Entropy in the molecular recognition of membrane protein-lipid interactions
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Abstract

Understanding the molecular driving forces that underlie membrane protein-lipid interactions
requires the characterization of their binding thermodynamics. Here, we employ native mass
spectrometry in conjunction with a variable temperature apparatus to determine the
thermodynamics of individual lipid binding events to the human G-protein-gated inward rectifier
potassium channel, Kir3.2. We find that Kir3.2 displays distinct thermodynamic strategies to
engage phosphatidylinositol (PlI) and phosphorylated forms thereof. The addition of a 4’-
phosphate to Pl with 18:1-18:1 (DO) tails results in an increase in favorable entropy along with
an enthalpic penalty. The binding of Pl with two or more phosphates is more complex where
lipids bind to Kir3.2 with the cytoplasmic domain in either a docked or extended configuration.
Remarkably, the interaction of 4,5-bisphosphate DOPI (DOPI(4,5)P;) with Kir3.2 is solely driven
by a large, favorable change in entropy. Installment of a third 3’-phosphate to DOPI(4,5)P; results
in an alternative thermodynamic strategy for the first binding event whereas each successive
binding event shows strong enthalpy-entropy compensation. PI(4,5)P, with 18:0-20:4 tails results
in an inversion of thermodynamic parameters where the change in enthalpy now dominates.
Collectively, the data show that entropy can indeed play important roles in regulating membrane
protein-lipid interactions.

Introduction

Inward rectifier potassium (Kir) channels are expressed in tissues throughout the body where
they play central roles in many physiological processes, such as parasympathetic slowing of the
heart!, pain perception?, and pancreatic insulin secretion.3® Some mutations in these channels
result in improper trafficking that is associated with Andersen syndrome.!® In particular,
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), a minor component of the cytoplasmic
leaflet,! is required for activation of all Kir channels.?!> Kir channels are also regulated by many
other molecules including phosphorylation by kinases, sodium, pore blockers (polyamine, Mg?*),
and ethanol.'® 16 17 There are seven subfamilies of Kir channels: classical Kir channels (Kir2.x) are
strong rectifiers that have central roles in cardiac inward rectifier current; Kir3.x channels are
unique in that they require Ggy, in addition to PIP, for function with some of these channels
modulated by sodium ions; ATP-sensitive potassium channels (Kir6.x); and transport potassium
channels (Kirl.x, Kir4.x, Kir5.x, and Kir7.x).% 0. 18-21



All Kir channels form tetrameric complexes composed of similar or different subunits.'>?%23 Each
subunit encodes two transmembrane domains (TMD), in which the K* selectivity filter resides,
that is tethered by a short linker to the cytoplasmic domain (CTD).?% 23 Structures have also
revealed a PI(4,5)P, binding pocket located at the interface of the TMD and CTD.*> 23 The binding
pocket is a highly conserved region consisting of a set positively charged amino acid residues that
engage the phosphorylated headgroup of PI(4,5)P,.2> 2 24 Mutations in residues important for
binding the signaling lipid are associated with Bartter and Andersen syndromes, and other
diseases.” 2> 26 The specific lipid binding site within Kir channels has garnered the attention of
computational studies to identify and predict lipid-binding sites on ion channels.?’-3°

Kir channels have varied specificity and varying degrees of channel activation by the different
phosphoinositides. All Kir channels are maximally activated by PI(4,5)P, and, in some cases,
PI1(4,5)P, is the only phosphoinositide (PIP) that stimulates activity.’® 3% 32 |n contrast, Kir6.x
appears to be promiscuously activated by PI(3,4)P,, PI(4,5)P, and PI(3,4,5)P3.3% 32 The acyl chain
composition has also been shown to be a contributing factor to the level of stimulation, such as
Kir3.1/Kir3.4 channels display preference for PI(4,5)P> with 18:0-20:4 (SA) acyl chain whereas
Kir2.1 shows no preference towards acyl chains.3® The concentration dependence of PI(4,5)P>
activation of Kir3.2 in a lipid bilayer exhibits positive cooperativity.3* Similar observations were
made by employing a soluble fluorescent lipid binding assay wherein the binding of a fluorophore
modified PI(4,5)P, to Kir3.2 fused to a fluorescent protein is monitored by Forster resonance
energy transfer.®

