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ABSTRACT

SOLID STATE NUCLEAR MAGNETIC RESONANCE STUDIES OF STRUCTURES
AND MEMBRANE LOCATIONS OF PEPTIDES

By
Li Xie
Solid state nuclear magnetic resonance (SSNMR) can be used to study the structures
of molecules such as small peptides and large proteins. Different structures correspond
to different chemical environments and thus yield different chemical shifts in NMR
spectra. In addition, SSNMR can also be used to probe membrane locations of peptides
and proteins and provide insights into their biological functions. This dissertation mainly

focuses on the structural and membrane location studies of peptides by rotational-echo

double-resonance (REDOR) SSNMR, which is a technique for measuring distances

. 13 15
between two coupled hetero nuclei suchas = C and ~ N.

Influenza fusion peptide (IFP) is the N-terminal peptide of the HA2 subunit of the
influenza hemagglutinin (HA) protein and this peptide plays an important role in the
membrane fusion between the virus and the endosome of the host cell. There are 15

different HA subtypes. | studied the structure of membrane-associated H3 subtype IFP

(H3_IFP) by 13C-15N REDOR SSNMR. SIMPSON simulations of the data indicate that

H3_IFP adopts predominantly closed and semi-closed structures in membranes.

Similar to IFP, human immunodeficiency virus (HIV) fusion peptide (HFP) is the
N-terminal peptide of the viral gp41 fusion protein and this peptide plays a key role in

the HIV-host cell membrane fusion. HFP adopts major antiparallel and minor parallel



sheet structures in membranes. Earlier fluorescence spectroscopy and SSNMR studies

support a strong positive correlation between the membrane insertion depth and

- 19 L . . .
fusogenicity of HFP. However, the ~F labeling in earlier membrane location studies of

HFP may perturb the membrane bilayer integrity. Due to this concern, 13C-2H REDOR

was developed to detect the residue-specific membrane location of HFP, where one

residue of HFP is backbone 13CO labeled and the lipid is either perdeuterated or

. . . . 1 2 . .
selectively deuterated in its acyl chains. Since "H and H are chemically equivalent,

there is no perturbation on membrane bilayer integrity as well as peptide-lipid interaction

regardless of what fraction of deuterated lipid is used. The 13C-ZH REDOR pulse

sequence was optimized using the setup peptide I4.
The membrane locations of two peptides, HFP and KALP, were studied by 13C-

2H REDOR, where KALP is a designed transmembrane o helical peptide. Fitting of the

REDOR data revealed that both peptides have multiple locations within the membrane
hydrocarbon core. The multiple locations are attributed to the snorkeling of lysine
sidechains on both termini for KALP and to the distribution of antiparallel B sheet
registries for HFP. HFP has a ~0.7 fraction of deep insertion and a ~0.3 fraction of
shallow insertion in the membrane. The predominant deep insertion of HFP may
significantly perturb the membrane bilayer structure and lower the activation energy of
membrane fusion, which is consistent with the observed positive correlation between

the membrane insertion depth and fusion rate for different HFP constructs.
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Chapter 1 - Introduction
1.1 NMR background
NMR interactions

For any NMR-active nuclei with nuclear spin quantum number | # 0, they can
interact with the electric and magnetic fields and the interactions can be divided into two

categories, external and internal. The external interactions are between the nuclear spin

and external fields such as the static magnetic field Bo (Bo = Boz) and radio frequency
(r.f.) pulse field Bl.a The internal interactions are between the nuclear spin and the

intrinsic fields such as J-coupling field Bj and chemical shift field Bcs. The total
Hamiltonian of the spin is

—H,, +H,, :(I:IZ+I:|RF)+(I:|J+I:|CS+I:ID+I:IQ) (1.1)
where

H, is the Hamiltonian of Zeeman interaction between the spin and B, field;

A

H.- is the Hamiltonian of the spin interaction with the B field;

I:IJ is the Hamiltonian of J-coupling interaction (indirect nuclear dipole-dipole coupling)

between two spins;

% In this dissertation, letters or symbols representing vectors are displayed in bold, and
letters or symbols representing quantum mechanical operators have a " above them.



H.s is the Hamiltonian of the spin interaction with chemical shift field (electronic
shielding field) induced by B field;
|:|D is the Hamiltonian of direct nuclear dipole-dipole coupling between two spins;

I:|Q is the Hamiltonian of quadrupolar interaction between the electric quadrupole

moment of a quadrupolar nucleus (I > 1/2) and the surrounding electric field gradient.

Zeeman interaction
For a nucleus having a spin quantum number | (I # 0), the nuclear spin energy

splits into (21 + 1) levels in the static magnetic field Bo. This interaction is referred to as

Zeeman interaction and the Hamiltonian is[1]

H, = —i-Bo (1.2)
where [1 is the nuclear magnetic moment operator and is given by
fi=yhl=vyalil +jl +ki] (1.3)

where v is the nuclear gyromagnetic ratio, #is the Planck constant divided by 2, lis the
nuclear spin operator, and i, j, and k are the unit vectors in the x, y, and z axes,

respectively.

Incorporation of equation 1.3 into equation 1.2 yields

A

H, = —yAl B (1.4)

2 —

The eigenfunctions of |:|Z are the wavefunctions describing the (21 + 1) states of the spin



in the By field. The eigenvalues of I:IZ are the energies associated with different states

of the spin and are obtained through

A, [Lm) = -yaBol, | m) (1.5)
where |I,m)is an eigenfunction of Tzwith an eigenvalue of m, i.e.

L [Lm)y=m]Lm) (1.6)
Incorporation of equation 1.6 into equation 1.5 yields

A

H, [Lm) =—yABom|[lm) =E, [l m) a.7)
where E| m is the energy associated with the spin state m. For a spin-1/2 nucleus such
as 13C, possible values of m are +1/2 and -1/2. For the m = +1/2 state, i.e. o state, the

spin energy E, = -%yh Bo. For the m = -1/2 state, i.e. § state, the spin energy Eg = %y

h Bo. The energy difference between a and B states is

AE =Eg-Eq=v1Bo (1.8)
The nuclear magnetic moments associated with the o and [ states are displayed in
Figure 1.1. Each magnetic moment u experiences a torque I' = u x Bg from the B field

and precesses about B clockwise with an angular frequency of yBo. This precession is

called Larmor precession and the corresponding frequency is called Larmor frequency.

At the thermal equilibrium, the magnetization M, which is the vector sum of all individual



magnetic moments of all nuclei of a specific type (e.g. 13C), is along the direction of B,

i.e., z axis.

Since the static magnetic field Bg is usually orders of magnitude greater than the

internal magnetic fields such as dipolar field and chemical shift field, Zeeman interaction
is much stronger than the internal interactions. In this case, the internal interactions are
treated as perturbations of Zeeman interaction. For any type of internal interaction, its
Hamiltonian can be divided into two parts, the secular part which commutes with
Zeeman Hamiltonian and the non-secular part which does not. Since only the secular
part affects the observable spectrum to the first order, we do not consider the non-
secular part, i.e., the non-secular part of an internal Hamiltonian is truncated. This type
of treatment is referred to as secular approximation.

‘Z
BO

Mo

0o = YB, m=1/2

m=-1/2

Hp

Figure 1.1 The two spin states of a spin-1/2 nucleus in the static magnetic field Bg. The
field Bo is along z axis. The two magnetic moments pg and pg (blue) are under Larmor
precession about the field Bo with an angular frequency of wg = yBo.



Interaction with B field (r.f. pulses)

In a SSNMR probe, the solenoid coil generates a B1 field when applying r.f.

pulses. Take a 90y pulse for example, the B1 field is

B1 (t) = Bicos(mt)x (2.9)

where o = 2nv and v is the frequency of the 90y pulse set by the spectrometer, and x is

the unit vector along x axis. This oscillating B1 field can be divided into two components,

the resonant part Bi* and non-resonant part B*"":

res —
B, =

Bi[cos(wt)x - sin(mt)y] (2.10)

N~

gromes = %Bl[cos(cot)x + sin(ot)y] (1.11)

The BTP* component rotates clockwise in the xy plane and B!°"™ rotates
counterclockwise. As previously discussed, the magnetic moment of each spin state is
precessing clockwise about the By field. Therefore, only the B;* component affects the
nuclear spins since it rotates in the same sense as the spin precession (Larmor
precession) while the B]°"™* component does not.

In SSNMR, we usually run experiments under magic angle spinning (refer to the

"MAS" section for details), where the solenoid coil in the probe has an angle of 54.7°



(magic angle) with the Bg field. In this case, for a B1 field generated along the solenoid

coil axis, only a ~0.4 fraction (0.5 x sin54.70) of it is utilized in the experiments.

For a magnetization M under the B field of a r.f. pulse, it experiences a torque

I'=M x B1 and precesses about the B field with an angular frequency of yB1. Such a

precession is called Rabi precession and the frequency is called Rabi frequency. The

direction of the torque I" can be determined using the right-hand rule: first point the four

fingers of your right hand along M, then curl your fingers toward the direction of By, the
thumb is now pointing along the torque I'. For instance, if M is along z axis, B1 is along
x axis, then I'is along y axis. For any r.f. pulse, its flip angle 6 = yBjtp, where 1p is the
duration of the pulse. 6 = /2 for a 90 pulse and = for a 180y pulse, where x is the r.f.
pulse phase and refers to a B1 field along the x axis. Figure 1.2 displays the effects of a
90y pulse and a 180y pulse on the magnetization M which is initially along z axis at the
thermal equilibrium. For an x pulse, its Hamiltonian is

Hee=-ho1l = -ynB1l, (1.12)

Note that equation 1.12 corresponds to the r.f. pulse Hamiltonian in the rotating frame

(refer to the "Rotating frame" section for more details) since the term B is static, as

opposed to equation 1.9, which corresponds to the laboratory frame where the B1 field

is oscillating as a function of time.
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Figure 1.2 Rabi precession of the magnetization M (initially along z axis) about the B
field of a 90y pulse (a) and a 180y pulse (b).

J-coupling interaction

J-coupling, sometimes also known as scalar coupling, is the indirect nuclear
dipole-dipole interaction through bonding electrons. There are several mechanisms
proposed for J-coupling, of which the most important one is the Fermi contact

mechanism[2].

According to this mechanism, both bonding electrons in the X-Y bond (X and Y are both
NMR-active, i.e. | # 0) spend a finite time at the point of nuclei X and Y, in which case
the electron and the nucleus are said to be in Fermi contact. In the X-Y bond, it is more

stable (i.e. lower energy) when nucleus X (or Y) and the electron in Fermi contact have

7



antiparallel angular momentum. Since the gyromagnetic ratio is usually positive for a

13 . 1 . . "
nucleus (e.g. ~ C, "H, etc) and negative for an electron, it means it is more stable when

the magnetic moments of the nucleus and electron are parallel. Therefore, when
nucleus Y is spin-up, the electron in Fermi contact will be also up. According to the Pauli
exclusion principle, the other electron in the X-Y bond must be down since the two
electrons occupy the same molecular orbital. In this case, the more favorable spin state
of nucleus X will be down. Similarly, when Y is spin-down, the more favorable spin state
of X will be up. This tells us the o state of X is more favored (i.e. lower energy) when Y
is in B state and less favored (i.e. higher energy) when Y is in o state due to the X-Y J-
coupling interaction. Similarly, the  state of X is more favored when Y is in o state and
less favored when Y is in 3 state. The nuclear and electron spins in the X-Y bond and
the spin energy diagram of X with and without the X-Y J-coupling interaction are

displayed in Figure 1.3a. If Y is a spin 1/2 nucleus, the X-Y J-coupling will result in two X
peaks in the spectrum with a spacing equal to the J-coupling constant, Jxy (Figure

1.3b).
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Figure 1.3 J-coupling mechanism. (a) Nuclear and electron spins in the X-Y bond and
the spin energy diagram of nucleus X with (black) and without (blue) the X-Y J-coupling
interaction. (b) Peak splitting of nucleus X in the spectrum due to the J-coupling
between X and Y, where Y is a spin 1/2 nucleus.

The Hamiltonian of J-coupling between two spins |j and Ik is

A

H,=2m Jjkl - 1 (1.13)

where T] and L are the nuclear spin operators and Jjk is the J-coupling tensor. Jjk is a 3

x 3 matrix depending on the molecular orientation but it reduces to a number in isotropic

liquids. That is why sometimes J-coupling is also called scalar coupling.

J-coupling is the most important spin interaction for solution NMR but not
considered in most cases for SSNMR since it is usually the weakest spin interaction

existing in solids and is sometimes eliminated by decoupling pulses.



Isotropic and anisotropic chemical shift interactions
In a molecule, the electrons are either surrounding the nuclei or located at the

chemical bonds. For a molecule in the presence of the external magnetic field Bg, the

electrons which are moving about a nucleus or within a chemical bond will also move

under the Lorentz force from Bg. This type of electron motion generates a magnetic field

called shielding field or chemical shift field. Since different molecules in a sample have

different orientations with respect to the B field, the directions of the induced electric

current and shielding field will also vary from molecule to molecule. Although the

shielding field could be in different directions relative to Bg, only the component along
By is relevant according to the secular approximation. In most cases, the shielding field

decreases the magnitude of By experienced by a nucleus and thus moves the chemical

shift of the nucleus to a higher value. However, in a paramagnetic species which

contains unpaired electron(s), the shielding field may increase (add to) the magnitude of

Bo experienced by a nucleus. The Hamiltonian of shielding interaction (chemical shift

interaction) acting on a spin | is

Hes =-v1Boo- 1 (1.14)

where 1 is the nuclear spin operator and o is the shielding tensor which is a second-

rank tensor and can be represented by a 3 x 3 matrix. To understand o, we can take a
look at the electron distribution around a nucleus in a molecule. In general, the electron

distribution is not spherically symmetric. In this case, the size of the shielding depends

10



on the molecular orientation with respect to the external magnetic field Bo. The

shielding tensor o is then used to describe how the size of shielding varies with the

molecular orientation. There is an axis frame associated with the shielding tensor o,

called principal axis frame (PAF), in which there are three principal axes, xPAF, yPAF,

and zPAF (Figure 1.4). The principal values associated with the three axes in PAF are
oxx, Oyy, and czz , respectively. The orientation of PAF is determined by the electronic

. . 13 .. 13 .
structure of the part containing the nucleus of interest (e.g. = C in the ~ CO group) in a

molecule and is fixed with respect to the molecule.

=)
Z AF(GQ)

chemical shift (ppm)

Figure 1.4 Principal axis frame (PAF) and the shielding tensor (red). The two polar
angles defining the orientation of Bg in PAF are 6 and ¢, where 6 is the angle between
Bo and the principal axis zPAF and ¢ is the angle between the projection of Bg in the
PAF . . _PAF . . ,
(xy) plane and the principal axis x ~ . The three principal values associated with

the three axes in PAF are oxx, oyy, and czz , which also correspond to the three
principal chemical shifts in the CSA (chemical shift anisotropy) powder pattern. The PAF
frame at the lower right corner displays the angles a, 3, and y used in equation 1.15.
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In general, the chemical shift of a nucleus depends on the orientation with respect

to the external magnetic field Bg. To better understand this, let us take 13CO for
example. The backbone 13CO chemical shift of a peptide or protein depends on the
orientation of its shielding tensor o relative to Bg. The three PAF axes of o are
. - . PAF
displayed in Figure 1.5a. Assuming the angles between By and the three axes x =,
PAF

y ,and zPAF are respectively a, B, and y (refer to the PAF frame at the lower right

corner of Figure 1.4), the 13CO chemical shift is then defined as:
2 2 2
G = GxxCOS O + OyyCOS P + 6zzCOS ¥ (1.15)

where oxx, oyy, and czz are the three principal values associated with PAF and are also

the three principal chemical shifts displayed in Figure 1.5b. For solids under MAS (refer
to the "MAS" section for details) or solutions with rapid molecular tumbling, the isotropic

chemical shift results and is given by

1
Giso = 3 (oxx + oyy + 677) (1.16)

- . 2 2 2 1
This is because the time-average values <cos o> = <coS B> = <c0S y> = 3 under

MAS or rapid molecular tumbling. Without MAS or rapid molecular tumbling, the

backbone 13CO of a peptide or protein may yield a CSA powder pattern similar to the

one in Figure 1.5b (the red spectrum).

