid bilayer vesicles were prepared by dissolving the lipid in chloroform and subsequently

drying the solution via rotary evaporation. The resulting thin lipid film was then rehydrated using

a 10 mM L-Phe in the pH 7 carbonate solution to form a solution with multilamellae lipid bilayers.



While the carbonate concentration of this solution is not sufficiently high to be considered a buffer,
we noted that adding the L-Phe to the solution changed the overall solution pH by less than 0.02.

Our choice of 10 mM L-Phe for these experiments was the result of two conflicting
considerations. The low quantum yield of L-Phe encouraged experiments to be performed at
higher concentrations for better S/N. However, we also wished to work with low L-Phe
concentrations to minimize the possibility of aggregation effects. To ensure that the 10 mM results
were the result of L-Phe monomers either in bulk aqueous solution or partitioned into the bilayer,
we performed a series of fluorescence emission measurements using 2.5 mM L-Phe. These results
are shown in Supporting Information (Figures SI-2 and SI-3 and Table SI-1). Close agreement in
the data from these two systems implies that L-Phe aggregation is not an important consideration
at 10 mM.

Solutions were sonicated for 30 minutes at temperatures 10 °C higher than each lipid’s respective
gel-liquid crystalline transition temperature (Tgel-ic). The solution then extruded through a PTFE
syringe filter (450 nm) to remove giant unilamellar vesicles. Solutions were again heated to 10 °C
higher than Tgel-ic and extruded through an Avanti Mini Extruder 11 times with a membrane pore
size of 200 nm. Vesicles sizes were determined via Dynamic Light Scattering analyses
(Figures SI-4 and SI-5, and Table SI-2), showing that the Pure DPPC and DPPC with L-Phe had

diameters of 132 and 166 nm respectively.

Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were performed using a TA instruments

Discovery DSC 2500. The vesicles for DSC experiments were not filtered to any specific vesicle
size. For experiments, Tzero pans and Tzero hermetic lids (TA instruments) were used. To
prepare the sample 2 + 0.1 mg of a vesicle solution was added to the pans and the samples were

sealed. Care was taken to ensure that the entire solution was deposited in the pan and no stray



drops touched the pan. Except for experiments with DLPC, temperature scans began at 15 °C
below the Tgel-ic and heated 1°C/min to 15 °C above the Tgel-lc to capture the full gel-liquid
crystalline transition temperature (Tgel-ic). (DSC experiments with DLPC began at temperatures

near -5°C, only 3° below DLPC’s Tgel-Lc of -2°C.)

Time-Correlated Single-Photon Counting (TCSPC)
Fluorescence experiments were measured following L-Phenylalanine excitation by a

Ti:sapphaire oscillator (Coherent Chameleon, 80 MHz, 85 fs pulse duration, 680-1040 nm
wavelength range) coupled with an APE autotracker harmonic generator used to frequency triple
the fundamental wavelength. A Conoptics model 350-80 modulator was used to reduce the
repetition rate to 4 MHz. Picoquant PicoHarp 300 and FluoTime 200 software were used for data
collection. Samples were equilibrated at the reported temperatures for 5 minutes using a Quantum
Northwest TC125 control (Seattle, WA). A long pass filter (90% transmission >280 nm) was
placed after the sample to reduce scattering from the vesicles. Photon emission was collected at
290 nm, a wavelength that overlapped all emission spectra in bulk solvents. Excitation wavelength
chosen was 260 nm for all solutes, a wavelength that overlapped in each of the bulk solvents.
Time-resolved emission data from vesicle-containing solutions were fit with a linear
combination of independent lifetimes and amplitudes using fitting parameters that are adjusted to
minimize residuals and optimize . The resulting fluorescent lifetimes were then compared to the
lifetimes of the solute in different solvents chosen to mimic local solvation environments within
the lipid bilayer. The fluorescence decay and amplitude expression are shown in Eq. 1, where Ai

and ti are the amplitude and the lifetime of the i component, respectively.

t—t'

I(t) = [, IRF (t') I, Ae” 7@ dt’ (1)



Each trace was fit independently, without any constraints, for the lifetimes and amplitudes. The
typical x> were from 0.9-1.1 when accounting for at most three lifetimes. Typically, uncertainties
in lifetimes and amplitudes were 0.2 ns and 0.04, respectively. There is an inherent uncertainty in
the lifetimes reported of + 0.3 ns due to the detection limit of the instrument; however, the data
and error bars presented in this work represent results from at least 3 independently prepared,
equivalent trials averaged together with a single population standard deviation of those trials. The
average lifetime and amplitudes and their respective standard deviations are reported for each

specific temperature and only compared to their respective temperature.

Results.