Historically it has been difficult to dissect and interrogate lipid binding events to membrane
proteins, which is necessary to fully characterize binding thermodynamics. Recently, native mass
spectrometry (MS) has emerged as an indispensable biophysical technique for characterizing
membrane proteins and their interactions with lipids and other molecules, such as regulatory
proteins.3® In contrast to other biophysical techniques that report on the ensemble, native MS
can not only capture a snapshot of solution equilibria but also resolve individual ligand-bound
states of membrane protein complexes.?” Over the past decade, native MS has discovered the
role of specific lipids in stabilizing membrane protein complexes,3”-3° allosteric modulation of
membrane protein interactions with protein,*% 4! lipids,*? and drugs,**-*¢ and those important for
function,3” 4448 such as PI(4,5)P, in G-protein-coupled receptor activation and G-protein
selectivity.*! Lipid and toxin binding to Kir3.2 has been interrogated using native MS that has
provided insight into the binding preferences for PIPs.*® Native MS combined with mutational
studies has shed light on the contribution of amino acids in the PIP binding site of Kir3.2 and how
they impact binding preferences for PIPs.3> Despite progress in understanding Kir-lipid
interactions, the thermodynamics for the association of lipids with Kir3.2 have been enigmatic.

Results

To determine the thermodynamic basis for Kir3.2-lipid interactions, we used native MS coupled
with a variable-temperature nanoelectrospray ionization (nESI) apparatus to determine through
van’t Hoff analysis the change in enthalpy (AH) and entropy (-TAS), components of the change in
Gibbs free energy (AG).>® 3! The first set of lipids we investigated were dioleoyl (18:1-18:1)
phosphatidylinositol (DOPI) and phosphatidylinositol 4-phosphate with DO tails (DOPI(4)P). Here,



we focus our initial discussion on DOPI(4)P as up to three bound Kir3.2 whereas only one DOPI
bound the channel (Figure S1 and S2). More specifically, Kir3.2 solubilized in CioEs, a detergent
that in the nESI process results in charge reduced ions that aids preservation of non-covalent
interactions and native-like structure in the mass spectrometer,?”>>2 at a concentration of 0.25
UM was titrated with DOPI(4)P up to a final concentration of 2.5 uM. These samples were then
incubated online using a variable temperature nESI apparatus®? for several minutes to reach
equilibrium followed by acquiring their native mass spectra (Figure 1A, S3 and S4). The mass
spectra from this titration series at a given temperature were deconvoluted using UniDec>* and
the abundance of Kir3.2¢DOPI(4)Po-3 was used to compute the mole fraction for the different
lipid-bound states (Figure 1B). A sequential ligand binding model was fit to the mole fraction data
to determine the equilibrium binding constants at a given temperature (Figure 1B).
Thermodynamics for the individual DOPI(4)P binding events to Kir3.2 was deduced through van’t
Hoff analysis® (Figure 1C). Interestingly, the binding of one to three DOPI(4)P molecules to Kir3.2
is driven by entropy and the enthalpic term near zero (Figure 1D). This result is in complete
contrast to our previous study of the bacterial ammonia channel (AmtB) binding phospholipids
where the binding was driven by enthalpy and, in most cases, entropy was unfavorable.”! The
thermodynamic parameters for each DOPI(4)P binding event are statistically indistinguishable.
Thermodynamics for the binding of one DOPI to Kir3.2 was determined in a similar fashion as
done for DOPI(4)P. The binding of this lipid is also largely driven by entropy with a marginal
favorable contribution from entropy (Figure S11 and S14).