12



The chemical shift field (shielding field) can be divided into two components,
isotropic field Bcs,iso and anisotropic field Bcs aniso- The total chemical shift

Hamiltonian is

A = {-oisoyiBo+ %&;sh [3c0s0 - 1 - nessin“6 cosH)} 1 (1.17)

where ocjsg Is the iSOtrOpiC chemical shift, d¢c5 = 'YBO(GZZ - Gigo), Ncs = (ny 'Gxx)/(Gzz -

ciso) and is called asymmetry parameter, 6 and ¢ are the polar angles of Bg in the PAF

frame (refer to Figure 1.4)[3]. The first term in equation 1.17 corresponds to isotropic
chemical shift interaction whereas the second term corresponds to anisotropic chemical

shift interaction. When the nucleus is at a site of axial symmetry, the shielding tensor

has a PAF in which the zPAF axis coincides with the symmetry axis and thus

Oxx = Oyy # Gzz. In this case, the asymmetry parameter ncs = 0.

13
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Figure 1.5 (a) The PAF frame of backbone 13CO in a peptide or protein. The zPAF axis

is perpendicular to the C—CO—N plane. The xPAF and yPAF axes are both in the C—

CO—N plane with XPAF perpendicular to C=0 and yPAF parallel to C=0. (b) 13CO CSA

powder pattern. The three chemical shifts are oxx = 247 ppm with By parallel to xPAF,

oyy = 176 ppm with Bo parallel to yPAF, and ozz = 99 ppm with Bg parallel to zPAF.

Dipolar coupling interaction

When two nuclear spins are close to each other in space, the magnetic moment
of one spin interacts with the magnetic field generated by the other spin, and vice versa.

This type of interaction between two spins is called dipolar coupling and the field is

called dipolar field. The dipolar field has a distance dependence of 1/r3 and an
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. . 2 .
orientation dependence of (3cos 6-1) for the secular component, where r is the

internuclear distance between the two spins and 0 is the angle between By and the

internuclear vector (Figure 1.6).

Bo
A

Figure 1.6 Definition of the angle 6 and distance r for the dipolar interaction between
nucleus | and S. By is the external magnetic field which is along the laboratory frame z
axis.

There are two types of dipolar interaction: homonuclear and heteronuclear dipolar

coupling. The Hamiltonian of homonuclear dipolar coupling between two spins 11 and I

of the same isotope is

2
A= e n 2 @eos”0 - DELL-1- 1) (118)
T or2

where pg = 41 X 10_7 H/m and is the permeability of free space, 6 and r are defined in

Figure 1.6, and Tland iz are two vector operators of spin 1 and 2, respectively. The

Hamiltonian of heteronuclear dipolar coupling between two spins | and S of different

isotopes is
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A

I L T 2 T &
H.= —fepllls = (3cos“0-1)21S 1.19
ST g 2 ¢ )2LS, (1.19)

where the term Z—"h% is called dipolar coupling constant (in units of rad/s). For the
T

dipolar coupling constant between | and S in units of Hz, it is defined as

Ho . V)Y uhyy
d= _Ohﬁ 121 = o 11IS 1.20
(Gt Vem= 1550 (1.20)

Using equation 1.20, we can derive that 13C-15N dipolar coupling in Hz equals 3066/r3
13 .2 . L 3 . . .
and ~~C-"H dipolar coupling in Hz equals 4642/r”, where r is the distance in A.

Notice that the spin part of equation 1.18 differs from that of equation 1.19, to
understand this, we can first take a look at the interaction between Zeeman Hamiltonian

and the homonuclear dipolar Hamiltonian. The Zeeman Hamiltonian for two same spins

I1 and I is H, = -y2Bo(l,+1,). We can do the calculation to see whether or not the

operator |- 1, commutes with H,:
(A, k- L1=-v2Bol(l, +L,), (L, + 1L, +1,L,)]
= -y Bo{l, (b, + kb, +L,b) + L, (LL, + 1L, + LD}
= -yh Bo{ll, LIL, + [, b, 1L, + 1L, L1L,

b, LI + [0, b, T, + 1L, 1,11,

= -yh Bo il L, — il L, +0+ifl, L, —inL, 1 +0}
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=0 (1.21)

Therefore, the operator TlL commutes with I:|Z for homonuclear dipolar coupling.

However, for heteronuclear dipolar coupling, since the two spins | and S have different

gyromagnetic ratios, the y in equation 1.21 can no longer be put right in the front of the
equation. As a result, the component (1,1, +11,) of the operator -1, no longer
commutes with Zeeman Hamiltonian of the two spins. According to the secular
approximation discussed earlier, 1,1, +1, L, is the non-secular part of the heteronuclear
dipolar Hamiltonian and is thus truncated. That is why the spin part of homonuclear
dipolar Hamiltonian is 3l,L, —Ll, (equation 1.18) while for heteronuclear dipolar
Hamiltonian it is Zizéz (equation 1.19). The heteronuclear dipolar coupling will be
discussed in more details in the "REDOR" section.
Quadrupolar interaction

If a nucleus has a spin quantum number greater than 1/2, it is referred to as a
guadrupolar nucleus, e.g. 2H (I=1) and 23Na (I = 3/2). The charge distribution of a

guadrupolar nucleus is displayed in Figure 1.7 and results in a non-zero electric
guadrupole moment eQ, where e is the charge carried by a proton and Q is specific to
the nuclear isotope. The electric quadrupole moment interacts with the electric field
gradient (resulting from the non-uniform electron density distribution) at the location of
the nucleus and this interaction is known as quadrupolar coupling. The magnitude of
guadrupolar coupling depends on the magnitudes of the electric quadrupole moment of

the nucleus and the electric field gradient. For a quadrupolar nucleus, the quadrupolar
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interaction affects the nuclear spin energy levels as other previously discussed

magnetic interactions do.

(@) (b)

(c) @ (d) Q
Figure 1.7 Electric properties of a quadrupolar nucleus. (a) prolate charge distribution.
(b) oblate charge distribution. (c) electric quadrupole moment of (a) with a positive sign

(e.g. itis 2.8 x 10’ ! m2 for 2H). (d) electric quadrupole moment of (b) with a negative

sign (e.g. itis -2.6 x 10°3% m? for 17O)[4].

The quadrupolar Hamiltonian is

eQeq 1

_.tkeq 1 2 a .2 1 >
Q= 2I(2I—1)h2[3005 0-1-ngsin 8cos(2<1>)]2[3|Z I(1+1)] (1.22)

where e is the elementary charge, Q is the magnitude of the electric quadrupole

moment, q is a value associated with the electric field gradient tensor, | is the nuclear

spin quantum number, 6 and ¢ are the polar angles of the B field in the PAF, ng is the

asymmetry parameter of the electric field gradient tensor, and TZ is the z-component of
the nuclear spin operator. Since the electric field gradient tensor has an orientation

dependence of [300326 -1- anin28 cos(2¢)], the quadrupolar Hamiltonian also has this
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dependence. The term

e(%eq in equation 1.22 is called quadrupolar coupling constant

(QCC) and is in units of rad/s. As for the QCC in units of Hz, it is defined as

_eQeq
L=

(1.23)
For 2H (1 = 1) in aliphatic C-ZH bonds, y is ~170 kHz[3]. To better understand the

. . . 2 . . . 2
guadrupolar interaction, we will take "H in aliphatic C-'H bonds as an example and

discuss in some detail. The 2H guadrupolar energy is given by

eQeq 1 2, . 2 1., 2
Q- 2I(2|_1)§[3cos 0 - 1 -ngsin 0 cos(2¢)] > [Bm* - 1(1 + 1)]
T 2 .2 2
= th [3cos 0 -1-ngsin 0 cos(2¢)l(3m - 2) (1.24)

where y is 2H QCC and m has three possible values of -1, 0, and 1 which correspond to

the three different spin states of 2H. For a fixed orientation (i.e. fixed 6 and ¢), different

spin states (m = +1 vs m = 0) have different nuclear charge distributions and thus

different electric quadrupole moments, which cause different quadrupolar interactions
and energies. For 2H in aliphatic C-2H bonds, ng = 0. In this case, equation 1.24 can be

simplified to

Eo= %xh (3c0s°0 - 1)(3m° - 2) (1.25)
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where 6 is one of the two polar angles of By in the PAF and refers to the angle between
the C-ZH bond and Bg. Next we will discuss the orientation dependence of the

quadrupolar energy Eg and how it affects the 2H resonance frequency.

(2) When 6= 0°, 3c0s™6 - 1 = 2, EQ = o (3m°-2). Form =-1,0, and 1, Eq is

respectively E.1 = %Xh Eo = -nyh, and Ep = %Xh There are two transitions for 2H,

oneism=1— m =0 and the otheris m =0 — m =-1. Assuming the Zeeman energy

form=-1,0,and 1is +E', 0, and -E', respectively, in this case, the energy difference for

the m=1— m=0and m=0— m =-1transitions is AE, , = E'- %Xh and AE,

=E'+ %xh respectively. Therefore, the resonance frequency forthe m=1—- m =0

and m =0 — m = -1 transitions is v, , = V' - %X and vy, , =V + %X respectively,

where v' = E'/h is the 2H Larmor frequency without considering the quadrupolar

. . 2 . , . .
interaction. If we set the "H transmitter frequency at v', we will observe two signals in

the 2H spectrum, one at %X (in Hz, not in ppm) resulting fromthe m =1 - m =0

transition and the other at %X resulting from the m = 0 — m = -1 transition (Figure

1.8a).
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(b) When 0 = 54.7°, 3c0326 -1=0, Eg =0 for all m values. In this case, the m =1

. . . . 2
— m=0and m=0 — m = -1 transitions yield a signal at the same frequency in the H

spectrum (Figure 1.8b).

(c) When 6 = 90°, 3c0s”6 - 1 = -1, Eqg = S (3m° - 2). Form =-1, 0, and 1, Eq
is respectively E.; = %Xh Eo =gnxh, and E; = %Xh The energy difference for the

m=1— m=0and m=0 — m = -1 transitions is respectively AE, , =E' + %Tcxh and

AE,, , = E'- %xh Therefore, the resonance frequency forthe m=1 — m =0 and m

=0 — m=-1transitionsis v, , = v' + %X and vy, , =V - gx respectively. For this
: : , : : 2 . 3 .
orientation, we will observe two signals in the "H spectrum with one at §X resulting

from the m =1 — m = 0 transition and the other at gx resulting fromthem=0— m=

-1 transition (Figure 1.8c).
When we consider all the possible 6 values, i.e. all the possible C-2H bond

. . , . 2 .
orientations with respect to B, we will observe a H quadrupolar powder pattern, which

is also referred to as Pake doublet, as displayed in Figure 1.7d, where the black and

blue component spectra correspond tothe m =0 > m=-1land m=1—- m =20

transitions, respectively.
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(b) g=54.7°
|
0
() p=90°

38 0 398

(@ 0=90° 0=90°

m=0-= m=-1
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Figure 1.8 Orientation dependence of the 2H spectra for aliphatic C-2H bonds. (a) 6 =
0°. (b) 6 =54.7°. (c) 6 = 90°. (d) ’H Pake doublet for all possible 6 values, where 0 refers
to the angle between the C-ZH bond and B field.

Rotating frame

In the laboratory frame, the B1 field of a pulse rotates with an angular velocity of

o in the xy plane, where ® is the transmitter frequency of the pulse. We call it

transmitter frequency for the reason that a radiofrequency transmitter is used to
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generate the pulse. However, in the rotating frame, the xy coordinate system rotates

with an angular velocity of oy, where oy is the so-called rotating frame frequency. When

we set the transmitter frequency the same as the rotating frame frequency (as is usually

the case), the B field of a pulse appears to be static, i.e. the time dependence of the

field is removed. This makes it much simpler to work out the effect of the B1 field on a

nuclear magnetization. In the rotating frame, the apparent precession rate of a

magnetization is (oo - ®f), where oo = yBg is the Larmor frequency. This difference

frequency, mg - o, is often referred to as the resonance offset frequency wr.g,, i.€.

®r.0. = ®Wo - Or (1.26)

According to the relationship o = yB, the resonance offset field is given by

Br.o. = (or.0./y)Z (1.27)

where the field By, is along the z axis and refers to the secular component of the

apparent magnetic field experienced by a nucleus in the rotating frame. If we set the

transmitter frequency o close to the Larmor frequency oo and set o the same as the

rotating frame frequency oy, the resonance offset frequency wr.o. Will be close to zero

and thus the field By o. will be very small. As the magnitude of By . is small relative to

that of the r.f. pulse field B1, the r.f. pulses can work efficiently on the nuclear

magnetization and cause rapid spin transitions. However, for quadrupolar nuclei which

have a broad Larmor frequency distribution, no matter where we set the transmitter
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frequency, there are large resonance offsets for some of the nuclei and thus Byo./B1

may not be close to zero. For such nuclei, the spin transitions caused by the r.f. pulses
may be slow. Since the r.f. pulse duration is usually very short (in the order of us), the

nuclei with large resonance offsets may not be affected by the pulses. To solve or

minimize this issue, a strong pulse field B1 is usually applied to compensate the large

resonance offsets of quadrupolar nuclei. In the next paragraph, we will discuss in some

detail about how can a spectrometer detect an NMR signal (the xy component of a

magnetization, i.e. the transverse magnetization) with a resonance offset frequency or.o.

in the rotating frame while the transverse magnetization actually precesses with a

Larmor frequency wg.

In the NMR spectrometer, a mixer is used to mix two input signals together. One
is the NMR signal (i.e. transverse magnetization of the observed nuclei) from the probe

and the other is a signal generated by the local oscillator. Suppose the NMR signal from

the probe is Acoswot where A is the overall signal intensity and og is the Larmor
frequency. The local oscillator generates two types of signals which are 90° out of
phase: cosort and -sinwrt, where oy is the receiver frequency and is usually the same as

the transmitter frequency[5]. When the local oscillator generates the signal cosot, the

mixer multiplies together the NMR signal and the local oscillator signal and yields:

AC0Smgt X cosort = %A[cos(coo + op)t + cos(wg - or)t] (1.28)
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After the mixing process, a low-pass filter is used to filter out the term cos(wg + o)t and
thus only the term cos(wg - wr)t survives. In this case, the output signal of the mixer is
cosine modulated and has a frequency of wg - @ which is exactly the resonance offset

frequency oy o. in the rotating frame. This cosine modulated signal is equivalent to the x

component of the magnetization detected in the rotating frame and is referred to as the

real part of the FID (free induction decay). Next let us consider the other case in which

the local oscillator signal is -sinot. The output signal of the mixer is given by

AcOSmot X -sinat = %A[sin(mo - o)t - sin(eo + oy (1.29)

where the term sin(og + or)t is removed by the low-pass filter and only the term sin(wg -

or)t remains. Now the output signal is sine modulated and also has the resonance offset

frequency. This sine modulated signal is equivalent to the y component of the
magnetization detected in the rotating frame and is referred to as the imaginary part of
the FID. The real and imaginary parts of the FID are detected separately and such a

scheme is called quadrature detection, as displayed in Figure 1.9.
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Figure 1.9 Quadrature detection scheme in the rotating frame for all modern NMR
spectrometers. The device ADC refers to analogue to digital converter and is used to
convert the NMR signal from a voltage to a binary number which can be stored in the
computer memory[5].

Magic angle spinning (MAS)

In liquids, the rapid molecular tumbling averages out the anisotropic interactions
such as CSA, dipolar, and quadrupolar interactions. As a result, sharp peaks with good
resolution are usually observed in liquid-state NMR spectra. However, in solids, there is
no such rapid molecular tumbling and the anisotropic interactions cause severe line
broadening in the static NMR spectra. To solve this problem, magic angle spinning
(MAS) was developed[6]. By spinning the sample under MAS, one can average out the
anisotropic interactions and thus isotropic chemical shifts result. The geometry of MAS

is displayed in Figure 1.10, where the angle between the rotor axis (i.e. sample spinning

axis) and the external field B equals the so-called magic angle of 54.7°. To better

. . . 13 . 15 .
understand the effect of MAS on anisotropic interactions, let us take the = C-""N dipolar
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13 . 15

coupling as an example. Assume 6 is the angle between Bo and the " C-"'N

internuclear vector, a is the angle between By and the sample spinning axis, and f is
13 . 15 . . . o]
the angle between the ~ C-" "N vector and the spinning axis. Under MAS, i.e. a = 54.7 ",

. 2 .
we can mathematically show that the average of 3cos 6(t) - 1 over each rotor period is

<3cos0(t) - 1> = %(3cosza - 1)(3cosB-1)=0 (1.30)

. . I . . 2
Since the heteronuclear dipolar Hamiltonian has an orientation dependence of 3cos 0 -

1(refer to equation 1.19), the 13C-15N dipolar interaction is averaged out by MAS.

Nowadays MAS has been widely used in various SSNMR experiments.

Bo
A
15N

spinning
axis

130

Figure 1.10 The geometry of a 13C-lSN internuclear vector in a solid state sample
under MAS where o equals 54.7° (magic angle).