Analyzing L-Phe’s effect on DPPC lipid vesicles with DSC

To understand how, or even if, L-Phe interacts with DPPC bilayers, differential scanning
calorimetry (DSC) was employed to understand the effect L-Phe has on bilayer properties. Two
separate lipid vesicles solutions at a 20 mM concentration were hydrated with a
carbonate-containing aqueous solution with and without L-Phe. Previous work has shown that
small solutes associating with lipid bilayers can disrupt monomer-monomer interactions leading
to a decrease in the bilayer gel to the liquid-crystalline phase transition temperature (Tgel-ic). 4647
Alternatively, some studies have reported that strong solute-headgroup association can dehydrate
the membrane’s outer layer, enhancing monomer-monomer interactions and increasing Tgel-1c.*5 4
The DSC traces of DPPC lipid vesicles with and without L-Phe show that the Tgelic remained

unchanged from the addition of the amino acid to the vesicle system (Figure 1). However, the

addition of L-Phe to the lipid bilayer vesicle resulted in a decrease in the heat flow required to



drive the gel phase into the liquid-crystalline phase transition with a slight, asymmetric widening

of the peak base to lower temperatures.
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Figure 1. DSC spectra of pure DPPC vesicle solutions and DPPC vesicle solutions containing 10 mM L-Phe. The two endotherms are
offset for the ease of viewing.

From this result, we infer that any L-Phe that does partition into the bilayer has minimal effect on
the cohesive chain-chain interactions, although any impact is assumed to be weakly disruptive
given the subtle low-temperature tailing in the DSC trace. Such a result could arise if L-Phe in the
bilayer disrupted local acyl chain interactions without disrupting the overall long-range order
characteristic of DPPC bilayers in their gel state. This suppression of heat flow is monotonic with
L-Phe concentration. We performed equivalent experiments with solutions containing less L-Phe
(1, 6, and 8 mM) and noted that while the endotherm grew in magnitude, even at 1 mM, the
maximum heat flow was still 25% smaller than the pure DPPC endotherm. These data are shown
in Supporting Information (Figure SI-6.)

DLS measurements of DPPC vesicles in aqueous solution both with and without L-Phe support
this interpretation. Adding L-Phe to DPPC-containing solutions leads to a ~25% increase in the
vesicle diameter and significantly broadens the distribution, again implying some disruption in the
lipid bilayer, but not enough to changes the fundamental thermodynamics of the gel-liquid
crystalline transition. (DLS results for DPPC vesicles in aqueous solution and solutions containing

5 and 10 mM L-Phe are shown in Supporting Information, (Figures SI-5 and Table SI-2).
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TCSPC of L-Phe in model bulk solvents.

To evaluate the partitioning mechanisms of L-Phe, we first analyzed L-Phe’s fluorescence
behavior in bulk solvents chosen to model the possible local solvation environments of a lipid
bilayer vesicle: acetonitrile for a polar aprotic environment, methanol for a polar, protic
environment, and cyclohexane to model the hydrophobic region created by the hydrocarbon tails.
This approach has been used previously to identify changes in solvation opportunities within the
membrane interior as the membrane melts.>> °*>> One important consideration is that the region
created by the lipid glycero-backbones is polar and intrinsically aprotic. Only when water begins
hydrating this region is there any opportunity for hydrogen bond formation. Water is expected to
percolate into the membrane as the membrane adopts its ‘ripple phase’ or, equivalently, in the
vicinity of its gel-liquid crystalline pre-transition.”> DPPC’s ripple phase occurs at 35 °C.>*

The lipid bilayer vesicles used in this study are prepared in a 10 mM a pH 7 aqueous solution.
Consequently, similarities in L-Phe emission lifetimes in the aqueous solution and in solutions
containing DPPC vesicles are attributed to L-Phe solutes that do not associate with the bilayer.
L-Phe lifetimes in DPPC lipid vesicle solutions are determined independently from the daa without
consideration of what was measured in the different bulk solvents (including bulk solution). After
L-Phe’s lifetimes were determined in DPPC vesicle solutions, results were compared to L-Phe
behavior in the bulk solvents to assign L-Phe’s local solvation environment within the lipid bilayer
vesicle. The fluorescence properties of L-Phe in each of the bulk solvents are reported in Table 1.

The first observation from Table 1 is the quantum yield of L-Phe is extremely poor in aqueous
solvents. The aqueous phase quantum yield of L-Phe is 0.023, much lower than Tyr and Trp where
quantum yields are 0.14 and 0.13, respectively.**” The second observation is the quantum yield

of L-Phe changes depending on the solvation environment with the largest quantum yield of 0.033

11



measured in a polar protic solvent, methanol. L-Phe’s quantum yield decreases 5-fold to 0.006 in
a polar aprotic environment (acetonitrile). A description of how the values reported for each
quantum yield in Table 1 were calculated can be found in the Supporting Information. The
quantum yield (¢r) and radiative rate (kf) of L-Phe in aqueous solution and methanol were
calculated as a function of temperature with the full list found in the Supporting Information (Table
SI-3) with only those values calculated at 20 °C reported in Table 1. The calculated quantum yields
of L-Phe in aqueous solution as a function of temperature closely match those reported in
literature.’® The quantum yield and radiative rate of L-Phe in acetonitrile was only calculated at

20 °C due to poor solubility and low absorbance and emission intensities.

