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ABSTRACT: The ionization properties of protein side chains in lipid-bilayer membranes
will differ from the canonical values of side chains exposed to an aqueous solution. While
the propensities of positively charged side chains of His, Lys, and Arg to release a proton in
lipid membranes have been rather well characterized, the propensity for a negatively 18 H DOPC
charged Glu side chain to receive a proton and achieve the neutral state in a bilayer
membrane has been less well characterized. Indeed, the ionization of the glutamic acid side
chain has been predicted to depend on its depth of burial in a lipid membrane but has been |
difficult to verify experimentally. To address the issue, we incorporated an interfacial Glu 14
residue at position 4 of a distinct 23-residue transmembrane helix and used *H NMR to ° DMPC
examine the helix properties as a function of pH. We observe that the helix tilt and ] DLPC
azimuthal rotation vary little with pH, but the extent of helix unraveling near residues 3 and 12 0 i é i é i é i 1'2 T 15
4 changes as the Glu residue E4 titrates. Remarkably, the *H quadrupolar splitting for the oH

side chain of alanine A3 responds to pH with an apparent pK, of 4.8 in 1,2-dilauroyl-sn-

glycero-3-phosphocholine (DLPC) and 6.3 in 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), but is unchanged up to
pH 8.0 in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in the presence of residue E4. With bilayers composed of alkali-stable
ether-linked lipids, the side chain of A3 responds to pH with an apparent pK, of 11.0 in the ether analogue of DOPC. These results
suggest that the depth dependence of Glu ionization in lipid-bilayer membranes may be steeper than previously predicted or
envisioned.
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B INTRODUCTION constants for particular Glu residues will be significant. To this
end, we investigate the ionization properties of a well-defined

A lipid-bilayer membrane consists of a low dielectric
Glu residue held on a model helix in lipid-bilayer membranes

hydrophobic interior flanked by polar lipid head groups and

buffered aqueous phases that constitute the high dielectric of different thicknesses. Indeed, computational predictions
content of the outer and inner cellular spaces. While the have indicated that the side chain Glu pK; should change with
. . 15

membrane interior would appear to be inhospitable to charged the bilayer thickness.

functional groups, membrane proteins nevertheless sometimes Selectively deuterated model transmembrane helical pep-
contain titratable residues within this region. The presence of tides have been proven to be useful for the measurement of
charged groups furthermore is important for the biological side-chain ionization behavior. Solid-state NMR spectra of
functions of numerous membrane proteins. The side-chain oriented samples of such membrane helices can be analyzed to
protonation states of residues such as His, Lys, Arg, Glu, and reveal the helix tilt in each membrane as a function of pH.
Asp are dependent on numerous local electrostatic environ- Changes in the spectra may then reveal the titration point for a
mental factors such as lipid hydrophobic effects, hydrogen helix reorientation. In our designed framework, only one
bonding, membrane fluidity, and solvent accessibility. " The ionizable group is present on the helix. The titration behavior
charged state of such residues will then have consequences for can then reflect the pK, of the individual defined residue at
the folding, orientation, and dynamics of secondary-structure various depths within lipid-bilayer membranes. The model

elements in membrane proteins. Arg residues, for example, are GWSIALP23 sequence (acetyl GGALW(LA)LWLAGA-

found througl.logté the voltage-sensing domains of variOI_ls amide) is useful for this approach because its helix adopts a
channel proteins™ and have been observed to cause helix

reorientations’ and helix distortions even within individual

model peptides.” Glu can be found in the interior of certain

membrane proteins and, when charged, can alter protein

folding.” Furthermore, Glu is critical for g)roton pumping in
. . . 10,11

crucial systems such as bacteriorhodopsin and cytochrome
: 12-14 . .

¢ oxidase. For directional proton translocations and other

functions, the local environment and the local ionization
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well-defined tilt within lipid bilayers. Indeed, GW>'?ALP23 has
been employed for the measurement of the pK, values of
individual Lys, His, and Arg residues.'®™"® Experiments with
Glu residues have proven more difficult. Varying degrees of
success have been achieved while characterizing the proto-
nation state of Glu, made difficult by a rather indifferent
response of the helix to the ionization state of the carboxylate
side chain."”