REDOR

Rotational-echo double-resonance (REDOR) is a SSNMR technique originally

developed by Gullion and Schaefer[7]. It utilizes rotor-synchronized = pulse trains to
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recouple the heteronuclear dipolar interaction under MAS. Since the dipolar coupling d

. . 1 . . .
is proportional to —-, the distance r between two nuclei can be obtained from REDOR
r

measurement. Next we will take 13C -15N REDOR for example to discuss in some detalil
_ . , , 13 15
about the spin interactions in REDOR under MAS. Figure 1.11 shows the = C -"'N
REDOR pulse sequence. In the beginning of the sequence, a lH 90° pulse is applied to
rotate the lH magnetization from the z axis (B axis) to the xy plane. After that, 1H and
13C cross polarization (CP) pulses are applied simultaneously to transfer magnetization
from lH to 13C via 1H -130 dipolar coupling to enhance the 13C signal intensity. CP
occurs in a so-called doubly rotating frame with one in which the 1H B1 field is static and
. . 13 . .. , , . 1 13
the other in which the " C field B1 is also static. The magnitudes of the "H and ~ C CP

pulse fields, B1 1 and B1,c, must fulfill the Hartmann-Hahn matching condition[8]:

YHB1,H =vCB1,C (1.31)

This is the condition for ideal 3-function pulses for which no resonance offset field in the

rotating frame needs to be considered. However, in practice, we need to take into

account the resonance offset field By . since the r.f. pulses are applied with limited
power. As we consider By o, the effective magnetic field Beff experienced by a nucleus
is the vector sum of B1 and By o, and the matching condition is now given by

1 13
YHBeff("H) = ycBeff(" C) (1.32)

28



Note that equation 1.31 and 1.32 describe the Hartmann-Hahn matching condition for

the 1H—>13C CP in a static sample. Under MAS, this matching condition needs to be

modified since the sample rotation affects dipolar interactions. As previously discussed,

the 1H—>lBC CP is achieved via lH -13C dipolar coupling. For a peptide with a
13 1. . 1, 13
backbone ~“CO label, the closest "H is ~2 A apart. Therefore, the largest “"H-""CO

dipolar coupling is ~4 kHz. As we spin the sample at a rate of 10 kHz, the lH-lBCO

dipolar coupling is supposed to be averaged out by MAS. However, this is not true due

to the lH-lH dipolar coupling. In peptides and other organic compounds, all the protons
are dipolar-coupled as a network. There is rapid flip-flop (also known as 1H spin
diffusion) between protons via lH-lH dipolar coupling, that is, when one lH changes its
spin state from B to a, another lH will change from o to B. The flip-flop rate is roughly
equal to the lH-lH dipolar coupling, which is typically in the 10-50 kHz range[9].
Therefore, under 10 kHz MAS, lH will change its spin state in a timescale comparable
to or even shorter than the rotor period. In this case, the lH flip-flop will disrupt the
coherent averaging of the 1H-l?’CO dipolar field/coupling by MAS. As a result, the 1H-
13CO dipolar coupling in the peptide is not averaged out over each rotor period. This is

why you can achieve the lH—>13CO CP via lH-lBCO dipolar coupling under 10 kHz
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MAS. For the 1H—>13’C CP under MAS, the Hartmann-Hahn matching condition splits

into a series of new matching conditions[10]:

1 13
YHBeff("H) = ycBeff(" C) + Nomas (1.33)
where omas is the angular frequency of MAS and n = £1, £2, etc which corresponds to

the nth spinning sideband in the 130 spectrum. Recall that the nuclear spin energy E = -

u-B where pis the nuclear magnetic dipole moment and the energy splitting between

the o and f states of a spin 1/2 nucleus is AE = ya B. Therefore, for the CP under static
" 1 13 " 1, .

condition where yHBeff( H) = ycBeff(C C), the energy splitting of "H is equal to that of
13 . . . 1 .

C in the rotating frame. As one "H changes the spin state from ato 3, the energy
required can be exactly compensated by a transition of 13C from B to o which releases

1 13 . . .
the same amount of energy. In other words, the "H-""C dipolar interaction causes a
s 1 13 . 1

redistribution of energy between "H and = C spins but the total energy of the "H and
13C spin system is conserved during the static CP. However, for the CP under MAS, the

total spin energy is no longer conserved since 'YHBeff(lH) # ycBeff(13C), as shown in
equation 1.33.

Due to the different orientations of molecules, chemical bonds, and internuclear
vectors relative to Bg, the spin interactions such as shielding and dipolar coupling for a

specific nucleus will vary from molecule to molecule. As a result, there is usually a

distribution of the Larmor frequency as well as the resonance offset frequency, i.e. there
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is a distribution of the resonance offset field By .. Therefore, a ramp is usually applied
. 1 13 . . . . .
to either "H or “ C CP pulse field amplitude to increase the efficiency of the

.. 1 13
magnetization transfer from "H to = C under MAS.

/2
I Cp Decoupling
s T s
e @ o e
C |
m T s n
5N |] [|
Rotor | | | | |
period

(@]
=
N
w
AN

Figure 1.11 13C -15N REDOR pulse sequence.

After CP, the rotor-synchronized = pulses are applied in two different ways which

correspond to the so-called Sg and S1 experiments in REDOR. In the So experiment,

only 13C 7 pulses are applied at the end of each rotor period except for the last one. In
. 13 15, .. . o .

this case, the = C -~ "N dipolar interaction is averaged out over each rotor period by

MAS (Figure 1.12). In addition, other anisotropic interactions such as 13C CSA is also

eliminated by MAS. The 13C 7 pulses at the end of each odd-numbered rotor period are

. 13 L
applied to refocus the = C transverse magnetization at the end of each even-numbered
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rotor period under the effect of isotropic chemical shift field. In the S; experiment, 13C
7 pulses are applied at the end of each rotor period while 15N 7 pulses are applied in
. . . 13 15 ., .. o
the middle of each rotor period. In this case, the = C -~ "N dipolar coupling is recoupled
. 13 15 ., .. . . o
under MAS (Figure 1.12). Due to the ~ C -7 N dipolar interaction and the distribution of

: : 15 . 13 o .
the dipolar field from N spins, the = C transverse magnetization decays as a function

of the dephasing time t, where t refers to the time period after CP but before FID

. 13 . . - . . .
acquisition. Therefore, the = C signal intensity in S1 experiment is weaker than that in
. 13 . . . L . .

Sp experiment. Suppose the ~C signal intensity in the Sg and S1 experiments is

respectively Sg and S1, the REDOR dephasing is defined as
AS/SO = (So - S]_)/So (134)

After the dephasing buildup curve of AS/Sqy vs tis achieved, the 13C -15N dipolar

coupling can be obtained by comparison with SIMPSON simulation, which is a quantum

. . . . 13 . 15
mechanics-based numerical simulation program for SSNMR[11]. Once the =~ C - N
. . . 13 15 . .
dipolar coupling d is known, one can calculate the ~ C -~ "N internuclear distance r

through the equation d = 3066/r3, where disin Hz and ris in A.
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Figure 1.12 Dipolar coupling evolution as a function of rotor period during the
dephasing time tin REDOR. The dipolar interaction is averaged out over each rotor

period by MAS in Sg experiment but not in S; experiment.

For REDOR between a spin 1/2 and spin 1/2 pair such as 13C and 15N, there is a

so-called universal dephasing curve of AS/Sq vs A, where A is the product of the dipolar

coupling d and dephasing time t (Figure 1.13a)[12]. For REDOR between a spin 1/2

and spin 1 pair such as 13C and 2H, there is also a universal dephasing curve of AS/Sg

vs A according to the SIMPSON simulations (Figure 1.13b). However, the maximum

dephasing for 13C - 2H REDOR is only ~2/3 without considering T1 relaxation of 2H.

. 2 . .
This is because the H = pulses only cause spin transitions between m =1 and m = -1
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states whereas the m = 0 state which accounts for 1/3 population of the 2H spins

. . . . 2
remains unchanged. In practice, we need to take into account T1 relaxation of H.
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Figure 1.13 REDOR universal dephasing curve of AS/Sq vs A for a spin 1/2 - spin 1/2
pair (panel a) and for a spin 1/2 - spin 1 pair (panel b), respectively. Panel a is edited
from reference [12] and and panel b is obtained from SIMPSON simulations.

1.2 Influenza and HIV fusion peptides
Influenza fusion peptide (IFP)

Influenza virus is a type of retrovirus (i.e. RNA virus) enveloped by a lipid
membrane and it infects the respiratory epithelial cell. There are several different
subtypes of influenza virus based on two proteins on the surface of the virus. The two
viral proteins are hemagglutinin (HA) and neuraminidase (NA). There are 18 HA
subtypes and 11 NA subtypes and many different combinations of HA and NA proteins
are possible[13]. However, only some of the subtypes (e.g. HIN1, H3N2) are in general

circulation among people.
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During the infection process, the influenza HA protein plays an important role,

where the HA protein is organized as a homotrimer in the viral membrane and consists

of two subunits, HA1 (binding subunit) and HA2 (fusion subunit). HA1 stays completely
outside the virus. HA2 has a ~185 residue N-terminal ectodomain outside the virus, a
~25 residue transmembrane domain, and a ~10 residue C-terminal endodomain (i.e.
cytoplasmic domain) inside the virus. There is a single disulfide bond between cysteine

14 in HA1 and cysteine 137 in HA2[14].

The infection (Figure 1.14) starts with the binding of HA1 to the sialic acids which
are attached to the glycoproteins or glycolipids on the host cell surface, followed by the
endocytosis of the virus into the host cell. After that, protons are pumped into the newly-
formed endosome via the cell physiological processes to lower the endosomal pH to ~5.
The low pH then triggers a dramatic conformational change of the HA protein[15], which
is cleaved to yield HA1 and HA2. The two subunits remain linked via a single disulfide
bond. During the conformational change, the ~20 residue fusion peptide (IFP) at the N-
terminus of HA2 is exposed. The IFP plays a vital role in the fusion between the viral
and the host cell endosomal membranes, as evidenced by the disruption of the fusion
activity of HA2 with point mutations in the IFP region[16]. Substitution of glutamic acid
for glycine residue right at the amino-terminus of HA2 even completely abolishes its
fusion activity. Earlier studies show that the IFP and transmembrane domain are the
only two regions of HA2 which are deeply inserted in the membrane after the fusion

between the viral and target membranes[17].
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Endosome

Figure 1.14 Infection model of influenza virus. The virus recognizes the host cell
(respiratory epithelial cell) via the viral HA1 binding protein and then enters the cell by
endocytosis. The cell physiology pumps protons into the newly-formed endosome and
lowers the pH to ~5 to trigger the fusion between the viral and endosomal membranes.
The viral nucleocapsid is then released to the cell cytoplasm[18].

More background and 13C-15N REDOR studies of the structures of membrane-

associated IFP will be discussed in Chapter 2.
HIV fusion peptide (HFP)

Similar to the influenza virus, human immunodeficiency virus (HIV) is another
type of retrovirus and is also enveloped by a lipid membrane. A mature HIV virus has a
diameter of 110 to 128 nm[19]. HIV targets human T-cells through the viral envelope
glycoprotein (Env). The Env protein is also known as gpl60 and consists of two
subunits, gp120 and gp41, which are non-covalently associated with each other. Earlier
electron microscopy tomography studies have shown that the wild-type Env protein is
trimeric and each HIV virion has ~14 Env trimers[20, 21]. When HIV infects a host cell
(T cell), the viral gp120 binding protein first recognizes the host cell through the CD4
receptor on the cell surface. After that, gp120 leaves gp4l and binds to both the CD4

receptor and CXCR4 (or CCR5) coreceptor[22]. The exposed gp41l fusion protein binds
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to the host cell membrane and initiates the HIV-host cell membrane fusion. The HIV

infection process on T cells is displayed in Figure 1.15[23].

During the HIV-host cell membrane fusion process, the HIV gp4l protein
undergoes three states sequentially: (i) pre-fusion native state, (ii) pre-hairpin
intermediate (PHI) state, and (iii) final hairpin state[24]. These three different states are
displayed in Figure 1.16a. The sequence of gp41 fusion protein consists of 345 residues
and can be divided into the N-terminal fusion peptide (FP), N-terminal heptad repeat
region (NHR), loop region, C-terminal heptad repeat region (CHR), membrane-proximal
external region (MPER), transmembrane domain, and the endodomain (Figure 1.16b).
All the segments outside the viral membrane form the so-called ectodomain of gp41.
The heptad unit in NHR and CHR regions contains seven residues a, b, c, d, e, f, and g,
where residues a and d are hydrophobic and residues b, c, e, f, and g are
hydrophilic[25]. In the hairpin state, three NHR helices and three CHR helices form a

hairpin-like six helix bundle (SHB).

37



HIV virus

/ ’/host cell

Figure 1.15 (Left) HIV infection model. (Right) HIV infection process illustrated by
electron microscopy. (a) HIV-host cell membrane binding. (b) hemi-fusion. (c) complete
fusion with the formation of fusion pore. (d) entry of the viral nucleocapsid into the host
cell[23].

The crystal structure of HIV gpl120 binding protein has been elucidated by X-ray
diffraction (XRD)[26]. However, there has been no crystal structure for the full-length
gp41 fusion protein. Earlier X-ray crystallography studies have determined the crystal
structures of the hairpin (i.e. SHB) and the gp41 ectodomain lacking the fusion peptide
(Figure 1.17)[25, 27]. For the hairpin structure (SHB), an essential function of it is to
stabilize the membrane fusion pore and prevent it from being collapsed or closed during
the HIV infection process. Previous fluorescence spectroscopy studies show that the
addition of gp41-derived peptides which inhibit the SHB formation (e.g. C34 and N36)
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can cause the cold-arrested fusion pore to quickly and irreversibly close, indicating that
the SHB formation is not complete by the time when a fusion pore has formed[28]. Once
the SHB formation is complete, this structure stabilizes the membrane fusion pore and
ensures its growth.

(a) (i) (ii)

ENV NATIVE STATE gp41 PRE-HAIRPIN (iii)
| CELL MEMBRANE it gp41 HAIRPIN

. % 3o

Figure 1.16 (a) HIV-host cell membrane fusion model: (i) native-state trimers of gp120
and gp41 prior to fusion, (ii) pre-hairpin intermediate (PHI), and (iii) final hairpin state[24].
(b) Different segments of the HIV gp41 fusion protein.
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Figure 1.17 Crystal structure of the HIV gp4l ectodomain lacking fusion peptide

(gp41528-683, residues are numbered according to their positions in the gp160 complex).
(@) a helical structure of the gp4l ectodomain, including polar region(blue, 528-540),
NHR(blue, 541-581), loop region(blue,582-627), CHR(blue,628-666), and MPER
(grey,667-683). The structure is 88 A long. (b) Close-up of the MPER region showing
the exposure of aromatic side chains of Trp 678, Trp 680 and Tyr 681 towards the
membrane, which indicates the potential membrane insertion of MPER residues
adjacent to the transmembrane domain of gp41[27].

Earlier solution NMR studies of micelle-associated HIV fusion peptide (HFP),
which is the N-terminal ~20-30 residues of the gp41 fusion protein, have shown that
HFP adopts a predominantly o helical structure in detergents such as DPC and SDS
(Figure 1.18)[29]. For HFP in lipid membranes, previous SSNMR and IR studies have
both shown that the membrane-associated HFP majorly adopts an oligomeric anti-

parallel B sheet structure[30, 31].
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Figure 1.18 Ribbon representation of the HFP30, which is the N-terminal 30 residues
of the HIV gp41 fusion protein, in an SDS micelle[29].