Table 1. Fluorescence properties of L-Phe in each of the bulk solvents at 20 °C. The steady-state spectra for L-Phe in each of
the bulk solvents can be found in the Supporting Information (Figure SI-9).

ke
solvent (I)::l) (2:) ¢ (ns) @ ( ios
s')
Aqueous 264 287 6.42 0.023*  3.52
Methanol 265 290 6.74 0.033  4.89
Acetonitrile 262 299 322 0.006 1.72
Cyclohexane 262 301 :(;11 ((‘())8155))’

*Quantum yield were calculated in this study but consistent with literature.*
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Figure 2. TCSPC spectra of L-Phe in each of the bulk solvents taken at 20 °C. Results from fitting these emission traces to Equation 1 are
reported in Table 1. The gray trace is instrument response function (IRF).
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The time-resolved fluorescence behaviors of L-Phe in all bulk solvents are shown in Figure 2
with the corresponding fluorescence lifetimes reported in Table 1. L-Phe fluorescence emission in
cyclohexane was best fit to two fluorescence decays with the 1.01 ns lifetime as the marker for a
nonpolar environment due to the higher amplitude (0.85). The time-resolved fluorescence
behaviors of L-Phe in bulk aqueous solution and bulk methanol were measured, separately, as a
function of temperature and results are reported Supporting Information (Tables SI-3 and
Figure SI-8). The resulting L-Phe lifetimes in carbonate buffer matched those found in literature
except for the appearance of a second lifetime at 60 and 70 °C not previously reported.’® The

significance of this second lifetime will be discussed below.

TCSPC in DPPC vesicle solutions

The time-resolved fluorescence behavior of L-Phe in aqueous solution containing DPPC lipid
vesicles was characterized as a function of temperature through the Tgelic of DPPC (41 °C) up to
70 °C. Time-resolved emission spectra were also acquired as the solution cooled to test for
reversibility. The fluorescence decay data are shown in Figure 3 with the corresponding calculated
lifetimes and amplitudes reported in Table SI-1. For each temperature, the lifetimes were
calculated with the minimum number of lifetimes required for a x> between 0.9 — 1.1. The resulting
lifetimes for each temperature were compared to lifetimes found in bulk solvents to correlate local
solvation environments experienced by L-Phe within the DPPC lipid bilayer. Each amplitude was
radiative rate corrected using the fluorescence quantum yield of L-Phe in aqueous solution and
methanol at each corresponding temperature. The explanation for why methanol was chosen to
radiative rate correct the amplitude of the second fluorescence lifetime can be found in the

Supporting Information.

13



— 10°C
20°C
— 30°C
40°C
50°C
— 60°C
— 70°C
— IRF
— Fit

T T | |
0 2 4 6 8 10 12
Lifetime (ns)

Figure 3. TCSPC spectra of L-Phe in DPPC vesicles as a function of temperature. Results from fitting these emission traces to Equation 1
are reported in Table SI-1.

Fitting the fluorescence decay traces in Figure 3 at both 10 and 20 °C requires only single
lifetime (6.6 ns at 10°C and 4.9 ns at 20°C). While slightly lower than L-Phe’s emission lifetime
in the bulk aqueous solution, we assign this emission to L-Phe that remains in the water and not
strongly associated with the DPPC vesicles. Once the temperature was raised to 30 °C, however,
the decay trace required two lifetimes with the first lifetime corresponding to L-Phe in bulk
solution and accounting for 85% of the overall fluorescence decay, and a second lifetime (1.8 ns,
15%) that does not match any result found in bulk solvents but does correspond to L-Phe in a
polypeptide that is assigned to a different L-Phe rotamer state.>’ This temperature is approximately
where the ripple phase (35 °C) occurs for DPPC lipid bilayers. As temperature increases the 2"
lifetime decreases (to 0.7 ns) and the amplitude increases 30%. These results are quantitatively
reversible

Given this lifetime’s clear correlation with L-Phe in vesicle containing solutions, we assign
this lifetime to a new radiative decay pathway for L-Phe associated with the lipid bilayer. While
the origin of this new pathway is not immediately apparent, we propose that it results from L-Phe

in the bilayer where rotational isomerization is restricted resulting in a shorter fluorescence lifetime
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(Krot) that only becomes optically visible when water begins to penetrate into the lipid bilayer. The
basis for this assignment is presented in discussion section below.

These data summarized in Figure 4 where changes in the lifetimes and amplitudes are shown as
a function of temperature. (The fitting parameters used to generate Figure 4 are reported in
Table SI-4 in Supporting Information.) Also shown in Figure 4 is the dashed line corresponding
to L-Phe’s lifetime in bulk carbonate buffer and two vertical dashed lines that denote DPPC’s
Teel-ic. Note that the x-axis reporting temperature starts at 10 °C, rises to 70 °C at the axis midpoint
and returns to 10 °C. The symmetry shown by all traces about the 70 °C high temperature mark
demonstrates reversibility of the observed effects.

