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Abstract

The fusion domain of the influenza coat protein hemagglutinin HA2, bound to dodecyl
phosphocholine (DPC) micelles, was recently shown to adopt a structure consisting of two anti-
parallel a-helices, packed together in an exceptionally tight hairpin configuration. Four interhelical
H® to C=0 aliphatic H-bonds were identified as factors stabilizing this fold. Here, we report
evidence for an additional stabilizing force: a strong charge dipole interaction between the N-
terminal Glyl amino group and the dipole moment of helix 2. pH titration of the amino-

terminal 15N resonance, using a methylene-TROSY based 3D NMR experiment, and observation
of Gly1 13C’ show a strongly elevated pK value of 8.8, considerably higher than expected for an
N-terminal amino group in a lipophilic environment. Chemical shifts of three C-terminal carbonyl
carbons of helix 2 titrate with the protonation state of Gly1-N, indicative of a close proximity
between the N-terminal amino group and the axis of helix 2, thereby providing an optimal charge-
dipole stabilization of the antiparallel hairpin fold. pK values of the side chain carboxylate groups
of Glul! and Asp!? are higher by about one and 0.5 unit, respectively, than commonly seen for
solvent-exposed side chains in water-soluble proteins, indicative of dielectric constants of € = ~30
(Glull) and € = ~60 (Asp19), which places these groups in the headgroup region of the
phospholipid micelle.

The driving force for the formation of the three-dimensional fold of water soluble proteins
often is dominated by burial of the hydrophaobic surfaces of its secondary structure elements,
a-helices and p-sheets, which in turn are stabilized by internal H-bonding.! In the lipophilic
environment of membranes, burial of hydrophobic surfaces does not provide a driving force
for stabilizing the tertiary structure of membrane proteins. Instead, electrostatic interactions
between elements of secondary structure and aliphatic H-bonds have been proposed as
stabilizing factors,? although the magnitude of the energetic contribution of C*-HO H-
bonds remains a matter of debate.3 Multiple C®-H"~O H-bonds were recently identified in
the tight helical hairpin fold of the fusion domain of the HA, domain of the influenza virus
surface glycoprotein hemagglutinin.* Here, we provide evidence for an additional important
stabilizing force resulting from the charge dipole interaction between the N-terminal NH3*
group of Gly! and the dipole moment of helix 2, as evidenced by an elevated pK of the Gly!

Supporting Information Available: Experimental details regarding sample preparation and NMR measurements; one figure showing
PRE in the presence of 5-doxylstearic acid; a pulse diagram of the HACAN CH2-TROSY experiment; a pH titration of Glyl 13ca
and 15N chemical shifts in HAfp20; a plot with 13¢’ chemical shift changes between pH 9.5 and 7.6 in HAfp20; a plot comparing

the 13C chemical shift differences between the wild type HAfp23 and its GBA mutant with the difference between HAfp23 at pH 9.6
and pH 7.1; a jack-knife analysis of the data shown in Fig. 2B. This information is available free of charge via the Internet at
http://pubs.acs.org/.


http://pubs.acs.org/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lorieau et al.

Page 2

amino group and the impact of its deprotonation on the 13C’ chemical shifts of C-terminal
residues of helix 2. Stabilizing interactions between a helix dipole moment and a positively
charged titratable group have long been recognized to increase the pK value of the titratable
group,® and chemical shift changes remote in sequence from the titratable group can provide
unambiguous evidence for electrostatic interactions.®

Hemagglutinin is solely responsible for mediating the fusion of the viral and the host-cell
endosomal membranes during infection.” A “spring-loaded’ conformational change of
hemagglutinin is triggered by the low pH of the endosome, thereby exposing the N-terminal
segment of HA,.8 Following this conformational change, the first 23 residues of HA,,
referred to as HAfp23, become embedded in the target membrane.® HAfp23 is both quite
hydrophobic and glycine-rich, and represents the most conserved region of the
hemagglutinin protein.1°