Membrane binding and lipid mixing assays indicate that HFP binds to lipid
membranes and induces lipid mixing (i.e. vesicle fusion)[32]. On the other hand, lipid
mixing assays of HFP23 (the N-terminal 23 residues of gp41), gp4le (the ectodomain of
gp41 excluding HFP23), and gp4le-HFP (the ectodomain of gp4l including HFP23)
indicate that both HFP23 and gp4le-HFP have a much higher fusion activity than
gp41e[33]. All the above data imply that HFP may play an important role in the HIV-host

cell membrane fusion during the infection process.
1.3 Membrane insertions of peptides
Earlier studies of membrane insertion depths of IFP and HFP

The insertion depth of protein and peptide residues in lipid membranes is an
important feature of membrane-bound proteins and peptides. For instance, the
membrane insertion depth of viral fusion peptides such as IFP and HFP is crucial for

their membrane fusion activities[34-36]. Earlier electron paramagnetic resonance (EPR)
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studies of IFP reveal that the residues in the N- and C-terminal regions penetrate the
membrane 3~6 A more deeply at the fusogenic pH 5.0 than at the non-fusogenic pH
7.4[34]. For HFP, previous lipid mixing assays and REDOR SSNMR studies together
have shown a strong positive correlation between the membrane insertion depth and

fusion activity of the peptide[35, 37, 38].
Techniques for measuring membrane insertion depths of peptides

A variety of techniques are available to probe the residue-specific locations of
proteins and peptides in membranes. In the next paragraphs, we will discuss some of

these techniques in some detail.
(a) Fluorescence resonance energy transfer (FRET)

This technique is based on the energy transfer from the fluorophore such as
tryptophan to the quencher such as acrylamide or bromolipid. The fluorescence
guenching effect has a fluorophore-quencher distance dependence and can be

described by the Stern-Volmer equation:

Fo/F =1 + Kgy[Q] (1.35)
where Fqo and F represent the fluorescence intensities in the absence and presence of
the quencher Q, respectively, Ksy is the Stern-Volmer quenching constant which is

proportional to 1/r6 and r is the fluorophore-quencher distance, and [Q] is the

concentration of the quencher Q. The membrane insertion depth of HFP has been
studied by the FRET technique[39, 40]. The residue Phe8 of HFP was mutated to Trp

(i,e. FBW mutant) to detect the membrane location of the Trp indole group. The
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guencher was either acrylamide in aqueous solution or bromine atom attached to the
lipid acyl chain. Comparison of the Trp fluorescence intensities with and without the
LUVs (large unilamellar vesicles) in the aqueous solution containing the quencher
acrylamide showed that the Trp residue was embedded in the membrane interior. A
more precise membrane location of the Trp residue was probed by using the bromolipid
which was either 6,7 Bromo-PC (1-palmitoyl-2-stearoyl (6-7 dibromo)-sn-glycero-3-
phosphocholine) or 11,12 Bromo-PC (1-palmitoyl-2-stearoyl (6-7 dibromo)-sn-glycero-3-
phosphocholine). The quenching data indicated that the Trp residue was located closer

to the C6-C7 than to the C11-C12 position in the membrane hydrocarbon core.

(b) Paramagnetic relaxation enhancement (PRE) SSNMR

This technique involves the use of paramagnetic ions such as Dy3+ and Mn2+[41,
42]. The unpaired electron(s) in a paramagnetic ion can significantly enhance the Tj

and T2 relaxation rates of nuclei, which is known as the PRE effect. Due to the faster To

relaxation, the signal of the observed nuclei decays faster in the presence of

paramagnetic ions. The PRE effect has a distance dependence of 1/r6, where r is the

distance between the unpaired electron and the nuclear spin. This distance dependence
can be described by the Solomon-Bloembergen equation. Below is a modified version

of the equation used in biomolecular NMR[43].

K 3t U6
r=[—(4r,+ b 1.36
[ (5 ) (1.36)
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where r is the distance between the unpaired electron and the nuclear spin, Ry is the
nuclear Ty relaxation rate solely from the PRE contribution (i.e. the intrinsic T2
relaxation rate is not included in equation 1.36), tc is the correlation time for the

electron-nuclear interaction, on is the nuclear Larmor frequency, and K is a constant
given by

K = S(S+1)y°g°B/15 (1.37)
where S is the nuclear spin quantum number, yis the nuclear gyromagnetic ratio, g is
the electronic g factor, and B is the Bohr magneton. To calculate the distance r, an
approximation could be made that t¢c is equal to the correlation time of the protein or
peptide[43].

Since the aqueous paramagnetic ions are either in the bulk solution or at the
water-membrane interface, one can probe the location of a protein or peptide with

respect to the membrane surface.

(c) Spin diffusion
13 . 15 1 e
X-nucleus (" C, "N, etc) detected, "H spin diffusion is another recently

developed SSNMR technique for membrane location measurement of peptides and

proteins[44-46]. The experiment proceeds in a time sequence as (1) select the 1H
magnetization from water or the mobile lipid chain-end methyl group using a T» filter; (2)

allow a mixing time ty, for the “H spin diffusion from water or lipids to a rigid protein or
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peptide; (3) apply 1H—>l3C or lH—>15N cross polarization (CP) where the protein or

peptide is 13C or 15N labeled; and (4) detect the 130 or 15N signal. This technique can

semiquantitatively measure the insertion depth of the protein or peptide relative to the

. 1
membrane surface or bilayer center. The pulse sequence of the X-nucleus detected, "H

spin diffusion experiment is displayed in Figure 1.19[44].

90.:( 1 80; 90.1,; 90.¥x
T4 M tn
1H H 2 H 2 H CP | DECOUPLE
' f//}
T, Filter spin diffusion

90; 90, 90" 90,;,

+X 7y =X

X HHHH /) CP | ACQUIRE

[

Figure 1.19 X-nucleus detected, lH spin diffusion pulse sequence[44]. The sequence
starts with an initial saturation (destroy) of any X magnetization by several 90° pulses,
followed by a dipolar dephasing period. After the lH excitation, a T2 filter is applied
during the period tg to select the lH magnetization which has a long T2. The 180° pulse
in the middle of the period tq is applied to refocus chemical shift and field
inhomogeneity. The 90° pulse at the end of tq stores the remaining lH magnetization
with a long T2 on the z axis, followed by a spin diffusion period with a variable tm (e.g.
0-100 ms). During the mixing time ty,, the existing lH z-magnetization is transferred to
nearby protons via 1H-lH dipolar coupling. In the end, a lH—>X CP is applied and then
the X signal is detected with lH decoupling.

In the X-nucleus (13C, 15N, etc) detected, lH spin diffusion experiments, the
signal intensity of X is detected as a function of the mixing time ty,. The X signal

intensity at each ty, is then normalized to that at the final mixing time and plotted as a
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function of (tm)llz. Finally, the best-fit simulation of the buildup curve of the normalized
. . . 12 . . oo 11

X signal intensity versus (tm)”  yields a semiquantitative "H-"H distance, where the

former 1H refers to those which are either directly bonded to or right next to (~2 A) the

X-nucleus in the protein or peptide and which are the major lH source for the CP while

the latter lH refers to those from water or the mobile lipid chain-end methyl group which

have a long T2 time and thus their magnetization remains after the T» filter in the pulse

sequence.
(d) REDOR SSNMR

As previously discussed in the "REDOR" section, this technique is a very useful

tool for measuring heteronuclear dipolar couplings from which the internuclear distances

can be calculated. There are several different types of REDOR such as 13C-31P, 13C-

19F, and 13C-2H REDOR which can be used to probe the membrane locations
. . . . . 13 .31

(insertion depths) of peptides and proteins[35, 47, 48]. For instance, ~ C- P REDOR
can probe the membrane insertion depth of the 13CO-IabeIed residue of a peptide
relative to the membrane surface since the membrane headgroup region contains 31P.

For a peptide-membrane sample in which the peptide contains one 13CO-IabeIed

residue and the membrane contains ~10% (mole fraction) 1-palmitoyl-2-[16-

fluoropalmitoyl]-phosphatidylcholine (16-19F-DPPC) lipid, 13C-19F REDOR can be used

to probe the membrane insertion depth of the 13CO-IabeIed residue with respect to the

46



membrane bilayer center. Three HFP constructs, which are respectively the V2E

mutated HFP monomer (HFPmn_V2E), wild-type HFP monomer (HFPmn), and wild-

type HFP trimer (HFPtr), have been studied by 13C-

13 . 19

and ~ C-"F REDOR and the

data show that the membrane insertion depths of the three HFP constructs have an

increasing order of HFPmn_V2E < HFPmn < HFPtr (Figure 1.20)[35].

(a)
HFPmn V2E
13C0-31P
. III ul
@C
7] 13
S CO-19F
0-_. — . B W — —
Al |4 AB LD L12 A4
(b)

HFPmn V2E

Figure 1.20 (a) 13 31

HFPmn

0L — . . e—
Al 14 AB L9 L12A14

Labeled residue

and 13C_19

HFPmn

\\\\\

F REDOR experimental dephasing (AS/So)eXp

Gly16

HFPtr

A1 14 A6 L9 L12A14

HFPtr

as a

function of the 3CO-IabeIed residue. (b) Membrane insertion models of the anti-parallel
B sheet HFPmn_V2E, HFPmn, and HFPtr, respectively[35].
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(e) Electron paramagnetic resonance (EPR)

EPR is a commonly used technique for distance measurement which requires
site-specific mutagenesis. One example of such mutagenesis is the introduction of a
cysteine into a protein or peptide to replace the residue of interest. The thiol group of
cysteine can specifically react with a spin label which contains a paramagnetic center
(e.g. nitroxyl radical) and thus attach the spin label to the protein or peptide. The

distance measurement by EPR is based on the electron-electron spin interaction where

. . . 2+
one electron is from the spin label and the other could be from metal ions such as Ni~ .

EPR has been used to detect the membrane insertion depths of both IFP and HFP[34,
49, 50]. For the membrane-associated IFP, the residues in the N- and C-terminal
regions penetrate the membrane 3~6 A more deeply at the fusogenic pH 5.0 than at the
non-fusogenic pH 7.4[34]. For HFP in the membrane containing 80% (mole fraction)
POPC (1-palmitoyl-2-oleoyl-sn-gycero-3-phosphocholine) and 20% POPG (1-palmitoyl-
2-oleoyl-sn-gycero-3-phosphoglycerol), EPR studies have shown that residues 4, 7, 12,
and 15 penetrate into the membrane to a similar depth which is ~8 A below the level of

the lipid phosphate groups at the membrane surface[50].

The membrane location studies of peptides by 13C-ZH REDOR SSNMR will be

discussed in more detail in chapter 4.
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Chapter 2 - Structural studies of Influenza fusion peptide (IFP)
2.1 Background

Influenza virus is a type of retrovirus (i.e. RNA virus) enveloped by a lipid
membrane and it infects the respiratory epithelial cell. During the infection process, the
influenza fusion peptide (IFP), which is the N-terminal ~20 residues of the HA2 subunit
of the hemagglutinin protein, plays a vital role in the fusion between the viral and the
host cell endosomal membranes, as evidenced by the disruption of the fusion activity of
HA2 with point mutations in the IFP region[1]. Substitution of glutamic acid for glycine

residue right at the amino-terminus of HA2 even completely abolishes its fusion activity.

The structure of IFP depends on the sequence and whether it is in detergents or
lipid membranes. For instance, the H3 20 peptide, which has the sequence

GLFGAIAGFIENGWEGMIDGGCGKKKK with the underlined part representing the wild

type 20-residue IFP of serotype H3, adopts open structures at both pH 5.0 and 7.4 in
detergents whereas the H1_23 peptide, which has the sequence

GLFGAIAGFIEGGWTGMIDGWYGSGKKKKD with the underlined part representing the

wild type 23-residue IFP of serotype H1, adopts a closed N-helix/turn/C-helix hairpin
structure at pH 7.4 in detergents and a similar structure at pH 4.0 according to the
similar HSQC (heteronuclear single quantum correlation) spectra at both pHs (Figure
2.1)[2, 3]. The H3_20 sequence differs from H1_23 in that the 12th and 15th residues
are Asn and Glu in H3_20 and Gly and Thr in H1_23, respectively. Besides, H1 23 has
three extra C-terminal residues, WYG. Although the H3_ 20 peptide has open structures
in detergents at both pH 5.0 and 7.4, there are some conformational changes between

the two pHs according to the study by Han and Tamm][2]. At pH 5.0, H3_20 adopts an
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N-terminal a helix from residue Leu2 to llel10, followed by a turn which redirects the C-

terminal region of the peptide and is stabilized by hydrogen bonds from the amide NHs

of Glull and Asnl2 to the carbonyls of Gly8 and Phe9, and a C-terminal 319 helix. At

pH 7.4, the N-terminal a helix ranges from residue Leu2 to Phe9, followed by a turn
stabilized by hydrogen bonds from the amide NHs of Glull and Asnl12 to the carbonyls
of Gly8 and Phe9. The C-terminal region forms an extended structure. Interestingly, a
very recent study by Lorieau and Bax has shown that the H1 23 peptide adopts a
helical structure at both N- and C-termini at pH 7.4[4]. This study also reports that the
H1 20 peptide is highly dynamic and in equilibrium between a ~11% population of
closed structure and a ~89% population of open structure when solubilized by DPC
(dodecylphosphocholine) micelles at pH 7.4. Comparison of the major open structure of
H1 20 with the predominant closed structure of H1 23 indicates that the three C-
terminal residues, WYG, play a key role in stabilizing the closed structure of H1_23 in

detergents.
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Figure 2.1 Structures of the influenza hemagglutinin fusion peptides H3_20 (a) and
H1 23 (b) in DPC detergents[2, 3].

Additional liquid state NMR studies have been conducted on the wild type H1 23
and its mutant H1 23 G8A where the residue Gly8 was substituted by Ala[5].
Relaxation data indicate that the wild type H1 23 adopts a closed structure (helical
hairpin) in DPC micelles at pH 7. However, at pH 4, H1 23 adopts a major (~80%
population) closed structure and a minor (~20% population) open structure where the
two structures are rapidly exchanging with each other at a rate of ~40 kHz. For the
mutant H1 23 G8A in detergents at pH 7, it adopts a small fraction (~15%) of closed
structure and a large fraction of at least two open structures which are classified as
extended and L-shaped, respectively (Figure 2.2). The topology of these N-helix/turn/C-

helix structures can be described by the interhelical angle which is defined in such a
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way that each helix axis is represented as a vector from the N- to the C-terminus and

the angle between the two vectors refers to the interhelical angle. The closed, extended,
and L-shaped structures of the H1_23 GB8A have interhelical angles of 159° + 10, 73% +
110, and 110° + 60, respectively[5]. It has previously been reported that cells expressing

the G8BA mutant of HA2 had little membrane fusion activity[6].

Closed Extended L-Shaped

Figure 2.2 N-helix/turn/C-helix structures of the H1_23 G8A mutant in DPC micelles at
pH 7[5].

For the H3_20 peptide in lipid membranes, previous SSNMR studies have shown
that it adopts predominantly helical structure in membranes without cholesterol and
predominantly 3 sheet structure in membranes containing ~30% (mole fraction)
cholesterol (e.g. LM3 membrane)[7]. In membranes without cholesterol, H3_20 adopts

an N-helix/turn/C-helix motif at both pH 5.0 and 7.4. Two different conformations of the

turn are observed at pH 5.0 since there are two distinct 130 chemical shift sets for
Glull in the turn region (Figure 2.3)[8]. The fusion activity of IFP has a strong pH
dependence. Previous fluorescence and hemolytic studies indicate that IFP induces

more rapid and extensive lipid mixing (membrane fusion) at pH 5.0 than at physiological

pH 7.4 for cholesterol-free liposomes[9-11]. However, for cholesterol-containing
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liposomes, IFP induces lipid mixing at low pHs such as 5.0 but not at high pHs such as

7.4[9, 11].

Glu-11 Asn-12 Aqueous Layef

'\%Z\ P 3‘5
N <

structure A structure B

Figure 2.3 Backbone structures of the membrane-associated H3_20 peptide at pH 5.0.
Residue E11 is in green, N12 is in red, the hydrophobic residues L2, F3, 16, F9, and 110
are in gold[8].

In the present study, 13C 15N REDOR SSNMR is employed to quantitatively

probe the population and interhelical proximity of the H3_20 structures in lipid

membranes.
2.2 Sample preparation
Peptide sequence and synthesis

The H3 20 peptide, which has the sequence

GLFGAIAGFIENGWEGMIDGGGKKKKG with the underlined part representing the wild

type 20-residue IFP of serotype H3, was chemically synthesized by Fmoc solid phase
peptide synthesis (SPPS) with a specific 13CO label at residue G16 and a specific 15N
label at residue F9[12]. The Fmoc SPPS protocol is described in detail in Appendix Il.
After the synthesis, H3_20 was purified by reversed-phase high pressure liquid

chromatography (HPLC) using a preparative C4 column. The peptide purity was

checked by mass spectrometry such as matrix-assisted laser desorption ionization
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(MALDI) and electrospray ionization (ESI). Comparison of peak intensities in the mass

spectrum indicated the peptide was >95% pure.
REDOR sample preparation

The REDOR samples were prepared in a time sequence of (1) dissolving 40 umol
of 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (DTPC) and 10 umol of 1,2-di-O-
tetradecyl-sn-glycero-3-[phospho-(1'-rac-glycerol)] (DTPG) lipids in 3~4 mL chloroform;

(2) removing the chloroform using N2 gas in the fume hood; (3) drying the lipid film in a

vacuum desicator overnight; (4) suspending the lipid film in ~2 mL pH 5.1 buffer which
contains 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 10 mM

2-(N-morpholino)ethanesulfonic acid (MES); (5) performing ten cycles of “freeze/thaw",

where the "freeze" in liquid N2 breaks apart the lipid vesicles and the "thaw" in water

bath at room temperature drives the lipid molecules to reform the vesicles; (6)
performing ~20 extrusions using a filter paper with pores of 100 nm in diameter (each
time only 1 mL lipid solution was extruded due to the volume limit of the syringe); (7)
dissolving 2 umol of the H3_20 peptide in ~30 mL pH 5.1 buffer; (8) adding the peptide
solution to the extruded lipid vesicle solution dropwise with gentle shaking (avoid violent
shaking in case of peptide oxidation at the methionine site); (9) mixing the peptide/lipid
solution overnight on a rotator; (10) ultracentrifugation at ~100,000 g for 4 hours; (11)
lyophilizing the pellet overnight; (12) adding 10 uL pH 5.1 buffer to the bottom of a 4mm
rotor, packing the lyophilized pellet in the rotor, adding another 10 uL buffer on top of
the sample, and finally allowing overnight sample hydration before running the REDOR

experiment. The DTPC:DTPG (4:1) lipid composition reflects a small fraction of
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negatively charged lipids and a significant fraction of phosphatidylcholine lipids in the

membranes of host epithelial cells of the influenza virus[13]. Ether- rather than ester-

linked lipids were used to reduce the natural abundance (n.a.) 13CO signal in the

REDOR spectra.