To better understand the molecular forces that underlie their molecular recognition, we next
focused on other phosphorylated forms of phosphatidylinositol known to activate Kir3.2 and
other channels. These lipids include 4,5-bisphosphate Pl with DO (DOPI(4,5)P,) and 1-stearoyl-2-
arachidonoyl (SAPI(4,5)P;) tails and 3,4,5-trisphosphate Pl with DO (DOPI(3,4,5)Ps). In a similar
fashion as described above, we first titrated Kir3.2 with DOPI(4,5)P, and recorded their native
mass spectra at different temperatures (Figure S5 and S6). Regardless of the temperature, the
application of a sequential lipid binding model resulted in poor fits, especially for the first and
second lipid bound states of Kir3.2 (Figure S12). Specifically, the trend in the mole fraction data
for the first and second binding event does not follow a smooth curve but is asymptotic at higher
lipid concentrations suggestive of two underlying binding distributions. Although first described
for Kir2.2 (Figure 2A),* recent structures of Kir3.2 have shown it also populates two distinct
conformations where the CTD is docked, forming contacts with the cytoplasmic face of the TMD,
orin an extended state, CTD displaced from the transmembrane domain.>> ¢ Modification of the
lipid binding model such that the first and second lipid binding events bind to either a docked or
extended states (see Methods) resulted in substantially improved fits (Figure 2B and S12). Here,
the binding of the third lipid to Kir3.2 could represent a transition point wherein the three bounds
lipid drive the channel from an extended to the docked state. This is consistent with recent
cryoEM studies showing a population shift in the abundance of the docked state with increasing
concentrations of PI(4,5)P,.>> 6

Application of lipid binding model to different states of Kir3.2 was used to determine the Kp for
each lipid binding event at a given temperature followed by van’t Hoff analysis(Figure 2C and
$14). The Kps for one to four DOPI(4,5)P, binding events to the docked state of Kir3.2 display



positive cooperativity (Table S1). Surprisingly, the thermodynamics for DOPI(4,5)P, associating
with Kir3.2 reveal that the molecular driving force is solely entropic, outweighing an enthalpic
penalty, regardless of binding to either the docked or extended state (Figure 2C). In the case of
binding to the docked state, which we presume has a higher affinity for the lipid based on
structures,?> 2* unfavorable enthalpy was largest for the first binding event and subsequent
binding events the thermodynamic parameters were similar. In contrast, the enthalpy for the
binding event to the extended state increased. The additional 3’-phosphate on DOPI(3,4,5)Ps
resulted in distinct thermodynamic signatures in comparison to DOPI(4,5)P,. Excluding the first
binding event to the docked structure whereit is driven by entropy and enthalpically unfavorable,
all the other binding events showed enthalpy-entropy compensation whereby entropy and
enthalpy were altered in opposing directions for each subsequent binding event (Figure 2C).
Altering acyl chain chemistry of PI(4,5)P, to contain SA tails, resulting in a new subset of
thermodynamic values with the majority of binding events driven by enthalpy. For binding to the
docked state, favorable enthalpy was greatest for binding the first lipid whereas for second and
third were similar but to a larger extent compared to the fourth. The fourth SAPI(4,5)P, binding
event is unique among the PIPs investigated in that both entropy and enthalpy are favorable.
Remarkably, these results demonstrate that specific phosphorylated forms of PI selectively
engage the different states of Kir3.2.

It is striking when comparing the stepwise progression from DOPI to DOPI(3,4,5)P3 and different
acyl chains on binding thermodynamics (Figure 3). The addition of a 4-phosphate to DOPI pushes
the reaction to be driven by entropy. Going from DOPI(4)P to DOPI(4,5)P; results in ~60 klJ/mol
contributing to both enthalpy and entropy but in opposing directions for the first lipid binding.
This is consistent for the other binding events but to half the extent. DOPI(3,4,5)Ps with three
phosphates displays a strong enthalpy-entropy dependence. A remarkable 175 kJ/mol alteration
in thermodynamic parameters but in the opposing direction is observed for the first binding
event of DOPI(3,4,5)P; to the docked state. Compared to DOPI(4,5)P,, the binding of two or more
DOPI(3,4,5)P3 to Kir3.2 are accompanied by compensatory gains in favorable entropy and
unfavorable enthalpy spanning 50 kJ/mol. The replacement of DOPI(4,5)P, with SA tails displayed
marked gains in favorable enthalpy and unfavorable entropy, and the first SAPI(4,5)P, binding
event had a remarkable change of nearly 200 kJ/mol. These results illustrate the marked impact
on binding thermodynamics that can be observed with changing the chemistry of the lipid.