Pioneering work by Lear and DeGrado demonstrated that synthetic peptides composed of
the first 20 residues of HA, (HAfp20) were sufficient to induce fusion of lipid vesicles.1
However, HAfp20, which has been the topic of numerous biophysical and biochemical
studies over the past 15 years, lacks the three C-terminal residues, Trp21-Tyr22-Gly23, which
not only are hydrophobic and completely conserved across all serotypes but also interact
with the membrane.®12 Moreover, it was recently found that these additional residues
significantly impact the tertiary structure of the peptide.# In zwitterionic dodecyl
phosphatidylcholine (DPC) micelles, HAfp23 adopts a structure consisting of two a-helices
packed together in a very tight helical-hairpin arrangement. Intermolecular NOEs between
detergent and HAfp23 indicate that its hydrophobic side faces the core of the detergent
micelle, while the more polar side is exposed to solvent,* a conclusion reinforced by
paramagnetic relaxation enhancement observed when spin-labeled lipids are added to the
detergent (SI Fig. S1). Two “Gly-ridges”, part of a GXXGXXXG and its inverse
GXXXGXXG motif, are located at the interhelical interface and enable their very tight
packing. We previously identified four interhelical aliphatic C*H® ...O=C hydrogen bonds,
between residue pairs GlyL/Trp?!, Ala®/Metl7 and Phe®/Gly13, which are known to stabilize
helical packing in membrane proteins.13

The HAfp23 structure suggested that the N-terminal amino group of Gly! may also form a
number of important hydrogen bonds that position its positive charge at the C-terminal end
of the peptide’s second a-helix, implying a charge-dipole interaction. Together, these
interactions may be responsible for the strict conservation of Gly? in all serotypes.10:14:15 |n
much of the literature, the putative protonation state of Gly® has been marked as NH,
however, and few studies have looked at this topic more closely.1® Ambiguity regarding the
protonation state of Gly! has also permeated the molecular modeling literature, where
simulations were conducted either for the protonated state,1” for multiple protonation states,
18 or for an unspecified or deprotonated state.1?

Zhou et al. found a pK of 8.69 for Gly! of the truncated fusion peptide,16 which is elevated
compared to values for peptides in solution (pK: 7.5-8.0).20 An elevated pK for this N-
terminal amino group is surprising, considering that even in aqueous solution the pK value
of the N-terminal amino group of an a-helix is depressed by about 0.5 units by the positive
potential imposed by the helix dipole moment.2! Embedding of the peptide in the
hydrophobic environment of neutral membranes would be expected to decrease its pK value
even further,22:23 but a potential a-NH5* interaction with one of the carboxyl groups of the
peptide or with the phosphate of the lipid headgroup was proposed as a possible reason for
the elevated pK of GlyL.18 This truncated fusion peptide was subsequently reported to adopt
an open ‘boomerang’ structure,2* while embedding its a-NH3* in the lipid bilayer, without
revealing any interactions that could stabilize its protonated state. We recently found that the
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open boomerang structure of truncated HAfp20, which also contains a C-terminal
“solubilization tag”, is dynamic and transiently adopts the helical-hairpin structure of
HAfp23.4 In an effort to evaluate whether stabilizing interactions in this hairpin can account
for the elevated pK value, we set out to measure the pK values of titratable groups in full-
length HAfp23. Furthermore, we measure pK values of the only two negatively charged side
chains in HAfp23 of serotype H1: Glul! and Asp1?, with Glul! found to change protonation
states at the pH where fusion is activated.