Generalizing the effects of L-Phe on vesicle bilayer properties

Given that the 2" shorter lifetime was attributed to L-Phe associated with the DPPC bilayer that
becomes hydrated as the system approaches Tgel-ic, additional experiments were carried out to test
whether or not this phenomenon was general. These subsequent studies used three other lipid
bilayer systems: DSPC (18:0, Tgelie = 53.5 °C), DMPC (14:0, Tger-ic = 22.5 °C), and DLPC (12:0,
Tgel-ie = -1.2 °C). All three lipids are phosphatidylcholine (PC) lipids and contain the same
headgroup with the only difference being in the length of the saturated acyl chains and

corresponding phase transition temperatures.
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Figure 4. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime contribution (bottom) of L-Phe in DPPC lipid
vesicles. The major lifetime is assigned to L-Phe in carbonate buffer (11, burgundy circles), and a restriction of L-Phe rotamer in the DPPC
polar headgroup region (12, green squares). The dashed lines indicate the Tgelic of the DPPC lipid bilayer at ~41.5 °C. Each point is an
average of 3 independent trials and the respective error bars are one standard deviation based on the results of those 3 trials. In some
instances, the uncertainty is smaller than the marker used to represent that data point.

The effect L-Phe has on the Tgel-ic was analyzed using DSC with lipid vesicles rehydrated in
aqueous solutions (20 mM lipid) as well as with 10 mM L-Phe/vesicle aqueous solutions. Figure
5 shows the DSC traces of DSPC, DMPC, and DLPC in aqueous solution both with and without
L-Phe. The same behavior observed in DPPC lipid vesicles is consistent with DSPC and DMPC.
Namely, there was no change in the Tgel-lc but there was a decrease in peak intensity. For DSPC
and DMPC vesicles, the same peak broadening as in DPPC vesicles was observed. (L-Phe did not
affect DLPC’s Tgel-1c (at -2°C) nor did the amplitude of the endotherm change, in stark contrast to
DMPC, DPPC and DSPC. DSC data for DLPC with and without L-Phe is shown in Supporting

Information, SI-10)
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Figure S. DSC spectra of DSPC (top, red), DPPC (previously shown, middle, green), and DMPC (bottom, blue) vesicle containing
solutions rehydrated with carbonate solution and 10 mM L-Phe in carbonate solution. All transitions are endothermic and offset for the
ease of viewing.

In a manner similar to studies performed with L-Phe in DPPC vesicle solutions, time-resolved
fluorescence behaviors of L-Phe in DSPC, DMPC, and DLPC vesicle solutions were measured as
a function of temperature (Figure 6). The temperature regions sampled were adjusted for each lipid
vesicle system to capture any behavioral changes with respect to each bilayer’s Tgel-le. The data

shown in Figure 6 were analyzed in the same way as the L-Phe/DPPC system. (Quantitative fitting

parameters are reported in Supporting Information, Table SI-5.
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Figure 6. TCSPC spectra of L-Phe in DSPC (top), DMPC (middle), and DLPC (bottom) lipid vesicles as a function of temperature.
Results from fitting these emission traces to Equation 1 are reported in Table SI-S.

L-Phe fluorescence emission in all lipid vesicle solutions is described by a single lifetime at low
temperatures. For L-Phe in DSPC and DMPC, the appearance of a second lifetime occurs in the
vicinity of the respective transition temperatures and, like DPPC, the second lifetime does not
match behavior observed in bulk solvents. In DLPC, L-Phe fluorescence is characterized by a
single lifetime corresponding to L-Phe fluorescence in bulk solution at all temperatures. From
these data, we conclude that L-Phe does not partition into DLPC vesicles. The second general
observation is that L-Phe in DSPC and DMPC vesicles behaves similarly to L-Phe in DPPC
vesicles. A more detailed assessment is provided below. (Fitting parameters that resulted from
analyzing these traces are reported in Supporting Information, Table SI-7.)

Starting with DSPC (18:0, Tger-ic = 53.5 °C), time-resolved emission was measured every 10 °C
between 20 °C to 80 °C. Results in Figure 7 show a major lifetime that corresponds to L-Phe in a

bulk solution. For the DSPC vesicle system, the appearance of a second lifetime does not appear
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until 40 °C, slightly below the ripple phase of pure DSPC lipid vesicles (~45 °C).>> The

reversibility of L-Phe in DSPC displays the same behavior as seen in DPPC vesicle solutions.
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Figure 7. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime contribution (bottom) of L-Phe in a DSPC lipid
vesicle solution. The major lifetime is assigned to a L-Phe in carbonate buffer (11, maroon circles), and a second lifetime assigned to L-Phe
in the membrane appears at 40° C (12, dark green squares). The dashed lines indicate the Tgec of the DSPC lipid bilayer at ~53.5 °C. Each
point is an average of 3 independent trials and the respective error bars are one standard deviation based on the results of those 3 trials. In
some instances, the uncertainty is smaller than the marker used to represent that data point.