In this article, we probe the titration point of the Glu side
chain near the membrane interface of 1,2-dilauroyl-sn-glycero-
3-phosphocholine (DLPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phatidylcholine (DMPC), and 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) bilayers, again using the GW>'?’ALP23
sequence. Residue L4 of the parent sequence was mutated to
Glu (Table 1 and Figure 1). As expected, the tilt of the core

Table 1. Sequences of Peptides”

name Sequence reference

GW>ALP23 acetyl- 37
GGALWSLALALALALALALW"LAGA-
amide

E*GW>"ALP23 acetyl- this
GGAEW LALALALALALALW'’LAGA- work
amide

E*ASGW'ALP23  acetyl- this
GGAEA’LALALALALALALWLAGA- work
amide

“Selected alanine residues were deuterated; see the Materials and
Methods section.

Figure 1. Tilted model of the helix of E*GW>'?ALP23 in a bilayer
membrane, highlighting the side chains of residues A3, E4, WS, and
WI9.

helix was greatly altered by the L4 to E4 mutation. The pK, of
the E4 Glu side chain was then determined by observing pH-
dependent changes in ’H NMR spectra, from oriented bilayer
membrane samples, that reported the neighboring alanine A3
deuterated methyl group quadrupolar splitting. Residue A3
proved to be an effective sensor of the pH response even
though the tilt of the central membrane-spanning helix
changed very little with pH. Titration points determined in
DLPC, DMPC, and DOPC bilayers show a surprisingly
dramatic dependence on the bilayer thickness despite the
interfacial location of the Glu residue. The results are
important for understanding key aspects for the regulation of
membrane protein function.
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B RESULTS

We monitored the *H quadrupolar splitting of labeled alanine
A3 in E*GW®>'?ALP23 as a function of pH. The C; methyl *H
quadrupolar splitting of residue A3 decreases from 15.5 to 12.4
kHz in DLPC bilayers and from 16.1 to 13.6 kHz in DMPC
within the pH range of 3.0—8.0, and increases from 16.8 kHz
in DOPC up to 20.1 kHz in the ether-linked analogue of
DOPC when the pH range is 8.0—13.0 (Table 2 and Figure 2).
Because the sequence contains no other ionizable residues,
these observed changes in the NMR spectra are directly related
to the charged state of the glutamic acid E4 side chain. The use
of the ether ana107gue of DOPC at a high pH does not alter the
helix properties.'””"*

In contrast to alanine A3, the ’H NMR spectra of labeled
alanines in the core helix of E*\GW>'”ALP23 do not change
with pH (Figure 3). Whether the peptide is in bilayers of
DOPC, DMPC, or DLPC, the quadrupolar splittings for the
core alanines and therefore the orientation of the core helix
with respect to the bilayer normal remain essentially
unchanged from pH 3 to 8. The changes for alanine A3,
though modest, show defined trends with pH, indicating that
the deviation of A3 from the core helix responds to pH. We
attribute the pH dependence to the titration of glutamic acid
E4. Because residues A3 and E4 are outside of the core helix, it
is understandable that the relative fraying reported by A3 could
change while the core helix remains unaffected by the
ionization change at residue E4.

To further assess the core helix and the influence of
tryptophan WS, adjacent to the ionizable E4, WS was mutated
to Ala and labeled as Ala-CDj;. Once again, no difference in the
AS quadrupolar splitting was observed over the pH range of
3.0—8.0 in DLPC bilayers (Figure 3B). These results confirm
that the core transmembrane helix extends back to residue 5
and is insensitive to the ionization state of the E4 side chain.