Solution NMR of membrane-binding proteins, usually carried out on detergent-solubilized
systems, 2 is a powerful approach for obtaining detailed structural information. The
protonation state of an amine group is probed most easily by its 1°N chemical shift, which
undergoes a substantial ~12 ppm upfield change upon deprotonation.28 Hydrogen exchange
rates with solvent of the amino hydrogens of Gly! are too high to permit observation of their
resonance with a standard 1°N HSQC experiment. In order to avoid ambiguity between the
Gly! amino group and the side chains of multiple Lys residues in the C-terminal
solubilization tag of HAfp23, we probed the Gly! 15N chemical shift indirectly, using a new
three-dimensional CH,-TROSY HACAN experiment, which is particularly well suited for
Gly residues (SI, Fig. S2). This experiment correlates the 1°N chemical shift of residues i
and i+1 to the 1H® and 13C% chemical shifts of residue i, assigned previously.* Gly
methylene groups in D,O solution constitute well isolated 1H®2/1H*3/13C¢ three-spin
systems, which can be detected in a resolution- and sensitivity-optimized manner by the
CH,-TROSY scheme.2”

The pH dependence of the amino terminal 1°N resonance is readily observed from cross
sections through the 3D CH,-TROSY HACAN spectra (Figure 1A), and fits well to the
standard Henderson-Hasselbalch equation (Figure 1B). The 1°N chemical shift moves from
27 ppm (NHz* form) to 13.6 ppm (NH, form) when increasing the pH, while the Gly! 13C®
chemical shift moves downfield by 2.5 ppm from 44.3 ppm to 46.8 ppm. The best-fit pK
from these measurements and those of 13C’ shifts on a separate sample (Fig. 2) is 8.80+0.04,
a value slightly above that of the truncated peptide in DPC (pK = 8.63; Sl Fig. S3).

Two factors are known to significantly impact the pK values of titratable moieties that
interact with micelles: the surface potential of the micelle and the difference in partitioning
between aqueous and apolar membrane environments for the neutral and charged forms of
the titratable group.28 The first factor is particularly pertinent for charged micelles and
membranes, as illustrated by the increased pK of the a-NH3 group of the M13 coat protein
in anionic micelles.2? The second factor accounts for the high energy associated with burial
of charged groups and the stabilization of neutralized species in membranes. So, compared
to being immersed in water, population of the charged form of a titratable group will be
disfavored in a medium of moderate dielectric constant, ¢, found at the lipid-water interface
or the even lower ¢ in the aliphatic core of the micelle.2

Literature values for the N-terminal amino group pK values of peptides and proteins in free
aqueous solution mostly fall in the 7.5-8.0 range.2 In a neutral micelle environment, the pK
for the amino group of Gly! would be expected to shift towards lower values because the
charged NH3* species is destabilized relative to the neutral NH, species in the membrane.
For example, for a somatostatin analogue peptide, an amino-terminal pK shift of —0.55 units
was observed between bulk solution and binding to a neutral bilayer surface.23 Accordingly,
based solely on the lipid-binding induced pK shift caused by the low-dielectric micelle
environment, a pK value lower than ca 7.5 is expected for Gly!. The observed Gly! pK of
8.73 is higher by at least 0.7 pH units than values expected in agueous solution; the
difference is even greater when the expected destabilization of NH3* in the decreased
dielectric environment of the micelle is taken into account, or the additional increase
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expected for its location at the N-terminus of an o-helix.21 An increase in the pK by one pH
unit is indicative of an interaction that stabilizes the NH3* form by 1.4 kcal/mol — the
increase by at least 1.5 pH units therefore corresponds to a stabilization by ca 2 kcal/mol.