Results are not quite so definitive for L-Phe in DMPC vesicle containing solutions. Results in
Table SI-5 are shown in Figure 8 and depict the same long lifetime corresponding to L-Phe in in
bulk solution. However, the appearance of the second lifetime does not occur until 25 °C or at
approximately the same temperature as the DMPC Tgeric (22.5°C). This is behavior differs from
observations made in DPPC and DSPC lipid vesicle solutions where the second lifetime appeared

~10-12 °C before the Tgel-lc.
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Figure 8. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime contribution (bottom) of L-Phe ina DMPC lipid vesicle
solution. The major lifetime is assigned to a L-Phe in carbonate solution (11, red circles), and a second lifetime assigned to L-Phe in the
membrane appears at 25 °C (1, light green squares). The dashed lines indicate the T of the DMPC lipid bilayer at 22.5 °C. Each point is
an average of 3 independent trials and the respective error bars are one standard deviation based on the results of those 3 trials. In some
instances, the uncertainty is smaller than the marker used to represent that data point.

Lastly, DLPC with a pair of Ci2 acyl chains and a Tgeric = -1.2 °C shows L-Phe emission with
only a single lifetime that is assigned to L-Phe in solution. From these findings, we conclude that
L-Phe does not associate in any measurable way with DLPC lipid bilayers. The reasons for this
pattern of L-Phe association with lipid bilayers — noticeably with DSPC and DPPC, modestly with

DMPC, and not at all with DLPC — are discussed below.
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Figure 9. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime contribution (bottom) of L-Phe in a DLPC lipid
vesicle solution. The single lifetime is assigned to a L-Phe in carbonate buffer (1), pink circles). The dashed lines indicate the T of the
DLPC lipid bilayer at -1.2 °C. Each point is an average of 3 independent trials and the respective error bars are one standard deviation based
on the results of those 3 trials. In some instances, the uncertainty is smaller than the marker used to represent that data point.

DISCUSSION:

The partitioning behavior of L-Phe in model biological membranes was characterized using
time-resolved fluorescence spectroscopy in combination with differential scanning calorimetry.

From results reported above, three discoveries stand out and require discussion:

e DSC data show that L-Phe does not alter bilayer Tgel1c but does decrease the energy required
to melt the bilayer from its gel-phase to its liquid-crystalline phase. This finding applies to

DSPC, DPPC and DMPC but not to DLPC.

e In the vicinity of Tgel-ie, L-Phe time-resolved emission in vesicle solutions begins showing a
second, faster emission lifetime (< 2 ns) in addition to the persistent longer lifetime assigned
to L-Phe in bulk solution. The shorter L-Phe lifetime is readily apparent in DSPC, DPPC, and

DMPC vesicle solutions but not in DLPC vesicle solutions. A short lifetime for L-Phe
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matching those observed in the vesicle solutions does appear in bulk solution at temperatures
above 60 °C and this correlation forms the basis of our assignment of this lifetime to a rotamer

of L-Phe.

e The 2", shorter lifetime in vesicle solutions can comprise up to 30% of the amplitude in the
emission decay traces. In DSPC and DPPC vesicle solutions, this shorter lifetime decreases
from ~1.8 ns at temperatures just below the Tgeic to <1 ns at 70 °C. Whereas in DMPC
vesicles, the lifetime stays almost constant at ~1.6 ns. Furthermore, in DSPC, DPPC and

DMPC vesicle solutions the amplitude of the short lifetime contribution rises with temperature.
The discussion below considers each issue individually.

The L-Phe that integrates into the bilayer does not change Tgel.Lc

The DSC traces in Figures 1 and 5 display the Tgelic phase transition behavior for each lipid
system studied with and without L-Phe in solution. Two observations stand out. First, L-Phe does
not affect the transition temperature for any of the lipid bilayers. The peak in the different
endotherms remain at 53.5 °C, 40.4 °C, and 22.5 °C for DSPC, DPPC, and DMPC, respectively,
regardless of whether or not L-Phe is present. (The transition temperature for DLPC (-1.2°C) also
remains unchanged as shown in Figure SI-10.) Given that bilayer melting is controlled by van der
Waals forces between acyl chains and Coulomb forces between the charged choline
headgroups,*®*® the DSC findings imply that some amount of L-Phe partitions into the gel state
bilayer. MacCallum, ef al. calculated that Phe in the carbonyl and acyl chain region of the bilayer
was ~10-12 kJ/mole more stable than in bulk aqueous solution, although these simulations were

carried out using a model DOPC bilayer in its fluid, liquid crystalline state.*> What is clear is that

22



L-Phe accumulation into the bilayer does not disrupt the fundamental interactions responsible for

the transition.