2.3 13C-15N REDOR experiments

REDOR pulse sequence and parameters

The 13C-15N REDOR pulse sequence consists of (1) 1H n/2 pulse which rotates

1H magnetization from z axis to the xy plane, (2) simultaneous 1H and 13C CP pulses
which transfer magnetization from lH to 13C to enhance the 13C signal intensity, (3)
130 7 pulses at the end of each rotor period except the last one without (Sgo experiment)
and with (S1 experiment) 15N n pulses in the middle of each rotor period, in the
meantime, two pulse phase modulation (TPPM) 1H decoupling = pulses are turned on
till the end of 130 signal acquisition (Figure 2.4). The period right after CP but prior to
13C acquisition is called dephasing time 1. The REDOR experimental conditions
included 10 kHz MAS frequency, sample cooling gas temperature of -50 °C with actual
sample temperature of approximately -30 0C, 50 kHz 1H n/2 pulse and CP pulse, 80
kHz lH decoupling pulses during both the dephasing and acquisition periods, 61-65 kHz

ramped 13C CP pulse, 8.0 us 13C n pulses, and 10.0 ps 15N 7 pulses. The pulse delay
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was 1 sfort=2ms, 8 ms, and 16 ms, 1.5 s for 1= 24 ms and 32 ms, and 2 s for t = 40
ms and 48 ms, respectively. The data collection time is typically 2~3 hours for T = 2 and
8 ms, 6~12 hours for t = 16 ms, ~1 day for t = 24 ms, ~1.5 days for t = 32 ms, ~2 days
for 1= 40 ms, and 2~3 days for t= 48 ms, respectively. The pulses were optimized

using the Ilyophilized setup peptide 14 which had the sequence Ac-

AEAAAKEAAAKEAAAKA-NH> with N-terminal acetylation and C-terminal amidation.

The 14 peptide was synthesized with a 13CO label at residue A9 and an 15N label at

residue Al13. Previous SSNMR studies have shown that 14 is predominantly (83+£6%)

o helical at A9[14]. The internuclear distance between A9 13CO and Al13 15N of 14 is
, . , 13 .15 .. .
~4.1 A in the o helical structure which corresponds to a ~C-"_N dipolar coupling of ~44

Hz (d(Hz) = 3066/r°(A))[15].

Iy ‘ Cp Decoupling

v T T
6 acq
8 T T T

15

N | 1|
Rotor ‘ ‘ ‘ | ‘
period 0 1 2 3 4

13 . 15

Figure 2.4 ~"C-""N REDOR pulse sequence.
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As mentioned before, the H3_ 20 peptide was chemically synthesized with a

.. 13 . 15 . .
specific ~ CO label at G16 (G16C) and a specific ~ N label at F9 (FON). This labeling
scheme is based on earlier solution NMR studies. The internuclear distance between
FON and G16C is ~11.5 A in the open structure of H3_20 at pH 5.0 in detergents and

~3.9 A in the closed structure of H1_23 at pH 4.0 in detergents[2, 3]. If H3_20 adopts an

open structure in the membrane where the FON and G16C are ~11.5 A apart with a

corresponding l3C-15N dipolar coupling d = 2 Hz, there will be no 13C-lSN REDOR

buildup of AS/Sg vs 1. However, if H3_20 adopts a closed structure in the membrane
, .13 .15 . .
where the FON and G16C are ~3.9 A apart with a corresponding ~~C-""N dipolar

coupling d = 52 Hz, significant buildup of AS/Sg vs t from 2 ms to 48 ms will be

observed, as displayed in Figure 2.5.

1.4

-2 Hz

1.0
] -52Hz

\

closed structure

0.9
0.8 ]
0.7
0.6 ]
0.5 ]

ASIS

0.4+
0.3 1

0.2 ] open structure

/

- = ——®

0.1
0.0

-
T L T T X T N T

r —
0 8 16 24 32 40 48
T (ms)

Figure 2.5 l3C-15N REDOR dephasing curves of AS/Sq vs t simulated by SIMPSON

for 13C-15N dipolar couplings of 2 Hz (black) and 52 Hz (red), where 2 Hz corresponds

to an open structure and 52 Hz corresponds to a closed structure of H3_20, respectively.
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REDOR spectra and dephasing curve of AS/Sq vs 7

To detect whether H3_20 adopts predominantly open or closed structures in the

membrane, 13C-15N REDOR was conducted under experimental conditions described

earlier. The experimental dephasing curve of AS/Sqg vs t was displayed in Figure 2.6a.
The Sg, S1, and AS spectra for = 32 ms were displayed in Figure 2.6b, where AS

spectrum refers to the difference spectrum of Sg - S1. All the Sg and S; spectra at each
T were processed with 20 Hz exponential line broadening and baseline correction. The
(AS/SO)eXIO were calculated from the Sg and S1 intensities integrated in a 3 ppm window

centered at the 13CO peak shift. The G16 13CO peak shift of 177.1 ppm is consistent

with helical conformation of H3_20[16]. The experimental errors of Sg and S; were
calculated as the standard deviation of the integrals of twelve noise regions with each in

a 3 ppm window in the Sg and Sj spectra, respectively.
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Figure 2.6 (a) Experimental curve of AS/Sq vs 1 of the H3_20 peptide; (b) 13CO peaks
in the Sg (black), S1 (red), and AS (green) spectra for T = 32 ms.

2.4 Result discussion and conclusions

Natural abundance calibration of (AS/So)eXp

The significant buildup of (AS/SO)eXID vs t of H3_20 supports that H3_20 adopts

predominantly closed rather than open structure. SIMPSON simulations were
performed to quantitatively analyze the structure models of H3_20 in the membrane. To

make the data analysis more accurate, natural abundance (n.a.) contributions to
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(AS/SO)eXIO from unlabeled 13CO signals were removed to yield (AS/SO)Iab which refers

to AS/Sg only for the labeled G16 1300 signal. The n.a. correction was done as follows:
S&P =gl 1 3N = 0.99+0.011x26 = 1.276 (2.1)

where Sc',ab refers to the labeled G16 13CO So signal which equals 0.99 and Sg® refers

to the n.a. 13CO Sy signal for the 26 unlabeled residues in H3_20.
exp lab na lab 26 na
S;T =51 +S1 =S + 2 Sy (2.2)
k=1

where k represents the number of the 26 unlabeled residues in H3_20.

For each unlabeled residue,

(ASya _ S"-S[") 0011-§° s
S, sna 0.011 (2:3)
AS
S{* =0.011-0.011x(>)"™ (2.4)

(]

For all the 26 unlabeled residues,

26 ., 26 AS na 26 AS \na
2. Sy = 2 [0.011-0.011x(—) "] = 0.286 -0.011x X (S—)k (2.5)
k=1

k=1 S, k=1 S,

Substitution of equation 2.5 into 2.2 yields

26
S&P = gaP 10,286 - 0-011Xk21(é—8)2a (2.6)
= 0]

Therefore,
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1.276 —S12° —0.286 + 0.011x 226 (ﬁ)na
(&)exp = Soexp _Sfxp = 1 k:1 SO k
So S 1.276
26
0.99-S* +0.011x Y. (§)Qa
_ k=1 S,
1.276 2.7)
Rearrangement of equation 2.7 yields
A 26 A
Siab =0.99 —1.276x(S—S)eXp +0.011x ¥ (—S)Ea (2.8)
0 k=1 Sp
Finally,
AS S s 099-S 1.276 AS 0.011_26 AS
(S_)Iab _ o — 1 _ 1 _ X( )exp _ Xy ( lr(la (2.9)
o S, 0.99 0.99 'S, 099 ka1 S,

. AS \na 13 . 15, .. :
To simulate (S )k by SIMPSON, the ~"CO-""N dipolar coupling needs to be
(0]

provided and thus the 13CO-15N distance needs to be estimated. Since the (AS/SO)eXID

vs t of H3_20 has a significant buildup (Figure 2.6a), the peptide may adopt a closed
. . 13 15 .

structure in which the labeled G16 ~ CO and F9 ~ N nuclei are close to each other.

. . 13
Therefore, a reasonable way to estimate the distance between the n.a. ~ CO and

labeled 15N in H3_20 is to measure the distance in the closed structure of H1_23[3].

13__ 15 . . . . .
The ~CO-""N distance can be either mathematically calculated using the atomic

coordinates of H1_23 or directly measured using a structure visualizing software such

as PyMol. Table 2.1 displays the distances calculated using the atomic coordinates of
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H1 23. For other 13CO-15N distances not listed in Table 2.1, they are beyond 8 A and

AS
S—)na = 0.

(]

the corresponding (

Table 2.1 13CO-15N distances in the closed structure of H1_23[3].

Bco-n spin pair r (A)
F3CO-F9ON 7.38
G4CO-F9N 5.40
A5CO-F9N 3.81
I6CO-FON 3.74
A7CO-FON 3.14
G8CO-F9N 1.33
F9CO-FON 2.45
110CO-F9N 4.69
E11CO-F9N 5.64
G12CO-FON® 5.27
G13CO-FON 5.23
W14CO-FON 6.58
T15CO-FON’ 6.52
M17CO-FON 5.36

118CO-F9N 7.73
D19CO-F9N 7.47
G20CO-F9N 7.28

% The 12th residue is Gly in H1_23 and Asn in H3_20.
b The 15th residue is Thrin H1_23 and Glu in H3_20.

The 13CO-15N dipolar coupling d in Hz is calculated via the equation d = 3066/r3,

where ris the 13CO-15N distance in A. After obtaining the dipolar coupling d, SIMPSON

5S o

S from =2 ms to T = 48 ms for each

simulations were performed to produce the (
(0]
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AS
13CO-lSN spin pair listed in Table 2.1. The sum of (S—)na for each t for all the 13CO-

(0]

15, . . 28 ASina . .
N spin pairs in Table 2.1 approximately equaled the kzl(s )k in equation 2.9. At last,
=1 99

AS AS
—)®® and simulated value of X~ (=) were plugged in

i (
the experimental value of S, 1 S,

. . AS \jap . AS \jap
equation 2.9 to vield the (S—) for each 1. The buildup curve of (S—) vs 1 after the
(0]

(0]

. T . . ﬁ lab . . ﬁ exp
n.a. correction is displayed in Figure 2.7. The (S )" was typically higher than (S )

(0] (0]

but the difference was less than 10% for each t from 2 ms to 48 ms.

SIMPSON simulations of (AS/SO)Iab VS 7

AS
_)Iab

Quantitative analysis of (S

vs twas first done for a single closed structure
(0]

model. SIMPSON simulations were performed for a range of 13CO-15N dipolar coupling

d. For each d, the zz(d) was calculated via

as

(S

)'ab(r)—(ASffim(d,r)]z

o(z)?

[¢]

72@d)=3 (2.10)

where ;(Z(d) was summed over the seven values of tfrom 2 ms to 48 ms and o(7)

AS
was the uncertainty of (S—)Iab . The best-fit d was 32 Hz with a minimum Zz(d) of 436.

(0]

The Zz(d) of 436 was much larger than the number of degrees of fitting v of 6 where v
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= the number of fitted data points - the number of fitting parameters. The poor fitting of

this structure model is displayed in Figure 2.7.
Secondly, a "closed/open” structure model was considered. In this model, H3_20

adopts an open structure with a fraction of fop and a 13CO-15N dipolar coupling of dg and

a closed structure with a fraction of fc and a 13CO-15N dipolar coupling of d¢, where fg +

AS
fc = 1 and do = 0 with consequent (S—)O =~ 0. SIMPSON simulations were performed

(]
13, 15 . . .
for a range of © CO-""N dipolar coupling dc and a range of the fraction fc from 0.01 to

1.00 in an increment of 0.01. For each d¢ and f¢, the 7%(d..f.) was calculated via

AS
7)Iab

[C5

(r)—fcxf’)c (dg. 7P

o(7)?

(0]

22l f) =32 (2.11)

where #?(d..f.) was summed over the seven values of 1. The best-fit d, = 51 Hz, f, =

0.64, z°(d..f.) = 33. However, the z® = 33 was still significantly larger than the

number of degrees of fitting v = 5. Therefore, the "closed/open” model was also

statistically unreasonable. The poor fitting of this model is displayed in Figure 2.7.
At last, a "closed/semi-closed" structure model was considered. In this model,

H3_20 adopts a closed structure with a fraction of fc and a 13CO-15N dipolar coupling of

dc and a semi-closed structure with a fraction of fs and a 13CO-15N dipolar coupling of
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ds and fc + fg = 1. SIMPSON simulations were then performed for a range of d¢, ds , and

fe. The z*(d..ds.f.) was calculated via

as

[C5

)'ab<r)—fcx(§’>c (dc,r>—<1—fc)x(§f>5 (dg. 7)1

[0)

7°(de.ds.f) =X (2.11)

o(r)
The best-fit simulation yielded dc = 65.4 Hz, ds = 21.2 Hz, fc = 0.41, and z*(d.,d.f.) =

5.7. The ;(2 = 5.7 was close to the number of degrees of fitting v = 4. The good fitting of
this model can be also visualized in Figure 2.7. One measure of the uncertainty of the

best-fit value is the deviation which causes an increase in z° by 1. For instance, the

uncertainty of d¢ was the deviation from 65.4 Hz that led to ;(2 = 6.7 while keeping dg =

21.2 Hz and fc = 0.41. Application of this method yielded fc = 0.41 + 0.01, dc = 65.4 +
, .13 . 15 .
1.7 Hz with corresponding ~~CO-""N distance rc = 3.61 + 0.03 A, and ds = 21.2 + 0.5

Hz with corresponding rs = 5.25 + 0.04 A. These results indicate that the membrane-

associated H3 20 peptide adopts ~40% closed structure and ~60% semi-closed
structure at pH 5.1[17]. The two structures are displayed in Figure 2.8. To check the
reproducibility of the results, a second sample was prepared in the same way and the

new REDOR data were acquired under the same experimental conditions. SIMPSON

simulations yielded the best-fit ;(2 = 0.83, dc = 63.2 Hz with rc = 3.65 A, ds = 19.0 Hz

with rs = 5.44 A, and fc = 0.38. These values were comparable to those for the first

sample.
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091 | —=—51Hz"0.64 P
| =— 65 Hz*0.41+21 Hz*0.59 /
0.8 —a— corrected dephasing i

ASIS

. AS lab . AS sim
Figure 2.7 Plots of (S—) vs 1 (black) and best-fit (S—) vs © for 32 Hz (purple)
(0]

(0}
which corresponds to the "single closed structure” model, 51 Hz x 0.64 (blue) which
corresponds to the "closed/open™ model, and 65 Hz x 0.41 + 21 Hz x 0.59 (red) which
corresponds to the "closed/semi-closed” model, respectively.
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(b)

Figure 2.8 Backbone structural models of H3 20 in lipid membranes at pH 5.1. The
carbon, nitrogen, and oxygen atoms are in green, blue, and red, respectively. The G16

13CO-F9 15N internuclear distance is 3.6 A in the closed structure (a) and 5.2 A in the
semi-closed structure (b).

Intramolecular vs intermolecular dipolar interactions

In the above data analysis, the 13CO-15N dipolar coupling was assigned to be an

intramolecular interaction. This assignment is supported by several pieces of evidence.

First, the best-fit results of the REDOR data of H3_20 indicate that ~40% of the peptide

molecules have a G16 1?’CO-FQ 15N distance of 3.6 A which is very close to the

intramolecular distance (3.9 A) observed in the closed structure of H1_23 in
detergents[3]. Second, an earlier solid-state NMR study has supported an N-
helix/turn/C-helix structure of H3_20 in membranes|[8]. If the experimentally observed
large dephasing of H3 20 were due to intermolecular dipolar interactions, large
aggregates of H3_20 would probably be required. However, another solid-state NMR

study of H3 20 indicates that the peptide molecules have significant motion at the
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ambient temperature which is not consistent with a large aggregate of the peptide[18].