The thermodynamics of Kir3.2-lipid interactions provide rich chemical insight into the molecular
forces underlying specific Kir3.2-lipid interactions. The majority of phosphorylated forms of DOPI
binding events are driven by entropy and, in most cases, there is an unfavorable change in
enthalpy. It is important to note these lipids possess DO tails and therefore the entropic
contribution from desolvation of the acyl chains plays a minor role in the large entropies
observed here. While solvent reorganization of the phosphorylated headgroup and/or PIP
binding pocket of Kir3.2 can contribute in a positive way to entropy,>” 8 the largely favorable
entropy accompanied by unfavorable enthalpy observed here is reminiscent of soluble protein-
ligand interactions that are driven by large conformational entropy originating in enhanced
protein motions.>®®? The first binding events of DOPI(4,5)P,, DOPI(3,4,5)P3, and SAPI(4,5)P,
indicate significant structural changes upon binding. The thermodynamics for DOPI(4,5)P;



suggests a significant enhancement in protein dynamics whereas for the two other lipids there is
significant structuring of Kir3.2. We have previously observed enthalpy-entropy compensation
for AmtB-lipid interactions.”! However, the enthalpy-entropy compensation is more pronounced
for Kir3.2-DOPI(3,4,5)P3 in comparison to that observed for AmtB-lipid interactions and likely due
to significant structuring of the channel at the cost of a reduction in disorder. The enthalpically
driven binding of SAPI(4,5)P, to Kir3.2 suggests the SA tails interact more favorably with Kir3.2 in
comparison to the lipid with DO tails.

Conclusions

In summary, the thermodynamics of lipids associating with Kir3.2 reveal different
thermodynamic strategies. The changes observed for binding thermodynamics upon
phosphorylation(s) of the inositol headgroup or altering the acyl chains are remarkable.
Moreover, the association of Kir3.2 with specific PIPs can be driven by a large change in favorable
entropy. This entropy is likely the result of considerable solvent reorganization as well as
enhanced protein dynamics, which has been shown to underlie soluble protein-ligand
interactions.>® ¢! High conformational entropy has recently been observed for two monomeric
membrane proteins, independent of the membrane mimetic.®® Here, we provide evidence that
entropy can indeed greatly influence membrane protein-lipid interactions.

Materials and Methods

Plasmid construction and protein expression. The human Kir3.2 cDNA (KCNJ6, Uniprot P48051)
was purchased from Horizon with a catalog number of MHS6278-202857476. Kir3.2 (residues 49-
378), was cloned into a modified pACEBac1l insect cell expression vector (Geneva Biotech) with a
C-terminal StrepTag Il affinity tag by following the manufacturer’s protocol. The expression
plasmid has been deposited at Addgene plasmid #177263. The expression vector was
transformed into Ecoli EmBacY (Geneva Biotech) cells and integrates of the expression cassette
into the baculoviral genome were identified using blue/white colony screening following the
manufacturer’s protocol. A single white colony was inoculated overnight and recombinant
baculoviral DNA was purified using HiPure Plasmid Midiprep kit (Invitrogen). The purified
baculoviral genome DNA (30 pg) was mixed with 2ml PBS (NaCl 137 mM, KCI 2.7 mM, Na;HPO4
10 mM, KH,PO4 1.8 mM, pH 7.4) and PEI Max (Polysciences) transfection reagent (60 pl, 1 mg/ml
in PBS).%* After 20-min incubation, the mixture was added to Spodoptera frugiperda (5f9) cells
(30 ml, 0.8 x 10° cell/ml) in suspension and grown at 27 °C for a week to produce baculovirus.
The clarified P1 was used to infect Trichoplusia ni (Tni) cells for protein expression and incubated
at 27 °C for 2-3 days before harvesting. All insect cell lines and media are from Expression
Systems LLC.

Protein purification. The post-infected Tni cells were harvested by centrifugation (4,000 g, 10
min, 4 °C). The cell pellets were resuspended in lysis buffer (300 mM KCl and 50 mM Tris pH7.4
at RT). The resuspended cell pellets were passed through a microfluidizer (M-110PS, Microfluidics
Inc.) operating at 25,000 psi. The cell lysate was then clarified by centrifugation (25,000 g, 20 min,
4 °C) and the supernatant was subjected to ultracentrifugation (100,000g, 2hr, 4 °C) to harvest
membranes. The membrane was resuspended in lysis buffer and homogenized using a glass