The second observation is that L-Phe does change quantitative details related to Tgerlc. For
DSPC, DPPC and DMPC, the presence of L-Phe significantly reduces the amount of heat needed
to drive the gel-liquid crystalline transition to completion. For vesicle solutions in the absence of
L-Phe, the heat required to drive the gel-liquid crystalline transition diminishes with shorter chain
length: +60 mW/g for DSPC, +30 mW/g for DPPC and +10 mW/g for DMPC. When L-Phe is
added to the solutions, these values drop to 20 mW/g, 14 mW/g, and 3 mW/g for DSPC, DMPC
and DLPC respectively. (DLPC shows no change in its Tgel-Lc nor in the magnitude of the
endotherm and is not considered in this discussion.). This 2-3-fold reduction in the heat required
to melt the bilayer in the presence of L-Phe supports the hypothesis that L-Phe partitions into the
gel-phase bilayers and disrupts some of the chain-chain interactions but this disruption is not
extensive enough to completely fluidize the bilayer. In effect, we believe that incorporating L-Phe
into the bilayer introduces defects into the long-range order within the frozen chains reducing
cooperativity within the bilayer.>® We note also that the L-Phe’s effect on the DSC data scales with
L-Phe concentration. As noted at the start of the Results section, we did perform equivalent
experiments using solutions of DPPC containing 1, 6, and 8 mM L-Phe, and as L-Phe
concentration diminished, the endotherm approached (but never converged) to the endotherm for
DPPC vesicles in the absences of L-Phe. These data are shown in Supporting Information, Figure

SI-6.

Assigning the 2" lifetime
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To demonstrate the universal behavior of L-Phe in the lipid bilayer vesicle systems, Figure 10
shows all fluorescence lifetimes of L-Phe in DSPC, DPPC, DMPC, DLPC, and bulk carbonate
solution across the entire temperature range sampled. Also included on Figure 10 are L-Phe
lifetimes in bulk carbonate solution including the second, shorter lifetime that appears only at

elevated temperatures (labeled as CS 12).

In each vesicle-containing solution, the dominant contribution to the emission decay trace
matches L-Phe emission in bulk carbonate solution. This agreement enables us to assign the major
lifetime of L-Phe in vesicle-containing solutions to solutes that do not associate with lipid vesicles.
In the DSPC, DPPC and DMPC vesicle solutions, the second, shorter lifetime appears at
temperatures close to each lipid’s respective Tgelie. As noted in the Results section, the time
resolved emission of L-Phe in bulk carbonate solution also has a short lifetime that appears at
temperatures > 60 °C. This shorter lifetime does not coincide with emission behavior in any bulk
organic solvent, although it does match closely the 1.7 ns lifetime assigned to L-Phe in the

EGFRtm peptide as reported by Duneau, et al.>’

Multiple studies have either inferred or predicted that the hydrophobic part of L-Phe should
insert into the lipid bilayer membrane through membrane surface defects.?®2% 3132 In its gel phase,
the lipid bilayer is rigid and will limit the intramolecular conformational freedom of embedded L-
Phe. The benzyl-group of L-Phe is believed to extend into the nonpolar tails and L-Phe’s
zwitterionic carboxylic acid and amino groups are directed towards the lipid’s glycero-backbone
and headgroup.?%3? Olsztynska et. al. reported the appearance of a second, shorter L-Phe emission
lifetime (2.6 ns) and proposed that this behavior resulted either from protonation of the carboxylic

acid or the formation of aggregates that enabled a faster radiative decay pathway.®® Supporting this
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finding are reports of excimer excitation of 100 mM L-Phe in aqueous solution, as evidenced by

an emission peak at 320 nm that disappears with decreasing concentration.>®

Findings presented in this work do not support the proposal that the short lifetime reflects L-Phe
aggregation. First, in all three lipid systems where L-Phe shows membrane affinity, the short
lifetime amplitude increases with increasing temperature. If the short emission lifetime observed
in these systems were due to noncovalently bound aggregates, we would expect aggregation to
play less of a role at higher temperatures, not more. Second, emission spectra of L-Phe in carbonate
solution (Supporting Information Figure SI-9) show no evidence of excimer formation at the
concentrations used in these experiments. Third, a 4-fold concentration decrease of L-Phe
(2.5 mM) in DPPC vesicles showed no change in partitioning behavior from that of 10 mM L-Phe
in DPPC lipid vesicles (Supporting Information Figures SI-2 and SI-3 and Table SI-1). The
possibility that aggregation and excimer formation controls L-Phe photophysical behavior at high
concentrations as reported by Leroy and Laustrait cannot be discounted,®' but these effects are

unlikely to be present at the 10 mM L-Phe concentrations employed in this work.
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Figure 10. Fluorescence lifetimes of L-Phe in bulk carbonate solution, DSPC, DPPC, DMPC, and DLPC lipid vesicles. Left panel (a)
overlays all major lifetimes assigned to a L-Phe in carbonate solution (t1: DSPC, maroon circles; DPPC, burgundy circles; DMPC, red
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circles, and DLPC, pink circles), and a second lifetime assigned to L-Phe in the membrane appears (t2: DSPC, dark green squares; DPPC,
green squares; and DMPC, light green squares). Dashed traces indicate L-Phe in bulk carbonate solution (CS) with long dashes indicating
first fluorescent lifetime and short dashes indicating second fluorescence lifetime. Solid vertical lines indicate each lipid’s Tgeicand which
are color coded using same scheme as color assignments for lifetime attributed to carbonate solution and labeled as such within figure.
Right panel (b) is expanded view of 2" lifetime alone attributed to restriction of L-Phe rotamer (Kzot) in the polar headgroup region of L-
Phe in DMPC, DPPC, and DSPC, and bulk carbonate solution (CS). Each point is an average of 3 independent trials of each respective
system.