In the absence of an observable 1H NMR signal for the N-terminal amino group, its potential
interaction partners previously could only be inferred from the approximate position of the
NH3* group, calculated without its stabilizing restraints.* However, pH titration allows for
straightforward evaluation of potential interaction partners, which are expected to be
significantly impacted by a change in protonation state of the amino group. As can be seen
(Figure 2), besides upfield changes in the chemical shifts of Gly?, Leu? and Ala®13C’
located proximate to the N-terminal amino group, substantial changes are also observed for
Gly20, Trp2L, and Gly23 carbonyl resonances, pointing to potential H-bonds to the Gly!
amino protons. The pH values corresponding to the midpoints of the chemical shift change
observed for these C-terminal carbonyl resonances (Figure 2B) match those of Gly1, which
further substantiates a connection between these groups. Indeed, such interactions are
geometrically allowed, and would stabilize the observed tight anti-parallel packing of the
two helices. Moreover, H-bonding of the three amino protons to Gly20, Trp?!, and Gly23
carbonyl oxygens positions the positively charged amino group close to the center of helix 2,
resulting in a favorable interaction with the dipole moment of this helix, rather than the
unfavorable charge dipole interaction that would occur if the NH3* were positioned on the
helix 1 axis. A small impact (0.1-0.2 ppm 13C’ upfield shift) of the deprotonation of Gly? is
also seen for the three carbonyls (Gly®, Met!” and Aspl?) that make a-helical H-bonds to
these carboxy-terminal residues. Even though a weakening of an H-bond is known to be
associated with an upfield 13C’ shift, it should be noted that quantitative interpretation of the
observed 13C’ shift changes is difficult, because the loss of an intramolecular H-bond to a
carbonyl oxygen almost certainly will be replaced by an H-bond to a water molecule or to a
choline headgroup of DPC, with an interaction strength and impact on the 13C’ shift that is
difficult to calculate quantitatively.

Further evidence for destabilization of the helical hairpin structure at high pH can be found
in the 13C® chemical shift changes that occur upon deprotonation of Gly-NH3*. These
changes correlate fairly well with the 13C chemical shift difference seen between the tightly
folded HAfp23 sequence at pH 7.4, and 13C® chemical shifts observed for a G8A mutant,
designed to disrupt the tight antiparallel packing of the two helices (Figure S4).
Interestingly, the spectral data observed for GBA also correlate well with those of the
truncated HAfp20 fusion peptide (data not shown), which presumably is destabilized
because it lacks the three helical C-terminal residues found to interact with the Gly! amino
group in HAfp23.

Titration plots for Glul! and Aspl® show that 13C chemical shifts move upfield as the
carboxylates are protonated: by 3.3 ppm for Glull, and by 3.2 ppm for Asp1? (Figure 3). A
non-linear fit of the titrations to the Henderson-Hasselbalch equation yields pK values of
5.31 for Glu! and 4.35 for Aspl®. A satisfactory fit was achieved without recourse to a Hill
coefficient. Compared to model pentapeptides, which have side chain pK values of 4.25 +
0.05 (Glu) and 3.90 + 0.02 (Asp),?! the pK values in HAfp23 are higher by 1.1 (Glul) and
0.5 (Asp™?) units.

In the absence of stabilizing interactions, a shift in pK can be attributed to the decreased
local dielectric constant near the titratable group, resulting from its location with respect to
the water lipid interface. For small indicator molecules, a one unit change in pK between
water and a neutral micelle solution has been translated into a shift from & =80 to £ =32.28
pK values we find for the side chain carboxylate groups of Glul! and Aspl9 are higher by
about one and 0.5 unit, respectively, than commonly seen for short reference peptides in
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water, and if these changes are attributed to the change in dielectric constant for the neutral
DPC micelle, one similarly obtains & = ~30 for Glul, and & = ~60 for Asp19, which places
these side chain carboxylates in the headgroup region.

A previous study of the 25-residue H3 subtype fusion peptide in SDS micelles reported pK
values for Glul, Glul® and Aspl® of 5.91, 5.25, and 5.19, respectively.3? These pK values
in negative micelles are 0.6-0.8 units higher than those found by us in neutral micelles, an
effect that may be attributed to the negative charge of the SDS sulfate head-groups, giving
rise to a strong negative surface potential for the micelle, which further destabilizes the
negatively charged carboxylate state. The increase in pK between charged and neutral
micelles can be quite significant: a pK increase as high as +2.3 has been observed between
species bound to neutral and negatively charged micelles.28