As we freeze the sample in liquid N2 and then keep cooling it with -50 °c N2 gas

throughout the REDOR experiments, we do not expect the formation of large
aggregates of H3 20 during the experiments. Third, although the formation of
antiparallel homodimers of H3_20 could explain the significant dephasing of H3 20 in
membranes, this model is probably incorrect since there is strong evidence for a turn in
the middle of the H3_20 sequence, as discussed earlier. Furthermore, previous solution
NMR studies of H1 23 in detergents have ruled out the antiparallel homodimeric
arrangements of the peptide molecules since the experimentally observed interhelical
nuclear Overhauser effects (NOEs) between the N-terminal and C-terminal residues
have been proven to be intramolecular rather than intermolecular[3]. Fourth, earlier EPR
studies have been done on a construct consisting of residues 1-127 of the HA2 subunit
of the influenza hemagglutinin protein[19]. This construct is trimeric and induces vesicle
fusion under acidic conditions similar to the full length HA. EPR spectra of the spin-
labeled construct showed that the fusion peptide region is likely to exist as a monomer

in the membrane at both neutral and acidic pH conditions.

To further confirm whether the 13CO-lSN dipolar coupling is intra- or

intermolecular, a control REDOR experiment was run with a sample containing 50%

labeled and 50% unlabeled H3_20 in the membrane at pH 5.0. If the 13CO-15N dipolar

AS
interaction is predominantly intramolecular, the dephasing buildup of g VST for the
(0}

100% labeled H3_20 sample will be comparable to that for the 50% labeled H3_ 20
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. 13 15 . . o . .
sample. By contrast, if the = CO-""N dipolar interaction is predominantly intermolecular,

the dephasing buildup rate and extent for the 100% labeled sample will be different than

those for the 50% labeled sample. For instance, as we consider a dimer model in which
two peptide molecules aggregate as a dimer and the G16 13CO in molecule is dipolar
coupled to the F9 15N in the other molecule, there will be three different types of dimer

consisting of (i) two labeled molecules; (ii) one labeled molecule and one unlabeled
molecule; and (iii) two unlabeled molecules, respectively (Figure 2.9a). The probability
of (i), (ii), and (iii) is 25%, 50%, and 25%, respectively. Suppose there are 25 dimers of

(), 50 dimers of (ii), and 25 dimers of (iii), the fractional contribution to the overall G16

13CO signal intensity will be 0.50 from (i) and 0.50 from (ii). If the 13CO-15N dipolar
interaction is predominantly intermolecular, then ~1/2 of the G16 13CO signal from (i)
will be dephased in the REDOR experiment, i.e. ~1/4 of the overall G16 13CO signal will

be dephased, as opposed to the 100% labeled sample for which ~1/2 of the overall G16

13 . . . AS \jab .
CO signal is dephased. In this case, the (S—) for the 50% labeled sample will be

(]

approximately half of that for the 100% labeled sample for any given dephasing time T,
AS Jjab : 13 . .
where (_S )" is the dephasing for the labeled G16 ~~CO signal only (Figure 2.9b).
(0}

However, the REDOR data show that the 50% and 100% labeled samples had very
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AS
similar buildups of (S—)lab vs t (Figure 2.10), supporting that the 13CO-15N dipolar

(0]
coupling is predominantly intra- rather than intermolecular.
Conclusions

In summary, our REDOR studies show that H3 20 adopts majorly closed rather
than open structures in the membrane. It is important to distinguish between the open
and closed structures since they lead to different peptide-lipid interaction models. For
the open "boomerang" structure, the hydrophobic side chains are majorly in the interior
of the structure, creating a hydrophobic pocket that allows a deep insertion of the fusion
peptide into the membrane hydrocarbon core[2]. However, for the closed structure, the
hydrophobic side chains are majorly on one side which interacts with the lipid
membrane while the Gly residues are on the other side which is exposed to the

solvent[3].
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0.0

Figure 2.9 (a) Possible aggregates of H3_20 for the dimer model for the "50% labeled +
50% unlabeled” sample. The G16 “>CO and F9 °N labeled H3_20 is in red while the
unlabeled H3_20 is in black. (b) Theoretical 13CO-15N REDOR dephasing plots of

AS
(S—)Iab vs 1 for the 100% labeled H3 20 sample (red) and the "50% labeled + 50%
(0]

AS
unlabeled" H3_20 sample (black). The (S—)lab for the 100% labeled sample is twice
(0]

that for the 50% labeled sample for any given dephasing time r.
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Figure 2.10 13CO-15N REDOR plots of (S—)a vs 1 after n.a. correction for the
(0}

membrane sample containing 100% labeled H3_20 (red) and the one containing 50%
labeled and 50% unlabeled H3_20 (black) at pH 5.0 (courtesy from Ujjayini Ghosh, the
REDOR data for the two samples were acquired under the same optimized
experimental conditions which were different than those for Figure 2.6).
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Chapter 3 - Development of 13C-2H REDOR

3.1 Probe design

There are different types of REDOR experiments such as 13C-15N, 13C-2H, and

31P-19F REDOR. As noted earlier, REDOR is a very useful SSNMR technique for

measuring distances between two heteronuclei and was first developed by Gullion and

13 .15, 13 _ 31 13 . 19

Schaefer[1]. In the past, our group has been using ~ C-""'N, " C-"P,and " C-F

REDOR to study the structure, membrane topology, and insertion depth of viral fusion

peptides in the membrane[2-4]. To the date | joined the group, there was no probe for

13C-ZH REDOR. The goal of developing 13C-2H REDOR in our laboratory is to study
the membrane locations of peptides using 13CO-IabeIed peptide and 2H-Iabeled lipid or

L 2 . . .
cholesterol. One significant advantage of the "H labeling scheme is that there will be no

perturbation of the membrane bilayer no matter what fraction of lipids and/or cholesterol

. . 1 2 . .
in the membrane are deuterated since "H and H are chemically equivalent.

Low-power and high-power tuning
As we build a new multi-channel probe, the first step is to get all the desired

channels tunable, e.g., for a 400 MHz NMR spectrometer, the 13C channel should be

tunable at ~100 MHz. There are two types of tuning with one called low-power tuning
and the other called high-power tuning. Low-power tuning is used to check the tunable
frequency range of a specific channel without applying r.f. pulses to the probe whereas

high-power tuning refers to the tuning when applying r.f. pulses to the probe. The cable
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connections for low-power tuning are displayed in Figure 3.1. Besides, the "SEC/DIV"
knob on the oscilloscope needs to be adjusted to change the time scale to "CH1 X"

such that the resonance peaks at different frequencies can be displayed on the

oscilloscope.
SWEEPER OSCILLOSCOPE
DEMOD VERT HORIZ MODE TRIGGER
@ G\) Q q CH1 (CH2D CH3 CH4 O knob

VERT
CHA1
CH3
CH4

500 DC 500 DC

hybrid
coupler

50 Q) resistor

PROBE CHANNEL TO BE TUNED

Figure 3.1 Cable connections for low-power tuning. Only part of the sweeper and
oscilloscope are displayed. The probe is connected to the sweeper via a hybrid coupler
(also known as reflection bridge or magic T). For the low-power tuning, the oscilloscope
needs to be adjusted such that all the red circled lights are on.

Tuning configuration

For each probe, there are specific tuning configurations for different NMR

experiments, e.g. for the probe (probe # 7058 from Chemagnetics) we used to develop

13C-2H REDOR, the triple resonance tuning configuration for 1H, 13C, and 2H provided
by the manufacturer is as follows:

84



33 pf series plug-in

15 pf, 6 t trap plug-in

SC Low channel receiver platform (Y channel)

36 pf Mid channel receiver platform (X channel)

2.2" Low tune tube (Y channel)

5.4" Mid tune tube (X channel)

where pf represents picofarad and is a unit of capacitance, 6 t refers to 6 turns in the
trap plug-in, and SC represents short circuit. For a tune tube, it consists of two parts
with part (i) made of copper and part (ii) made of both copper and dielectric plastic. In
the above tuning configuration, 2.2" and 5.4" refer to the length of the copper region in
part (ii) of the tune tube. Figure 3.2 displays the pictures of probe, tune tube, tuning rod,

series plug-in, and trap plug-in.
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(b) tune tube and tuning rod

Figure 3.2 (a) Triple-resonance solid state NMR probe. (b) Tune tube and tuning rod. (c)
Series plug-in and trap plug-in.

Since there are usually several capacitors and inductors in a probe, each channel

in the probe can be considered as an LC circuit. As a r.f. pulse passes through an LC

circuit, the capacitive reactance Xc, inductive reactance X, and total impedance Z the

pulse experiences are defined by

1 .
Xc = _(Zm/C )i (3.1)
X, =(2zvL)i (3.2)
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Z=Xc+ X, =(2rvL- )i (3.3)

2vC

where v is the frequency of the pulse, C is the capacitance of the capacitor, L is the
inductance of the inductor, and i refers to the square root of -1. According to equations

1
3.1-3.3, thematically show that the total i d Z=0wh = =,
we can mathematically show that the total impedance when v 27JLC

1
where is the so-called resonance frequency of an LC circuit. To minimize the
274JLC quency

total impedance Z that the pulse experiences, specific components such as plug-ins and

tune tube need to be selected such that the corresponding capacitance C and

inductance L will fulfill the condition of v = —F—=, where v is the transmitter frequenc
VT ondic v quency

of the pulse. Although the tuning configuration for each specific NMR experiment is

provided by the probe manufacturer, the final configuration that works may be different

than the one provided. For instance, the tuning configuration for 1H, 13C, and 2H that
13,2
really worked as we developed the ~ "C- H REDOR probe was as follows:

82 pf series plug-in

15 pf, 6 t trap plug-in

33 pf Low channel receiver platform (Y channel)

36 pf Mid channel receiver platform (X channel)

3.9" Low tune tube (Y channel)

5.4" Mid tune tube (X channel)
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which was substantially different than the one provided by the probe manufacturer. Note

that the tuning configuration may change again as you modify the probe, e.g.
replacement of the copper ribbon connecting the stator and 13C channel (X channel)
may cause detuning of the channel and thus a new series plug-in may be needed to get
the channel tunable again.

During the low-power tuning, we adjust the tuning rod and match to make the

1
inductance L and capacitance C fulfill the resonance condition of = _—— 1o
P V' T ordic

minimize the reflected voltage V, from the probe at a specific frequency v and detect V;

on the oscilloscope. If a channel can be tuned at a specific frequency (e.g. the
transmitter frequency to be set on the spectrometer) to produce a deep and sharp peak
near the zero voltage line on the oscilloscope at the low-power tuning, it means the
channel can be also well tuned for that specific frequency at the high-power tuning, e.g.
the forward-to-reverse voltage ratio of the pulse after the high-power tuning can be 10
or higher. Note that the forward voltage of the pulse can be accurately measured only

after the channel has been well tuned.
3.2 Setup peptide 14
Criteria for REDOR setup compound

To optimize the REDOR pulse program, a proper setup compound is required.

There are several criteria for an ideal REDOR setup compound described as follows:
(@) The setup compound should have the same type of observed nucleus as the

samples to be studied. Since the peptide samples to be studied by 13C-2H REDOR are
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13CO labeled, the setup compound should be also 13CO labeled. If the setup
compound is 13CH3 labeled, the optimized pulse parameters for the setup compound
. . 13 . 13 13
are not necessarily optimized for the = CO labeled samples since ©~ CH3 and =~ CO
. 13 . . . . . 13
have different = C chemical shift anisotropies (CSA). The amide =~ CO has a CSA of
13 . 13
~150 ppm whereas = CH3 has a CSA of ~30 ppm. As a result, an optimized = C r.f.
13 . . . 13
pulse power for ~ CHg3 is not necessarily sufficient for = CO.

(b) The setup compound should have a single spin pair with a known internuclear
distance, in which case the data analysis as we optimize the pulses will be simplified.
We can first calculate the dipolar coupling using the internuclear distance and then run
SIMPSON simulations to get the theoretical dephasing buildup plot for that dipolar
coupling. At last, we compare the theoretical dephasing buildup with the experimental
one to tell whether the pulses (particularly the = pulses during the dephasing time) have

been optimized or not.

(c) The dipolar interaction for the setup compound should be predominantly intra- rather
than intermolecular. In the latter case, it could be challenging to calculate the
intermolecular distance and there could be a distribution of intermolecular distances,

which complicate the data analysis as we optimize the pulse program.

(d) It is advisable to choose a setup compound which has an intermediate dipolar

coupling, e.g., 30 or 40 Hz. If we choose one with a very small dipolar coupling such as

6 Hz, the SIMPSON-simulated 13C-2H REDOR dephasing is only 10% for dephasing

time t = 40 ms. By contrast, if we choose one with a very large dipolar coupling such as
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200 Hz, the SIMPSON-simulated 13C-2H REDOR dephasing is 65% for dephasing time

1= 16 ms, which is already reaching the maximum dephasing of 2/3. In this case, the
dephasing buildup may not be sensitive to the pulse optimization, i.e., even if the pulses
(particularly the & pulses during the dephasing time) are not optimized, there might be a
significant dephasing buildup.
14 peptide sequence and isotopic labels

Based on the above criteria, we synthesized an 14 peptide as the setup
compound for 13C-2H REDOR. The 14 peptide was synthesized by Fmoc SPPS using
rink amide resin and thus the C-terminus of the peptide was amidated. 14 has a
sequence of AEAAAKEAAAKEAAAKAW with a *3CO label at residue A9 and a C-°H

label at residue A8. Earlier SSNMR studies of the lyophilized 14 peptide have shown

that A9 has an a-helicity of (83 £ 6)%][5]. In the a-helical structure, the internuclear

distance between A8 Ca-ZH and A9 13CO is ~5.0 A which corresponds to a 13C-2H

dipolar coupling of ~37 Hz. The 13C-2H REDOR pulse program optimization using the

setup peptide 14 is described in detail in Section 3.3. For clarification purposes, the

setup peptide 14 is denoted as 14_A8pA9c in the following sections and chapters.

3.3 Pulse sequence optimization
In general, there are three commonly used REDOR pulse sequences (Figure

3.3)[6]. For each REDOR pulse sequence in Figure 3.3, it starts with CP from lH to

nucleus S to enhance the S signal, then a dephasing period during which the dipolar
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coupling is decoupled in the Sy experiment and recoupled in the S1 experiment, and at

last an acquisition period. Windowless 1H decoupling pulses (i.e. there is no interpulse
time delay) are applied throughout the dephasing and acquisition periods.
For the pulse sequence in Figure 3.3a, a single S = pulse is applied in the middle

of the dephasing period to refocus the isotropic chemical shift and produce an echo at

'H | CP decouple

s [cp | T

TR
T
0

rotor
10T,

(a)
|

(b)

s LLLLLLLLL e
LU

rotor L
10T,
(c) ;
' I
rUtDr 1 1 1 1 1 1 1 1 1 1 L
0 10T,

Figure 3.3 Three commonly used REDOR pulse sequences. Each sequence starts with

CP from 1H to the observed nucleus S to enhance the S signal, followed by a
dephasing period (only ten rotor cycles are shown here) and at last an acquisition

period. 1H decoupling pulses are applied throughout the dephasing and acquisition
periods[6].
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the beginning of the acquisition period. For the Sy experiment, there is no = pulse

applied on the | channel and thus the dipolar coupling is decoupled by MAS. For the S1

experiment, in addition to the single = pulse applied on the S channel in the middle of
the dephasing period, there are also = pulses applied on the | channel in the middle and
at the end of each rotor cycle during the dephasing period except for the end of the rotor
cycle when the S-channel = pulse is applied. Application of the & pulse train on the |

channel recouples the dipolar coupling and thus causes dipolar dephasing of the signal

during the Sy experiment.

For the pulse sequence in Figure 3.3b, nt pulses are applied on the S channel at

the end of each rotor cycle during the dephasing period. The I-channel = pulses in the
middle of each rotor cycle are applied during the S1 experiment but not during the Sq
experiment.

For the pulse sequence in Figure 3.3c, n pulses are applied on the S channel in
the middle and at the end of each rotor cycle except for the midpoint of the dephasing

period. The I-channel = pulse in the midpoint of the dephasing period is applied during
the S1 experiment but not during the Sgo experiment. This pulse sequence can be used
when the | spin has a very large anisotropic interaction (e.g. quadrupolar interaction).
The I-channel &t pulse can be a composite n pulse which may better compensate for the
limited r.f. pulse power and large nuclear resonance offsets than a simple = pulse do,

where a composite © pulse consists of multiple simple pulses with different phases and

the net flip angle of the composite pulse is 180°. This pulse sequence has been used
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for 13C-2H REDOR and the advantage of applying a single rather than multiple 2H
7 pulses is that it can minimize the effect of 2H pulse imperfections[7].