An alternative hypothesis explaining the short L-Phe lifetime was proposed by Duneau, et al.,
and attributed emission from L-Phe in two different peptides to L-Phe rotamer states at room
temperature.’’ In the 29-mer peptide ErbB-2*tm, the single L-Phe residue shows three different
emission lifetimes, two of which are sub-ns and a longer, 2.2 ns lifetime. The longer lifetime was
assigned to different rotamer states that interconvert on timescales slower than the measured
emission lifetimes. L-Phe emission from a second peptide, EGFRtm, is characterized by a single,
1.70 ns lifetime that matches the lifetime observed for L-Phe in the lipid vesicle solutions. The
authors proposed that the single lifetime either reflects different rotamers that interconvert rapidly
on the timescale of the experiment or L-Phe in a single rotamer state, before concluding that the
first explanation, that of rapidly interconverting rotamers, is more consistent with their findings.
Similarly, Rzeska et. al. analyzed analogues of L-Phe and determined that all possible rotamer
conformations result in a similar fluorescence lifetime and are indistinguishable from one
another.** 44

In contrast to Duneau, et. al, we believe that the short lifetime emission we observe at higher
temperatures is due to a single rotamer state. Cavanaugh et. al. studied the temperature variations
of NMR chemical shifts and coupling of L-Phe rotational isomerization.®® The authors reported
that temperature played a large role in intramolecular and intermolecular parameters of L-Phe, and
the importance of these parameters changed depending on the local environment. This NMR study

had two conclusions: either the rotamer energies are temperature dependent and gain stability as
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temperature increases, or the results require a deviation from the original proposed rotamer
structures to understand experimental data.®? Our findings support the conclusion that a distinctive
rotamer structure is stabilized at higher temperatures long enough for a radiative decay pathway
to contribute to the overall fluorescence behavior. This stabilization effect of high temperatures is
evident in the appearance of a second fluorescence lifetime in bulk carbonate solution starting at
60 °C.

We propose that L-Phe in the bilayer experiences a conformationally restricted environment that
forces L-Phe to adopt conformations that decay nonradiatively (as is the case in polar, aprotic
environments). As the membrane begins to become more fluid, L-Phe can adopt a rotamer state
that does decay radiatively. We expect that this emissive state is stabilized by water as water will
begin to percolate into the lipid bilayer’s polar glycero-backbone region as the system temperature
approaches Tgel1c.®> % We believe the second lifetime found in bulk carbonate buffer at 60 °C
arises from this same rotamer conformation that is only accessible in bulk solution at higher
temperatures, consistent with the first hypothesis proposed by Cavanaugh.

To assess what role the water plays in assisting rotamer formation, the fluorescence lifetimes of
L-Phe in a deuterated water (D20) carbonate solution were measured as a function of temperature
(Supporting Information Table SI-6.) L-Phe in D20 carbonate solution displays an increase in
fluorescence lifetimes (trat 10 °C = 10.81 ns) at low temperatures in comparison to H2O carbonate
solution (tr at 10 °C = 8.00 ns). Similarly, the appearance of a second lifetime (0.88 ns, 11%) at
60 °C also occurs in D20 carbonate solution. However, the amplitude of the second, short lifetime
is significantly different as temperature increases from 60 — 80 °C. Namely, the second lifetime
displays a sharp increase in amplitude of up to 57% (80 °C) in D20 carbonate solution in

comparison to 20% (80 °C) in H20 carbonate solution. In D20, the hydrogen-bonding capabilities
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are stronger than in H2O. This finding supports our premise that the new emissive rotamer state
observed in bilayers close to Tgel-Lc and in carbonate solution at elevated temperatures is stabilized
by hydrogen bonding and stronger hydrogen bonding (by D20) stabilizes this new rotamer even

further..

Local solvation environment dependence of the 2"¢ lifetime of L-Phe in lipid vesicles

The results described above show a strong dependence of L-Phe behavior on bilayer phase with
the appearance of the second lifetime. For the DSPC and DPPC lipid vesicles, the appearance of
the second lifetime occurs ~10°C before the transition temperature of the lipid bilayer. Uniquely,
the second lifetime of L-Phe in DMPC lipid vesicles does not appear until T > Tgel-le. No second
lifetime is apparent In DLPC vesicles solutions across the entire temperature range. We propose
this second lifetime, assigned to a confined L-Phe rotamer, becomes ‘optically visible’ only when

water is present.

L-Phe in the polar headgroup of the lipid bilayer in its gel phase is subject to a polar, aprotic
solvation environment. Our studies of L-Phe in bulk acetonitrile show that in such an environment,
fluorescence is weak with the quantum yield of less than 0.01. (In acetonitrile, L-Phe’s quantum
yield is 0.006 (Table 1).) However, as temperature increases and water percolates into the polar
headgroup, hydrogen bonding opportunities become available, and L-Phe can sample a polar,
protic solvation environment where its quantum yield is > 5-fold larger (0.033 in methanol) than

in polar aprotic environments.