The functional roles of Glu! and Asp?? in the fusion peptide are not entirely clear.
Serotypes with Ala and Asn substitutions for Asp1 also occur,10 while Glul is strictly
conserved. However, hemagglutinin protein with an E11V mutation is fusogenic and shows
no change in the optimal pH of 5.5 for fusion.1® Interestingly, however, the pK of Glul!
coincides with this optimal pH of fusion, and even though the monomeric structure of
HAfp23 does not change significantly between pH 4.0 and 7.4,% the protonated state of
Glu'l may be required for switching to the postulated oligomeric structure required for
actual fusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

pH titration of the N-terminal amino 1°N resonance of Gly! with the HACAN CH,-TROSY
experiment. (A) Superimposed small regions of 1H/1°N cross sections taken through the 3D
CH,-TROSY HACAN spectrum of HAfp23, showing the correlation between the

Gly! 1H2/1Ha3 and amino 15N chemical shifts. (B) The Gly! backbone amino 1°N (black)
and 13C® (red) chemical shift dependence on pH is shown. A non-linear least-squares
regression was used to fit the Henderson-Hasselbalch equation to the titration curves. The
fitted values are: pK = 8.73%0.07, 15N and 13C® chemical shifts of 27.0£0.6. ppm and
44.3+0.1 ppm, respectively, for the protonated form (NH3*), and 13.6+0.4 ppm and
46.8+0.1 ppm, respectively, for the deprotonated form (NH>). The fitted pK value when
measuring the Gly1 13C’ shift on a separate sample (Fig. 2) is 8.84+0.05.
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Figure 2.

Changes in the 13C’ chemical shifts on titrating the amino group of GlyL. (A) Superimposed
small regions of cross-sections taken through the 3D HCACO spectra of HAfp23, recorded
at pH values ranging from pH 7.09 to 9.62, with 13C’ chemical shift changes summarized in
(C). The Gly8 13C’ chemical shifts could not be identified uniquely due to spectral
congestion and are not reported. (B) pH dependence of Gly 13C’ (green, right axis) and 13C’
chemical shifts of various residues near the end of helix 2. Reported chemical shift changes
are relative to values measured at pH 7.09. Traces shown represent nonlinear regression fits
to the Henderson-Hasselbalch equation, yielding: A8 = 7.1+0.2 ppm and pK = 8.84+0.05 for
Glyl; A8 = —0.08+0.02 ppm and pK = 8.9+0.2 for lle18; A§ = —0.4620.02 ppm and pK =
8.84+0.09 for Gly2%; A§ = —0.35+0.06 ppm and pK = 8.9+0.2 for Trp?!; A8 = +0.37+0.04
ppm and pK = 8.87 £0.10 for Gly23,
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Figure 3.

Chemical shift titrations of the carboxylate groups of Glul! and Asp?®. (A) Superimposed
small regions of cross sections taken through the 3D HCCO spectra taken over the range
from pH 6.5 to 2.9, showing the correlation between the carboxylic acid 13C and its vicinal
methylene 1H chemical shifts. Chemical shift versus pH for (B) the Glul! side chain 13C?
(black) and 13CY (red), and (C) the Asp?? side chain 13CY (black) and 13CP (red) are fit to the
Henderson-Hasselbalch equation using non-linear least-squares regression. Fitted values for
(B) are: pK = 5.31+0.01, with 13C3 and 13CY chemical shift of 179.2 ppm and 33.0 ppm,
respectively, for the protonated form (COOH), and a 13C% and 13CY chemical shift of 183.2
ppm and 36.3 ppm for the deprotonated form (COO™). Fitted values for Aspl® are: pK =
4.35+0.02, with 13CY and 13CP chemical shift of 175.5 ppm and 37.1 ppm, respectively, for
the protonated form, and 13CY and 13CP chemical shifts of 178.8 ppm and 40.3 ppm for the
deprotonated form (COQO™).
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