Returning now to the A3 methyl group on the unwound
portion of the helix, the pH dependence of the *H quadrupolar
splitting reveals titration midpoints in bilayers of DLPC,
DMPC, and DOPC (Figure 4). The midpoints and thereby the
predicted pK, values for the glutamic acid E4 side chain show a
remarkable lipid dependence, namely, 4.8 in DLPC, 6.3 in
DMPC, and 11.0 in DOPC (Figure 4). As noted, the use of the
ether analogue of DOPC at high pH does not affect the helix
properties.1 e

The mere presence of glutamic acid E4 greatly influences the
helix tilt (Figure S). In DLPC bilayers, the mean tilt of the core
helix from the bilayer normal decreases from 20° with L4 to
about $° with E4 (Table 3). When the pH is increased from 3
to 8 in DLPC, the helix orientation does not change, but
alanine A7 no longer resides within the core helix at pH 8
(Figure S, top), reflecting a more extensive unraveling of the
core helix at pH 8. The deviation of alanine A3 from the core
helix changes both when E4 is introduced and when the pH is
increased, reflecting the titration of E4.

In DMPC, residue 7 stays within the core helix, whose
orientation again does not depend on the pH (Figure S,
middle). Notably, with E4 present, the core helix orientation is
essentially the same in DMPC and DLPC (Table 3). The core
helix tilt is much less with E4 than with L4. Indeed, the slight
tilt of the core helix of E*GW>'?ALP23 in DLPC or DMPC is
about the minimum value (~4°) consistent with cone
precession.zo The mean helix azimuthal rotation p, changes
in both lipids by about 30°, probably reflecting optimal access

https://doi.org/10.1021/acsomega.1c00276
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Table 2. Quadrupolar Splitting Magnitudes (IAv,l, in kHz) for Labeled Alanine CD; Groups of GW>'ALP23 with Glu-4 or

Leu-4 in Oriented Bilayer Membranes®

Ala-CDj; quadrupolar splittings in kHz*

residue 4 lipid pH A3 A7 A9 All Al3 AlS Al7 ref
Leu DLPC -t 27.5 26.4 25.5 26.9 14.6 20.7 34 37 and 38
Glu DLPC 3 1S8.5 11.0 0.6 124 0.5 11.0 - this work
Glu DLPC S 133 - - = - - - this work
Glu DLPC 8 12.4 18.7 2.4 119 1.7 - - this work
Leu DMPC -b 10.8 219 8.9 20.9 3.8 17.6 29 37 and 38
Glu DMPC 3 16.1 10.3 2.1 11.5 1.1 10.2 42 this work
Glu DMPC S 16.4 - - - - - - this work
Glu DMPC 8 13.6 9.9 3.6 112 1.5 112 2.8 this work
Leu DOPC _b 10.4 16.6 1.7 16.7 1.5 15.4 2.6 37 and 38
Glu DOPC 3 16.8 8.4 6.5 9.8 3.6 11.8 2.8 this work
Glu DOPC S 16.8 - - - - - - this work
Glu DOPC 8 16.8 8.9 6.3 = = - - this work
Glu DOPC 11 19.0 9.2 5.6 = = = - this work

“Values are reported in kHz for a f# = 0° sample orientation. The experimental uncertainty is about +1 kHz. *Unbuffered at neutral pH. The
peptide helix with leucine L4 has no ionizable groups and shows no pH dependence. “Values not listed were not measured.
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Figure 2. ’H NMR spectra for labeled alanine A3 of E*GW>'?ALP23 in mechanically aligned bilayers of DLPC, DMPC, and DOPC, oriented at /3
= 90 and 0°, temperature 50 °C, and sample pH as indicated. For experiments above pH 8, the membrane was made from the ether-linked

analogue of DOPC.

of the E4 side chain to the aqueous interface. Conspicuously,
the rotational slippage op in each membrane decreases from a
moderate value of about 40° with L4 down to a very low value
of about 5° with E4 (Table 3), suggesting a well-defined helix
orientation when E4 is present. Importantly, the GALA and
Gaussian analyses predict the same orientations for the core
helix, dictated by 7, and p,.