All the three REDOR pulse sequences in Figure 3.3 have the same optimization

procedure described as follows (take 13C-2H REDOR for example):

(a) MAS setup using KBr
pulse program = "1 pulse" (one pulse with a phase cycling of x, -x, y, -y), Br transmitter

frequency = 99.8942000 MHz, spinning rate = 4 kHz, temperature = -50 °c.

We need to first tune the Br channel and then adjust the magic angle rod. As we adjust
the magic angle rod, we can either click "Repeat Scan" in the Spinsight window and
then keep adjusting the magic angle rod until we observe as many and strong rotary
echoes as possible in the Br FID or click "RS and Process" and then keep adjusting the
magic angle rod until we observe as many and strong peaks as possible in the Br

spectrum (Figure 3.4).
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Figure 3.4 Br spectrum (64 scans) after MAS setup, spinning rate = 4 kHz, -50 °C. The
spectrum was processed with 20 Hz Gaussian line broadening.

(b) 13C chemical shift referencing using adamantane

pulse program = "1 pda" (one pulse with a phase cycling of x, -x, y, -y and 1H

decoupling), 13C transmitter frequency = 100.2677200 MHz, lH transmitter frequency =
398.6976190 MHz, spinning rate = 4 kHz (other spinning rates such as 8 and 10 kHz

also work and they produce very similar 13C chemical shifts within 0.1 ppm deviation),
temperature = -50 °c. The 13C transmitter frequency is chosen in such a way that the

13C peaks of interest (e.qg. 13CO) of the samples to be studied (not adamantane) are
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close to O ppm (e.g. 15 ppm) before doing the chemical shift referencing, in which case

the 13C resonance offsets are small and thus the 13C pulses can work efficiently. The
130 spectrum of adamantane under 4 kHz MAS is shown in Figure 3.5. The peak at -
119.0 ppm refers to the methylene 13C peak and the peak at -127.9 ppm refers to the

methine 13C peak. For all the membrane samples of peptides to be studied, the 13C

shifts will be externally referenced to the methylene peak of adamantane at 40.5 ppm

such that they can be directly compared with the 13C shifts of proteins in aqueous
solution[8, 9]. Since the methylene 13C shift of adamantane in Figue 3.5 is -119.0 ppm,
the corresponding 13C chemical shift referencing value = 40.5 ppm - (-119.0 ppm) =

159.5 ppm. In this case, if the peptide 13CO peak shift is 20.0 ppm before referencing,

the peak shift after referencing will be 179.5 ppm.
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Figure 3.5 13C spectrum of adamantane under 4 kHz MAS, -50 °C. The left peak at -
119.0 ppm corresponds to the methylene 13C whereas the right peak at -127.9 ppm
corresponds to the methine 13C.

, 13 . .
To correctly view the ~C shifts before referencing, we need to make sure 0 ppm

is right in the middle of the chemical shift axis in the Spinsight window, if not, click
"Analysis"—"Reference", then click the spectrum to pop up the "Set Reference" window

in which you set the "Reference point" as 0.5 and "Reference value" as 0, and at last

click "Set"— "OK" to finish. To correctly view the 13C shifts after referencing, click

"Analysis"—"Reference" in the Spinsight window, then click the spectrum to pop up the

"Set Reference" window where you set the "Reference point" as 0.5 and "Reference
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value" as the referencing value of adamantane (e.g. 159.5), and finally click "Set"—

"OK" to finish.

(c) CP optimization
sample = 14 _A8pA9c, pulse program = "cp_ramp", 130 transmitter frequency =
100.2677200 MHz, lH transmitter frequency = 398.6976190 MHz, spinning rate = 10

kHz, temperature = -50 °c.
step 1: lH 712 pulse optimization

lH n/2 pulse is the first pulse in the REDOR sequence and it rotates the 1H

magnetization from z axis to the xy plane. We first set the lH n/2 pulse width (pw90H)

as 10 us and then array the pulse power aH from 0.50 to 0.70 in an increment of 0.02.

Comparison of the 13C spectra (Figure 3.6) indicates that pw90H of 10 us and aH of
0.58 correspond to a 1H n pulse. The 1H 7 pulse produces a zero transverse
o 1 . . 1 13 .
magnetization of "H and thus there is no magnetization transfer from "H to = C during
CP, which results in a zero 13CO signal in the spectrum. To set the 1H n/2 pulse, we fix

aH at 0.58 and change pw90H from 10 us to 5 us. The Rabi frequency of the lH /2

7By 1
27 4x(pw90H)

pulse = = 50 kHz (the pulse flip angle = yB1 x (pw90H) = /2, refer

to Chapter 1 for more details). An alternative way to set the lH n/2 pulse is to fix the
pulse power aH and array the pulse width pw90H.
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Figure 3.6 130 spectra of 14_A8pA9¢ for "aH" array from 0.50 to 0.70 in an increment
of 0.02, 10 kHz MAS, -50 °C.

step 2: lH and 13C CP pulse optimization

After optimizing the lH n/2 pulse, we then set the lH CP pulse power (aHcp) the
same as aH. Although aHcp can be different than aH, we usually set them the same
such that we can easily measure the forward voltage of the 1H n/2 pulse. If we set them
differently, it will be difficult to distinguish the 'H 2 pulse from the CP pulse due to the

short pulse width (5 us) compared to the much longer CP contact time (1~2 ms) and

thus difficult to measure the forward voltage of the n/2 pulse. The forward voltage of the
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1H n/2 pulse is important since we need it to set the 1H decoupling power, which will be

discussed later in more details.

As we set aHcp = aH = 0.58, the next step is to array the 13C CP pulse power
(aXcp) to find out what power produces the maximum 13CO signal intensity. After that,
axXxcpmod is arrayed to find out the best 130 CP ramp which can maximize the

L 1 13 .
magnetization transfer from "H to = C (refer to Chapter 1 for more details about CP

ramp). The optimized aXcp and aXcpmod are 0.40 and 0.03, respectively.

step 3: CP contact time optimization

The last step of CP optimization is to array the contact time to maximize the 13CO
signal intensity. If the CP contact time is too short, the magnetization transfer from "H to
13 . . . . 13 . . .

C will be incomplete which results in weaker = CO signal intensities. If the CP contact
. . 13 . . " . 1
time is too long, the = CO signal intensities will also decrease due to the "H Ty,

. , 1 .
relaxation which refers to the “"H magnetization decay from Mg to (B1/Bg)Mgo, Where Mg
is the “"H magnetization magnitude established under the external magnetic field Bo and
(B1/Bo)Mg is the 1H magnetization magnitude at the thermal equilibrium under the lH

CP pulse field B1. Comparison of 13CO signal intensities indicates that the optimized

CP contact time is 1.5 ms.
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In the 13C-2H REDOR pulse sequence, lH decoupling pulses are applied right

1 , 13 .1 131, .
after CP to decouple all "H-related couplings such as = C-"H J-coupling, = C-"H dipolar
coupling, and 1H-lH dipolar coupling, etc. We can set the lH decoupling power (aHdec)

based on the forward voltage of the lH n/2 pulse. For example, if the lH decoupling

power is set as 75 kHz, we need to adjust the parameter aHdec until the forward

voltage of the lH decoupling pulses is 1.5 times that of the lH n/2 pulse which has a

Rabi frequency of 50 kHz. For the forward voltage of a pulse, recall that it can be

correctly measured only after the channel has been well tuned. Figure 3.7 shows the

130 spectrum of 14_A8pA9¢ after optimizing CP and setting 1H decoupling power as 75
kHz. The A9 13CO shift of 178.8 ppm is consistent with the a-helical structure of 14[9].
(d) 130 7 pulse optimization

sample = 14 _A8pA9c, pulse program = "cp_Zzfilter", 13C transmitter frequency =
100.2677200 MHz, lH transmitter frequency = 398.6976190 MHz, spinning rate = 10
kHz, temperature = -50 °C. The pulse sequence of cp_Zfilter is shown in Figure 3.8.

When both the 13C n/2 and = pulses are set correctly, a zero 13C signal will be

13 . . 13 .
observed. However, when the ~ C = pulse is set as a n/2 pulse, a maximum ~ C signal
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Figure 3.7 13C spectrum of 14_A8pA9c after CP optimization under 10 kHz MAS, -50
°C. The A9 13CO chemical shift after referencing is 178.8 ppm.

will be observed. To optimize the 13C pulses, we first set the 13C n/2 pulse width

(pw90X) and = pulse width (pw180X) both as 4.0 us and then array the power (aX) from

0.30 to 0.45 in an increment of 0.01. The maximum 13CO signal intensity is observed

for aX = 0.39, i.e. the pulse width 4.0 us and power 0.39 correspond to a 13C n/2 pulse.

The next step is to fix pw90X = 4.0 us and aX = 0.39 and then arry pw180X. A zero

13CO signal intensity is observed for pwl180X = 8.3 us. Therefore, the pulse width 8.3

us and power 0.39 correspond to a 130 7 pulse.

101



1 /2
H od cp Decoupling ‘

13 /2 T
C pd CP T |_| Acq

Figure 3.8 Pulse sequence of cp_Zzfilter. The phase cycle is "x, -x" for lH 7/2 pulse, "-y,
-y, =X, -x" for 13C CP pulse, "x, x, -y, -y" for 13C n/2 pulse, and "-x, -x, y, y" for 13C
7 pulse, respectively. The lH CP and decoupling pulses have a fixed phase of "y".

(e) 2H 7 pulse optimization

sample = 14_A8pA9c, pulse program = "redorxy8xypi_pm" (refer to Figure 3.3b), 1H
transmitter frequency = 398.6976190 MHz, 130 transmitter frequency = 100.2677200
MHz, 2H transmitter frequency = 61.2030000 MHz, dephasing time t= 32 ms (other
values such as 24 ms also work), spinning rate = 10 kHz, temperature = -50 °C. The 2H
transmitter frequency is set as 61.2030000 MHz such that the lipid 2H quadrupolar

o 2 .
spectra are centered at ~0 ppm. To optimize the H & pulses, we first set the pulse

power (aY180) as 0.90 and then array the pulse width (pw180Y) to find out which value
produces the maximum dephasing. For t = 32 ms, the maximum dephasing, 0.464 (6),
was observed when pw180Y = 4.7 us. Therefore, pw180Y and aY180 are set as 4.7 us

and 0.90, respectively. To check whether pwl80Y = 4.7 us and aY180 = 0.90

2 2 .
correspond to a H = pulse or not, H "1pulse" experiment of DO at room temperature

(18.9 OC) without spinning is carried out to calibrate the 2H pulses. For direct
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comparison, the 2H amplifier for "1pulse” experiment of D20 is the same as that for

13C-2H REDOR. As we set pulse power as 0.90, the maximum 2H signal of D20 is

observed for pulse width of 2.5 us, i.e. the pulse power of 0.90 and pulse width of 2.5 us

correspond to a 2H n/2 pulse. Therefore, pw180Y = 4.7 us and aY180 = 0.90 do not
exactly correspond to a 2H 180° pulse but a 169° pulse. This deviation could be due to
the temperature change since the 2H pulse is calibrated using DO at 18.9 °C whereas

the 13C-2H REDOR pulses are optimized at -50 °c.

At last, we set pw180Y = 4.7 us and aY180 = 0.90 and then run —>C-°H REDOR
experiments of 14 _A8pA9c for dephasing time t = 2, 8, 16, 24, 32, 40, 48, 56, 64, 72,

and 80 ms, respectively. The experimental dephasing buildup of AS/Sq vs tis shown in

Figure 3.9.
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Figure 3.9 13C-2H REDOR experimental dephasing plot of AS/Sg vs tof 14_A8pA9c
under 10 kHz MAS and -50 °C.

Comparison of REDOR pulse sequences
As discussed earlier, there are three commonly used REDOR pulse sequences
(Figure 3.3). For the 13C-ZH REDOR experiments of 14_A8pA9¢ described above, the
pulse sequence is "redorxy8xypi_pm" (Figure 3.3b), where "xy8" refers to the X/Y (i.e.
13 .2 " " e 1
C/ H) m pulse phase cycle of "X, y, X, ¥, ¥, X, y, X" and "pm" refers to TPPM "H
decoupling. The & pulse phase cycling is applied to compensate for pulse imperfections

and produce REDOR dephasings which are not sensitive to the resonance offsets[10].

In addition to "redorxy8xypi_pm", we also tested the "redorxy8ypi_pm" (Figure 3.3a) and
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"redorxy4xpi_pm" (Figure 3.3c) pulse sequences and compared them to

"redorxy8xypi_pm" in terms of signal sensitivity and REDOR dephasing buildup. Figure

3.10 shows the REDOR dephasing buildups of 14_A8pA9c¢ for "redorxy8xypi_pm" (black)

and "redorxy8ypi_pm" (red). Compared to "redorxy8xypi_pm", "redorxy8ypi_pm"

produces a slower dephasing buildup. The reason for that could be due to the 2H pulse
imperfections including limited pulse power relative to the large resonance offsets of 2H.
For a given dephasing time 1, the number of 2H 7 pulses for "redorxy8ypi_pm" is twice
that for "redorxy8xypi_pm". Therefore, the accumulated 2H 7 pulse imperfections are
more significant for "redorxy8ypi_pm" which cause a less efficient inversion of 2H spins
and consequently a slower dephasing buildup. Figure 3.11 shows the REDOR Sgo
spectra (13CO region) of 14_A8pA9c for "redorxy8xypi_pm" and "redorxy4xpi_pm". The

130 signal sensitivity for “"redorxy4xpi_pm" is much lower than that for

"redorxy8xypi_pm". One possible reason for it could be that the anisotropic chemical

shift interactions are not averaged out by MAS due to the application of 13C 7 pulses in
the middle and at the end of each rotor period T,. As shown in Figure 3.12, assuming
the 13C magnetization is initially along the x axis for dephasing time t = 0 (i), the two
individual 13C magnetic dipole moments a and b will precess under anisotropic

chemical shift fields from © = 0 to t = T,/2 (ii). When a 13C ny pulse is applied at t = T,/2,
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the magnetic moments a and b will be flipped to the opposite side about the x axis (iii).

In the meantime, the anisotropic chemical shift field directions will be inverted at T = T,/2

0.7

—&— redorxy8xypi_pm
0.6 - =— redorxy8ypi_pm -

Figure 3.10 13C-ZH REDOR experimental dephasing plots of AS/Sq vs t of 14_A8pA9c
for the "redorxy8xypi_pm" (black) and "redorxy8ypi_pm" (red) pulse sequences under

10 kHz MAS and -50 °C.
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Figure 3.11 13C-2H REDOR Sq spectra of 14_A8pA9c¢ for the "redorxy8xypi_pm" (a)
and "redorxy4xpi_pm" (b) pulse sequences under 10 kHz MAS and -50 °C. The number
of acquisitions is 400 and 1000 for the 16 ms and 24 ms Sg spectra in panel a and 6875

and 13331 for the 16 ms and 24 ms Sg spectra in panel b. All spectra are processed
with 20 Hz Gaussian line broadening and baseline correction.

due to MAS. Therefore, the magnetic moments a and b will precess in the opposite

direction fromt= T,/2 tot= T, as they do fromt= 0 tot= T/2 (iii). As a result, the

magnetic moments a and b will not be refocused along the x axis at t= T, (iv). As
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. . T 13 . . .
dephasing time 1t goes on, the individual = C magnetic dipole moments will become
. . .13 L . .
randomly oriented and thus their vector sum (i.e. ©~ C magnetization) will decrease in

magnitude as a function of 1. This is probably why the 130 signal sensitivity for

"redorxy4xpi_pm" is so poor compared to that for "redorxy8xypi_pm".

(i)t=0 (i) T = T/2 before '3C = pulse
b
— d
> » X a

(iii) © = T/2 after 13C = pulse (iv) =T,

W

b

Figure 3.12 Evolution of two individual 130 magnetic dipole moments a and b due to
anisotropic chemical shift interactions under MAS when applying 13C 7 pulses in the
middle and at the end of each rotor period Ty.

In summary, the best pulse sequence for 13C-2H REDOR in terms of signal

sensitivity and dephasing buildup is "redorxy8xypi_pm" and this pulse sequence is used

for the peptide 1300 to lipid 2H REDOR experiments to be discussed in chapter 4. For
the 2H 7 pulses, although composite pulses may better compensate for the large 2H
guadrupolar anisotropy than simple pulses do, the ~100 kHz fields of 2H simple =«
pulses used in our 13C-ZH REDOR experiments are strong enough to produce efficient

2 - . . . 2
H spin inversion even in the presence of non-motionally averaged "H quadrupolar
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anisotropy (see Figure 3.13 and more discussion in chapter 4). For the

"redorxy4xpi_pm" pulse sequence, it could be advantageous in that only a single 2H T

pulse is applied during the dephasing time and thus there is no accumulated pulse

imperfection. However, this pulse sequence may be beneficial for alkyl 13C (e.0. 13CH3)
2 13 2 . 13
to H REDOR but not for “"CO to H REDOR since alkyl ~"C has a small CSA (e.g.