Consequently, we believe that L-Phe in the tightly packed, anhydrous, gel-phase bilayer interior
is optically invisible. Bilayer hydration near the gel-liquid crystalline transition temperature allows

L-Phe to become optically active and contribute to the overall fluorescence decay. This result
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explains why the second lifetime appears at different temperatures for each of the different lipid
vesicle systems and in the vicinity of the Tgel-le. For DSPC and DPPC, the second lifetime appears

~10°C before the Tgel-ic and for DMPC, the lifetime appears shortly after the Tgel-Ic.

Before the lipids fully transition from the gel-phase into the liquid-crystalline phase, they pass
through a pre-transition (also known as the ripple phase) where water begins to percolate into the
lipid bilayer vesicle.’* > The ripple phase occurs at 16.5 °C, 35 °C, and 46.7 °C for DMPC, DPPC,
and DSPC, respectively.* >> Shinoda et. al. studied transition temperatures with MD simulations
and found the insertion of ethanol into the bilayer creates defects where water can hydrate into the
bilayer before the ripple phase and this effect is more pronounced for larger lipids.*® Therefore,
we propose that the L-Phe in the membrane creates a pathway for water to enter the bilayer at or
near the ripple phase transition. The onset of the ripple phase and additional membrane hydration

is then responsible for the appearance of the second lifetime of L-Phe in DSPC and DPPC vesicles.

As water begins to percolate into the membrane, the bilayer expands by ~25% for DPPC
vesicles®® and transitions into the liquid-crystalline phase of the bilayer where the local solvation
environment is polar protic, and solutes have the conformational freedom, the hydrogen bonding
and sufficient thermal energy to adopt the new rotamer conformation having the shorter emission
lifetime. As seen in Figures 4, 7, and 8, the concentration of L-Phe in the bilayer increases in
concentrations up to 30% at high temperatures.

The increase in concentration of the rotamer state implies one of two things: (1) more L-Phe is
entering the bilayer as the bilayer expands and experiences this rotamer state. Or (2), as the bilayer
expands and water increases concentration within the bilayer, more of the L-Phe that is already in
the bilayer becomes optically visible. Scenario (2) seems more likely as the free L-Phe in bulk

solvent would not experience a conformational restriction as the vesicles increase and should be
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free to adopt a new, thermally accessible rotamer conformation. Instead, the more likely
explanation is that L-Phe already in the bilayer becomes optically active (or visible) as the lipid
bilayer becomes hydrated.

There is still a remaining question of the second lifetime affer the Tgel-ic of DMPC lipid vesicles
and the absence of a second lifetime in DLPC lipid vesicles. Literature has reported a large

temperature dependence of the fluorescence lifetimes of L-Phe in an aqueous solvent.>

The large
temperature dependence is attributed to a switch in the non-radiative decay pathways as a function
of temperature. Leroy et. al. noted that at temperatures above 0°C, the main non-radiative decay
pathway of L-Phe in aqueous solvents is internal conversion.’® However, at low temperatures (< 0
°C), the main non-radiative decay pathway begins changing from internal conversion to
intersystem crossing.’® If this switch from internal conversion to intersystem crossing begins to
happen at higher temperatures (0-20 °C), then we would not expect to observe a second lifetime

in DLPC vesicles and, perhaps, observe a second lifetime in DMPC vesicle solutions above Tgel-

Ic.

CONCLUSION:

Studies reported in this work used time-resolved fluorescence spectroscopy in combination
with differential scanning calorimetry to understand the partitioning behavior of L-Phe into model
biological membranes. Results show that most L-Phe remains in the carbonate solution, but the
L-Phe that does partition into the bilayer does not significantly impact the Tgerle. Evidence of a
conformational rotamer fluorescence lifetime of 1.8 ns is seen in DSPC, DPPC, and DMPC lipid
vesicles close to their Tgel-Lc phase transition temperature. We propose that this rotamer lifetime

only becomes optically visible when water penetrates into the bilayer and the local solvation
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environment switches from a polar aprotic to a polar protic environment, increasing the quantum
yield by an estimated factor of ~5 based on data from L-Phe in methanol and acetonitrile. The L-
Phe rotamer lifetime increases slightly in amplitude, eventually comprising up to 30% of the time
resolved emission at elevated temperatures. This behavior is predicted to come from L-Phe already
in the bilayer that becomes more optically visible as the bilayer expands and increasing amounts
of water make the bilayer headgroup region more protic. We hope work reported here sparks
further studies into the specifics of the rotamer conformation and related photophysical behaviors
of L-Phe, a naturally fluorescent amino acid whose optical properties have been largely overlooked
compared to the attention received by other fluorescent amino acids, tyrosine and tryptophan. We
also expect that findings reported here will aid in quantifying the behavior of other aromatic amino

acids and small peptide chains in lipid vesicle bilayers.
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