Likewise, in DOPC, the orientation of the core helix remains
low and insensitive to pH. Regardless of whether the pH is 3 or
8 (Figure 5, bottom), the *H Ala quadrupolar splittings remain
unchanged. Within the context of the low helix tilt (Table 3),
alanine A7 remains part of the core helix in DOPC as well as in
DMPC, even though A7 deviates from the core helix in DLPC
at high pH (Figure 5). In DOPC, alanine A3 shows a pH
dependence (Figure S) for its deviation from the core helix,
with a midpoint near pH 11 (Figure 4). The fits for the core

8490

helix properties by the GALA and Gaussian analyses again
agree in DOPC (Table 3).

B DISCUSSION

Previous measurements and estimates of the Glu pK, in lipid
environments have revealed values higher than the aqueous
value, as expected, but have been largely silent with respect to
lipid dependence. Notably, MacCallum et al."> predicted
explicitly that the pK, would depend upon the depth of
insertion of a Glu residue into a lipid bilayer. Experimentally,
in bovine cytochrome ¢ oxidase, buried Glu 242, which is
critical for proton pumping, has been assigned a pK, of about
12,137 Similarly, in bacteriorhodopsin, buried Glu 204, also
critical for proton pumping, has been assigned a high pK, value
between 9 and 12.'"**7*" Likewise, a pK, of about 8.7 has
been measured for a buried Asp residue in a model
transmembrane helix formed by the peptide

https://doi.org/10.1021/acsomega.1c00276
ACS Omega 2021, 6, 8488—8494
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Figure 3. (A) *H NMR spectra for deuterated core alanines A7 (50% *H) and A9 (100% *H) in E*GW>"?ALP23 in DMPC or DOPC lipid bilayers
at pH 3 and 8. (B) *H NMR spectra for deuterated alanine AS of E*A>GW'?ALP23 in DLPC bilayers at pH 3 and 8. Each sample is oriented at 3 =

90°, and the temperature is S0 °C.
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Figure 4. Titration curves monitoring the side-chain CD; quadrupolar
splitting of alanine A3 in E*GW>'”ALP23 within oriented bilayers of
DLPC (black), DMPC (blue), and DOPC (red). The midpoints of
the curves indicate pK, values of 4.8 (DLPC), 6.3 (DMPC), and 11.0
(DOPC).

KKGL,DLWLKKA.”> An earlier study with E14 or E16 in the
present framework of GWALP23'? suggested high pK, values,
yet little dependence on the lipid membrane thickness and
little response of a transmembrane core helix to Glu ionization.
A high pK, of about 9.8, furthermore, has been predicted
computationally for the Glu residue of E“GWALP23.*
Nevertheless, in spite of the consistent pattern that has
emerged among the numerous examples, a predicted lipid
dependence'” for the Glu pK, in a transmembrane helix has
remained essentially untested or undetected.

The present work addresses glutamic acid E4 in the
transmembrane framework of GWALP23. This Glu substitu-
tion is situated relatively near a membrane interface, notably
less buried than the examples noted above. Indeed, one could
expect perhaps little or no connection between the preferred
Glu ionization state and the thickness of a host lipid membrane
for the E*GWALP23 helix. Nonetheless, our results reveal a
remarkable lipid dependence for the E4 ionization. The pH
dependence can be assigned reliably to residue E4 because

8491

previous studies have confirmed that no titration is observed
for the parent peptide framework, as no ionizable residues are
included within the sequence,'” prior to the introduction of
E4. Each of the lipid membranes, DLPC, DMPC, and DOPC,
was investigated above the lipid phase transition temperature,
importantly in the physiologically relevant liquid-crystalline
bilayer phase. Because gel-phase conditions were not
investigated, the lipid phase is not a factor for the Glu
titrations reported here. Acyl chain unsaturation also is unlikely
to be a significant factor for the titration behavior, as related
experiments have shown that chain unsaturation is relatively
unimportant for the lipid interactions or orientations of helices
with charged residues.”® By contrast, bilayer thickness is highly
important for regulating the orientations of Arg-containing
helices.*