tissue blender (Wheaton). DDM (n-Dodecyl-B-D-Maltopyranoside, Glycon Biochemicals) was
added to a final concentration of 2% to extract membrane proteins at 4 °C for 2 hours. The
membrane protein extract was clarified by centrifugation (25,000 g, 20 min, 4 °C) before loading
onto a drip column packed with streptactin Sepharose (IBA Biosciences) equilibrated with SPKHA
buffer (150 mM KCI, 50 mM Tris, 10% glycerol, 0.025% DDM, pH 7.4 at RT). After loading the
sample on the StrepTrap, 10 column volumes (CV) of SPKHA were used to wash the column,
followed by a 10 CV wash of SPKHB (SPKHA with 0.025% DDM replaced by 6 mM DHPC [1,2-
dihepanoyl-sn-glycero-3-phosphocholine]) and 10 CV wash of SPKHC (SPKHA with 0.025% DDM
replaced by 0.065% C1oEs [Pentaethylene Glycol Monodecyl Ether]). The protein was then eluted
with SPKHD buffer (SPKHC with 3mM D-desthiobiotin). The eluted sample was buffer exchanged
into SPKHC using a desalting column. Protein concentration was measured using a DC protein
assay (Bio-Rad). The purified protein was used immediately or stored at -80 °C.

Preparation and titration of phospholipids. 1,2-dioleoyl-phosphatidylinositol (DOPI), 1,2-
dioleoyl-phosphatidylinositol-4'-phosphate (DOPI(4)P), 1,2-dioleoyl-phosphatidylinositol-4',5'-
bisphosphate (DOPI(4,5)P2), 1,2-dioleoyl-sn-glycero-3-phospho-1'-myo-inositol-3',4',5'-
trisphosphate (DOPI(3,4,5)P3), and 1-stearoyl-2-arachidonoyl- phosphatidylinositol-4',5'-
bisphosphate (SAPI(4,5)P;) were purchased from Avanti Polar Lipids. Lipids were first dissolved
in water followed by dilution into 200 MM ammonium acetate containing 0.065% CiqEs.

Native mass spectrometry (MS). Protein samples were exchanged into 200mM ammonium
acetate (pH adjusted to 7.4 with ammonium hydroxide) containing 0.065% CioEs using a
centrifugal buffer exchange column (Micro Bio-Spin 6, Bio-Rad). The protein sample mixed with
lipid was loaded into a gold-coated nanoelectrospray ionization (nESI) emitter prepared as
previously described.®® The temperature of the nESI emitter mounted on the instrument was
controlled using variable temperature apparatus.®® After the set temperature was reached the
sample was incubated for several minutes before data acquisition on an Exactive Plus EMR
Orbitrap Mass Spectrometer (Thermo Scientific). The instrument settings are as follows: Capillary
Voltage 1.60 kV; Capillary Temperature 200 °C; Collision-Induced Dissociation (CID) 100 V;
Collision Energy (CE) 10 V; Trapping gas pressure setting 3.0; Source DC offset 60V; Injection
Flatpole DC 4 V; Inter Flatpole lens -20 V; Bent Flatpole DC 10 V; Transfer Multipole DC 6.

Native MS data analysis. The native MS data collected were deconvoluted using UniDec.®” A in-
house, custom software and scripts written in Python were used to assign and determine the
mole fraction of apo and lipid bound states, and determining the equilibrium binding constants
(discussed below). Equilibrium binding constants and thermodynamics were determined as
previously described with modification.’! In detail, the deconvoluted mass spectra text files
written by UniDec from the titration series were used to determine the intensities of Kir3.2 (P)
and Kir3.2-lipid (PL) species and converted to mole fraction. The apparent equilibrium
association constant (Ka) for protein binding one lipid:

Ka
P+L «<PL

Kp =5~ (1)



Or binding to multiple ligands:

Kan
PL,_, +L < PL,

_ [PLy]
An T PL, (L] (2)

where Kan is the equilibrium association constant for the n:, ligand binding to the protein and n
is the number of bound ligands. The total protein concentration ([Pltotal):

[Pliotar = [P] + X7, [P][L] H§'=1 Ka; (3)
Equation (2) can be rearranged to calculate the mole fraction (F,) of PLy:

(L] [T}=1 Kaj [PL,]

2l = (4)

T YN 1A L MMj=1Kaj  [Pleotal

where [L] is the free ligand concentration at equilibrium. If the concentration of protein is
known, the free ligand can be calculated as follows:

[L] = [Lltotal — [P]total 'Z?=1iFi (5)

This sequential lipid binding model was globally fit to mole fraction data collected at a given
temperature to obtain Ka, through minimization of the pseudo-x? function:%8

2
XZ = Z?:O Z?:l(Fi,j,exp - Fi,j,calc) (6)

where d is the number of the experimental mole fraction data points and n is the number of
bound ligands.

A more complex binding model (Figure $12) was used in cases where the sequential lipid
binding model resulted in poor fits (Figure $11). As Kir3.2 is known to populate two states
wherein the cytoplasmic domain is in a docked and extended configuration,>> ¢ we
incorporated into the binding model that lipid can bind to a fraction of Kir3.2 in either the
docked or extended state. For a given lipid bound state the fractional abundance can be
computed:

FPLn = (OC)FPLn,docked + (I_OC)FPLn,extended (7)

where « represents the fractional abundance of the docked state and n is the number of lipids
bound. One value « is related to an equilibrium association constant for the transition from the
extended to docked state:

X
Kep =77 (8)
Incorporating this more complex lipid binding model with one « introduces three additional

fitting parameters and divides the apo and up to two lipid bounds a fraction of two components
where each component represents binding to a docked or extended state. In comparison to the



sequential binding model, the more complex lipid binding model resulted in better fits (Figure
S11) and was statistically justified (F-test, p < 0.001). Therefore, this model was applied to
determine Ka, for each lipid-binding event. More sophisticated models were also considered,
such as extending to all lipid binding events and different s for each lipid bound state, however,
they did not improve the fits and were often not statistically justified.

van’t Hoff analysis®® was used to determine the enthalpy change (AH), entropy change (-TAS)
and the Gibbs free energy of the binding (AG) based on the equation:

anAz—%-%+A—RS (9)
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Figure 1. Determination of binding thermodynamics for Kir3.2-lipid interactions. A)
Representative native mass spectra and their deconvolution from a titration series of Kir3.2 with
dioleoyl (18:1-18:1) phosphatidylinositol 4-phosphate (DOPI(4)P) recorded at 298 K. Kir3.2 and
the various lipid bound states of Kir3.2 are labeled. B) Plot of the mole fraction for Kir3.2 and
Kir3.2¢DOPI(4)P1-3 bound states of Kir3.2 determined from a titration series and resulting fit (R?
= 0.99) of a sequential lipid binding model (lines). C) van’t Hoff plot for Kir3.2 binding
Kir3.2¢DOPI(4)P1-3 (dots) and regression of linear equations (solid lines) to deduce
thermodynamics for each lipid binding event. D) Thermodynamics of dioleoyl DOPI(4)P and
phosphatidylinositol (DOPI) binding Kir3.2 at 298 K. The first, second, and third lipid (labeled as
1x-3x) is shown for DOPI(4)P. Shown above are the headgroup structures with the 3’, 4’, and 5’
positions of the inositol headgroup colored orange, pink, and blue, respectively. Reported are
the average and s.e.m. from repeated measurements (n = 3).
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Figure 2. Thermodynamic signatures of specific phosphoinositides binding to different states
of Kir3.2. A) Structures of Kir2.2 in the docked (PDB 3SPI) and extended states (PDB 3JYC) shown
in cartoon representation. The phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) with 8:0-8:0
tails bound to the docked state is also shown. B) Plot of the mole fraction of Kir3.2 and the
channel bound to PI(4,5)P> with DO tails (DOPI(4,5)P,). Resulting fit (solid lines, R? = 0.99) of lipid
binding model where the lipid can bind to either the docked or extended states of Kir3.2. C)
Binding thermodynamics for DOPI(4,5)P,, phosphatidylinositol 3,4,5-trisphosphate with DO tails
(DOPI(3,4,5)P3), and PI(4,5)P, with 1-stearoyl-2-arachidonoyl (18:0-20:4) tails (SAPI(4,5)P2) to
Kir3.2 determined through van’t Hoff analysis for binding to the docked and extended states at
298 K. Reported are the average and s.e.m. from repeated measurements (n = 3).
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Figure 3. Alterations in thermodynamic signatures for the stepwise transition from DOPI to
DOPI(3,4,5)P3 and acyl chain chemistry of PI(4,5)P.. Values were computed using a temperature
of 298K. Shown as described in Figure 2. Reported are the average and s.e.m. (n=3).