The results for titrating glutamic acid E4 reveal a pK, (4.8)
close to the aqueous value at the DLPC membrane interface
(Figure 4) and higher values of 6.3 and 11, respectively, in
DMPC and DOPC. Notably, the tilt of the E4-containing core
helix does not change with the pH in any of the membranes
that were examined, in agreement with earlier results for
helices with more buried Glu residues.'” The results are
significant because they indicate that the aqueous access of
membrane protein functional groups is variable even at
locations within or near a membrane interface. Indeed, the
pH dependence can reflect changes in helix unraveling, as
noted here, as well as changes in helix orientation, as noted
previously for Lys residue titration.'® Small perturbations
therefore will be able to influence ionization states and
membrane protein function. For example, a key glutamic acid
residue E120 in the pH “gate” of the KcsA potassium channel
is near a membrane interface and has a pK, that varies with the
K* concentration.”” When measured in 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE)/1,2-dioleoyl-sn-glycero-3-
phosphoserine (DOPS) at pH 7.5, this residue, E120, is
protonated at 50 uM [K*], yet deprotonated at 80 mM [K*].”
These results with the KcsA channel suggest a situation similar

https://doi.org/10.1021/acsomega.1c00276
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Figure 5. GALA wave plots to compare the core helix orientations for
GWALP23 when E4 or L4 is present. Quadrupolar wave plots are
presented for the helices in DLPC, DMPC, and DOPC, as indicated.
In each membrane, the core helix tilt changes when L4 (black curves)
is changed to E4 but does respond to the ionization of E4 (blue and
red data points). When E4 titrates in DLPC, the extent of the
unraveling of residue 3 changes, and residue 7 also becomes unwound
from the core helix. When E4 titrates in DMPC or DOPC, residue 3
again responds, but residue 7 remains on the curve for the core helix.
In DOPC, residue 3 is on the curve for the parent core helix with L4
but unravels when E4 is introduced and deviates still further when E4
titrates.

to the present one, where subtle factors influence the pK, of an
interfacial Glu residue. The high pK, observed for residue E4
of our model helix in DOPC furthermore offers support for
previous experiments that suggested high titration points for
more deeply buried Glu side chains in DLPC as well as
DOPC."” Indeed, the present new observations for the
increase in the E4 pK, with bilayer thickness illustrate a lipid

dependence for an interfacial residue that was not observed for
more buried residues. When a charged group is near a bilayer
interface, additional factors including water penetration and
bilayer deformation have been shown computationally to make
important contributions to the lipid—protein interactions.”*"
The diverse array of molecular interactions leads to a complex
and still puzzling picture of the membrane interface.

In conclusion, glutamic acid E4 resides outside of the
transmembrane helix of acetyl-GGALW(LA),LWLAGA-
amide, yet is adjacent to the core helix at a bilayer membrane
interface. The extent of helix unraveling is reported by
deuterated alanine A3 when E4 titrates. The ionization
behavior of residue E4 is remarkably lipid dependent, showing
pK, values of 4.8, 6.3, and 11, respectively, in DLPC, DMPC,
and DOPC bilayers. The results suggest that subtle regulatory
changes near cell membrane interfaces are likely to influence
ionization states, molecular signaling, and membrane protein
function.

B MATERIALS AND METHODS

Labeled samples of the peptide E*GW>'’ALP23 or
E*ASGW>'ALP23 (Table 1) were synthesized with sFeciﬁcally
placed ?H-alanines as described previously.”” > Briefly,
fluorenylmethoxycarbonyl (Fmoc)-amino acids were pur-
chased from NovaBiochem (San Diego, CA). Commercial L-
Ala-d, was purchased from Cambridge Isotope Labs (Andover,
MA) and was modified with an Fmoc group as described.'”
Peptide synthesis was achieved via solid-phase FastMoc
chemistry on a 0.1 mmol scale.”” Ala-d, was incorporated
either at alanine A3 (100%) or on two of the core helix
alanines at 100 and S50% respective “H label abundance.
Peptides were purified via reversed-phase high-performance
liquid chromatography (HPLC) on an octyl silica column
(Zorbax Rx-C8, 9.4 X 250 mm? S um particle size; Agilent
Technologies, Santa Clara, CA) using a gradient of 92—98%
methanol (with 0.1% trifluoroacetic acid) over 40 min. The
chromatographic purification effectively removed traces of
incompletely synthesized shorter peptides as well as any
residual traces of trifluoroacetic acid. The peptide mass and
purity are confirmed in Figure S1 of the Supporting
Information.

Solid-state NMR experiments were performed using
mechanically aligned peptide—lipid samples (1:60 mol/mol)
prepared as described”””” using DLPC, DMPC, and DOPC
lipids purchased from Avanti Polar Lipids (Alabaster, AL). For
experiments above pH 8, the alkali-stable ether-linked analogue
of DOPC was employed. Peptide/lipid films were deposited on

Table 3. Geometric Analysis of Labeled Alanines (GALA) and Gaussian Analyses of Helix Orientations and Dynamics Using

Ala-CDj; |Ay | Magnitudes”

GALA Gaussian”
lipid peptide 7o (deg)  po (deg) S, RMSD 7, (deg)  po(deg) op (deg) ot (deg) RMSD ref

DLPC GWALP23 21 305 0.71 0.7 23 304 33 s? 0.7 31

E* GWALP23°¢ 4 328 0.7 0.3 4 334 16 Sb 1.4 this work
DMPC GWALP23 9 311 0.88 1.0 13 308 44 s? 1.1 33

E* GWALP23 4 325 0.7 0.3 3 333 4 s? 1.3 this work
DOPC GWALP23 6 323 0.87 0.6 321 48 s? 0.7 31

E* GWALP23 3 373 0.82 0.5 375 24 s? 0.6 this work

“The modified Gaussian analysis followed Sparks et al,*' with S,, fixed at 0.88 and o7 fixed at 5°. “Fixed value. “The tilt of the core helix of
E*GWALP23 is observed not to change with pH (see Figure 5). The helix of GWALP23 has no ionizable residues, so its tilt also does not change

with pH.
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thin glass slides from 95% methanol, dried under vacuum
(107* Torr for 48 h), and hydrated (45% w/w) with
deuterium-depleted water (Cambridge Isotope Laboratories,
Andover, MA) containing 20 mM glycine, citrate, or tris buffer
at a specific pH value between 3 and 13."”'® The hydrated
slides were stacked in 8 mm cuvettes, sealed with epoxy, and
incubated at 40 °C for at least 48 h to enable bilayer alignment.
Bilayer alignment was confirmed by *P NMR at 121.5 MHz
using a 300 MHz (7.05 T) Bruker Avance Spectrometer with
broad-band 'H decoupling (4.2 kHz); see Figure S2 of the
Supporting Information. Deuterium (*H) NMR experiments
were performed at 46 MHz using a 300 MHz Bruker Avance
Spectrometer with a solid quadrupolar-echo pulse sequence™
with a 3.0 ps 90° pulse length, a 90 ms recycle delay, and a 115
us echo delay. The spectra were recorded using 0.9—1.4
million scans and were processed with 100 Hz line broadening.
The tilt of the core helix and, importantly, the deviation of
alanine A3 from the core helix were estimated from the *H Ala
quadrupolar splittings using a semistatic “geometric analysis of
labeled alanines” (“GALA”) method.**” Residue A3 was not
included in the calculation of the mean helix tilt. The results
for the helix orientation were confirmed by an independent
modified Gaussian analysis.”"”>> Figure 1 was drawn using
PyMol,36 licensed from Schrodinger, Inc. (Portland, OR). In
principle, either the tilt of the core helix, the rotation of the
core helix, or the deviation of A3 from the core helix could
show a pH dependence. The side chain of E4 is the only
titratable group in the E*GW*'?ALP23 peptide (Table 1).
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