~30 ppm for 13CH3) whereas 13CO has a large CSA (~150 ppm). The anisotropic

chemical shift interactions that are averaged out under MAS will be reintroduced by the

130 7 pulses applied in the middle and at the end of each rotor period during the

dephasing time. As a result, the 1300 signal sensitivity is very low due to the large CSA

(Figure 3.11).

3.4 14 data fitting

Natural abundance calibration of (AS/So)eXp

In section 3.3, we have discussed the 13C-2H REDOR pulse sequence
optimization using the setup peptide 14_A8pA9c. The experimental dephasing curve of
ASI/Sq vs t is shown in Figure 3.9. To obtain AS/Sq vs t for the labeled A9 13CO only,
the natural abundance contribution to the experimental AS/Sq is removed in a similar

way as described in chapter 2. The labeled AS/Sq vs 1 for A9 13CO is shown in Figure
3.13 (black squares). For all t, the difference between the experimental and labeled
AS/Sq is <£0.05.

109



SIMPSON simulations of (AS/SO)Iab VS T

In the a-helical structure of 14 _A8pA9c, the internuclear distance r between A8
Ca-ZH and A9 13CO is ~5.0 A which corresponds to a 13C-2H dipolar coupling d = 37
Hz via the relationship d(Hz):4642/r3(A)[10]. The theoretical AS/Sg vs tford =37 Hz is
simulated by SIMPSON for realistic MAS frequency, 2H r.f. field, and 2H quadrupolar
coupling, etc. As shown in Figure 3.13, the simulated AS/Sq buildup for d = 37 Hz has a
sigmoidal shape whereas the labeled AS/Sq buildup for A9 13CO has an exponential
shape. In addition, the simulated AS/Sp has a rapid buildup with a maximum value of
2/3 whereas the labeled AS/Sqy has a slower buildup with values greater than 2/3 at
longer t. The maximum value of 2/3 for simulated AS/Sq reflects 1/3 fractional
population of 2H spins in the m=0 state which cannot be inverted by 2H 7 pulses and

thus have no contribution to the dipolar dephasing of 13CO.
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Figure 3.13 13C-2H REDOR dephasing curves of AS/Sg vs tof 14_A8pA9c¢ for the
pulse sequence "redorxy8xypi_pm" under 10 kHz MAS and -50 °C. Black squares are
labeled AS/Sy for A9 1300 after removal of the natural abundance contribution. Red
triangles are SIMPSON simulated AS/Sq for d = 37 Hz. Red line is the best-fit curve

using the fitting function Ax(l-e_BT).

The differences between simulated and labeled AS/Sq buildups could be due to
the T1 relaxation between 2H spin states in the experiment which is not considered in
the SIMPSON simulation. In the absence of relaxation, a 13CO coupled to a m=t1 2H

experiences dipolar evolution for the full dephasing period Tt whereas a 13CO coupled to

2 . . . . 13 2
a m=0 H experiences no evolution. With relaxation, a =~ CO coupled to a m=x1 H
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experiences dipolar evolution for part of t but no evolution for the remainder of t due to

the relaxation that changes the 2H in the m=x1 state to the m=0 state. The relaxation
will result in a slower AS/Sq buildup with long-t values close to 1, which is reflected by

the AS/Sq buildup of 14_A8pA9¢ (Figure 3.13).
 pas lab
Exponential fitting of (4S/Sp) ~ vs 7

Given the exponential buildup shape, the labeled AS/Sg vs t of 14_A8pA9c is
fitted using the function Ax(l-e'BT). A is the fraction of 13CO nuclei within the r < 9 A
detection limit and = ad, where o is a coefficient and d is thelSCO-ZH dipolar coupling.
The best-fit values are A = 0.87(5) and 3 = 24(2) Hz. Since d = 37 Hz for 14_A8pA9c,
the coefficient o = p/d = 0.65(5). Since AS/Sq of a spin 1/2-spin 1/2 pair has a single
universal dependence on A where A = td, we expect that AS/Sg of a spin 1/2-spin 1 pair

also has a universal dependence on A and thus the coefficient o = 0.65 for 14_A8pA9c

may be also used for other different samples[10].
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Chapter 4 - Membrane location studies of KALP and HIV fusion peptide (HFP)

4.1 Background

The insertion depth (i.e. membrane location) of protein and peptide residues in
lipid membranes is an important feature of membrane-bound proteins and peptides. For
instance, the membrane insertion depth of HFP is crucial for its membrane fusion
activity[1]. Earlier lipid mixing assays and REDOR SSNMR studies together have shown
a strong positive correlation between the membrane insertion depth and fusion activity
of HFP[1-3]. The residue-specific locations of proteins and peptides in membranes can
be detected by a variety of techniques including fluorescence spectroscopy, EPR, and
SSNMR (e.g. PRE, spin diffusion, and REDOR), which have been discussed in detail in
Chapter 1. In this chapter, we will focus on the membrane location studies of peptides

using REDOR SSNMR.

As previously described in Chapter 3, our group have been using 130-31P and
13 . 19 . . . 13 -
C-""F REDOR to probe the membrane locations of peptides. For peptide = C to lipid
31P REDOR, it detects membrane locations of peptides with respect to the membrane
., 13 .., 19 . . .
surface. For peptide = C to lipid * F REDOR, it detects membrane locations of peptides

with respect to the membrane center when using the C16-19F labeled

dipalmitoylphosphatidylcholine (DPPC) lipid that contains a 1H—>19F substitution at C16

in one of the two palmitoyl chains (Figure 4.1b). However, a disadvantage of using the

Cl6-lgF labeled DPPC lipid is that the membrane bilayer integrity may be disrupted.
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Earlier studies have shown that 100% monofluorinated DPPC lipids with a 1H—>19F

substitution at C16 in one of the two acyl chains form an interdigitated bilayer rather
than a regular bilayer (Figure 4.1)[4]. The C-F bond at C16 in DPPC has a very strong
electric dipole that is energetically more stable in a polar environment and drives the
formation of the interdigitated lipid bilayer where the C-F bond may contact the polar

headgroup region of the DPPC lipids.

(@) DPPC bilayer w/o '°F 100% C16-'9F labeled DPPC (b)

NS
Sz
o]
/
o
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\
}O/
C16-9F ?

Figure 4.1 (a) Regular lipid bilayer (left) consisting of unlabeled DPPC zilgd

interdigitated bilayer (right) consisting of labeled DPPC that contains a H—> F

substitution at C16 in one of the two palmitoyl chains. (b) Structure of C16- F labeled
DPPC lipid.
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Figure 4.2 (a) D54: dimyristoylphosphatidylcholine perdeuterated in the myristoyl
chains. (b—d) D4, D8, and D10: dipalmitoylphosphatidylcholine deuterated at palmitoyl

carbons 2; 7 and 8; and 15 and 16, respectively[5].

By contrast, for peptide 13C to lipid 2H REDOR, there is no membrane

. . - . 1 2
perturbation no matter what fraction of lipids are deuterated since "H and H are

chemically equivalent. For the lipids in Figure 4.2, the perdeuterated DMPC lipid (D54)
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. o . 13 . . .
is used to qualitatively determine whether the = CO labeled residue is inserted in the

membrane hydrocarbon core whereas the selectively deuterated DPPC lipids (D4, D8,
and D10) are used to quantitatively detect the residue-specific membrane locations of

peptides.
4.2 Peptide synthesis and sample preparation

Peptide sequence and synthesis
The membrane-associated peptides KALP_Allc, HFP_G5¢, and HFP_F8¢c were

manually synthesized by Fmoc SPPS. KALP is a designed membrane-spanning o-

helical peptide and KALP_Allc has the sequence GKKLALALALALALALALALKKA
with a 13CO label at All, acetylation at the N-terminus, and amidation at the C-
terminus|6]. HFP_G5¢ and HFP_F8¢c have the sequence

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA with a 13CO label at either G5 or F8.

The underlined residues are the 23 N-terminal residues of HIV gp41 fusion protein. A
tryptophan residue is added as a 280 nm chromophore for peptide guantification and a
non-native six-lysine tag is added to increase the aqueous solubility of HFP. The
synthesized peptides were purified by reversed-phase HPLC using a preparative C4
column. The peptide purities were checked by mass spectrometry (MALDI and ESI).
Comparison of peak intensities in the mass spectra indicated the peptides were >95%

pure.
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REDOR sample preparation

For the REDOR samples, each KALP sample was prepared using 1 umol KALP

and 50 umol lipids whereas each HFP sample was prepared using 2 umol HFP and 50
umol lipids. The KALP_A11¢c and HFP_F8¢c samples were prepared in a time sequence

of (1) dissolving the peptide and lipid (either D4, D8, D10, or D54) together in a mixture
of 2,2,2-trifluoroethanol, chloroform, and 1,1,1,3,3,3-hexafluoroisopropanol in a 2:3:2
volume ratio. The initial co-solubilization in organic solvents minimized the fraction of

kinetically trapped peptide on the membrane surface; (2) removing the organic solvents

using N2 gas in the fume hood; (3) drying the peptide-lipid film in a vacuum desicator
overnight; (4) suspending the peptide-lipid film in 2~3 mL pH 7.4 buffer which contains 5
mM HEPES and 10 mM MES; (5) performing ten cycles of “freeze/thaw”, where the
"freeze" in liquid N2 breaks apart the lipid vesicles and the "thaw" in water bath at room
temperature drives the lipid molecules to reform vesicles in the buffer; (6) adding more
buffer until the centrifuge tube is full (note that a balance centrifuge tube is needed and
the mass difference between the balance and sample tubes should be within 100 mg);
(7) ultracentrifugation at 270,0009 for 4 hours (UV measurement at 280 nm showed little
peptide in the supernatant liquid after ultracentrifugation); (8) lyophilizing the pellet in a
freeze dryer overnight; (9) adding 10 uL pH 7.4 buffer to the bottom of a 4mm rotor,

packing the lyophilized pellet in the rotor, adding another 10 uL buffer on top of the
sample, and finally allowing overnight sample hydration before running 13C-2H REDOR

experiments.
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The HFP_G5¢ samples were prepared in the same procedure as described

above except that the lipid membrane consisted of either 100% D4 or 80% D8 (or D10)
+ 20% DTPG, where the PC:PG (4:1) lipid composition reflected a small fraction (~10%)
of negatively charged lipids and a significant fraction (~85%) of zwitterionic lipids in HIV

host cell membranes[7].

4.3 13C-2H REDOR experiments and 2H T1 measurements
13,2 .
Partl: © C- H REDOR experiments

The 13C-2H REDOR pulse sequence (Figure 4.3) consists of (1) 1H n/2 pulse
which rotates 1H magnetization from z axis to the xy plane, (2) simultaneous lH and
13 . . 1 13 13 .

C CP pulses which transfer magnetization from "H to ~ C to enhance the ~ C signal
intensity, (3) 13C 7 pulses at the end of each rotor period except the last one without (Sq
experiment) and with (S1 experiment) 2H 7 pulses in the middle of each rotor period

. . . 13 . . _ 1 .
during the dephasing time t, and (4) = C signal acquisition. TPPM "H decoupling
n pulses are applied during t and the acquisition period. The REDOR experimental
conditions included 10 kHz MAS frequency, sample cooling gas temperature of -50 °c
with actual sample temperature of approximately -30 0C, 5.0 us lH n/2 pulse, 1.5 ms

CP with 50 kHz lH and 62-66 kHz ramped 13C fields, 8.3 us 13C n pulses, 5.1 us 2H T

pulses, and 75 kHz TPPM 1H decoupling fields. The recycle delay was 1 s for t =2 ms,

8 ms, and 16 ms, 1.5 s for t= 24 ms and 32 ms, and 2 s for t= 40 ms and 48 ms,
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respectively. The pulses were optimized using the setup peptide 14 _A8pA9c as
described in chapter 3.

KALP_Allc samples

Figure 4.4 displays the 13CO regions of the Sg and S1 spectra of KALP_Al1lc for

t=40 ms in D4, D8, D10, and D10 lipid membranes, respectively. The strong signal at

178.7 ppm is dominated by the labeled A1l 13CO (~0.80 molar fraction) and this peak

g K/EP Decoupling
T n s
ST
T T :rc T
‘H
Rotor _| I | | |

0 1 2 3 4

Figure 4.3 13C-2H REDOR pulse sequence.

shift is consistent with helical Ala in a peptide or protein[8]. The fraction 0.80 is

determined by spin counting. For KALP_Allc, the labeled 13CO signal is 0.99 and the
unlabeled (i.e. natural abundance) 13CO signal is 0.24 (0.011 x 22), thus the fractional

contribution from the labeled All 13CO is ~0.80. The shoulder at 175.7 ppm is
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dominated by natural abundance lipid 13CO nuclei. Comparison of the Sg and S1

spectra for t = 40 ms with those for t = 2 ms for KALP_A11c in D4 membrane (Figure
4.5) shows that the lipid signal (175~176 ppm) is less intense relative to the peptide

signal (=179 ppm) at longer t, which indicates a shorter lipid T2[5]. For the D4

membrane, there is a significant lipid signal dephasing even for the very short t = 2 ms
since the carbonyl carbon (C1) is very close to the deuterons at C2 (~2 A apart) in each

acyl chain.

(@ pa (b) D8

o M N
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N
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3¢ chemical shift (ppm)

Figure 4.4 13C-ZH REDOR Sq (black) and S1 (colored) spectra for t= 40 ms for

KALP_Allc in D4, D8, D10, and D54 membranes, respectively. All spectra were
processed using 100 Hz Gaussian line broadening and baseline correction.
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Figure 4.5 13C-ZH REDOR Sq (black) and S1 (purple) spectra for t=2 ms (a) and t =
40 ms (b) for KALP_A1lc in D4 lipid membrane.

The 13C-ZH REDOR experimental dephasing plots of AS/Sq vs 1 for KALP_Allc

in D4, D8, D10, and D54 membranes are displayed in Figure 4.6 and will be discussed

in section 4.4.
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Figure 4.6 13C-ZH REDOR dephasing plots of AS/Sg vs tfor KALP_Allc in D4
(purple), D8 (blue), D10 (red), and D54 (green) membranes, respectively. The AS/Sq at

. 1 . " ,
each t was calculated using So and S; = CO Iintensities determined over a 3.0 ppm
integration width.

HFP_F8¢c samples

Figure 4.7 displays the 13CO regions of the Sg and S1 spectra of HFP_F8¢ for t =

40 ms in D4, D8, D10, and D10 lipid membranes, respectively. The F8 13CO peak at

174 ppm is consistent with B-sheet structure and is partially overlapped with the natural

abundance lipid 13CO signal at 175~176 ppm[8]. The experimental dephasing plots of

AS/Sg vs 1 for HFP_F8¢c in membranes are displayed in Figure 4.8.
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Figure 4.7 13C-ZH REDOR Sq (black) and S1 (colored) spectra for t= 40 ms for

HFP_F8c in D4, D8, D10, and D54 membranes, respectively. All spectra were
processed using 100 Hz Gaussian line broadening and baseline correction.
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Figure 4.8 13C-ZH REDOR dephasing plots of AS/Sq vs 1 for HFP_F8¢ in D4 (purple),
D8 (blue), D10 (red), and D54 (green) membranes, respectively. The AS/Sq at each t

. 13 _ . " ) : .
was calculated using Sg and S; = CO intensities determined over a 3.0 ppm integration
width.

HFP_G5¢ samples

Figure 4.9 displays the 13CO regions of the Sg and S1 spectra for Tt = 40 ms for
HFP_G5¢ in D4 (100%), D8+DTPG (4:1), and D10+DTPG (4:1) membranes,
respectively. The peak at 171 ppm is dominated by the labeled G5 13CO and is

consistent with p-sheet G5 in the peptide. The shoulder at 175 ppm in the Sg spectrum

of Figure 4.9a may have contributions from labeled 13CO of helical G5, n.a. 13CO of
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unlabeled residues, and n.a. 13CO of D4 lipid. The experimental dephasing plots of

AS/Sq vs 1 for HFP_G5¢ in membranes are displayed in Figure 4.10.
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Figure 4.9 13C-ZH REDOR Sq (black) and Sip (colored) spectra for t= 40 ms for

HFP_G5¢c in "100% D4" (a), "80% D8 + 20% DTPG" (b), and "80% D10 + 20% DTPG"
(c) membranes, respectively. All spectra were processed using 100 Hz Gaussian line
broadening and baseline correction.
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Figure 4.10 13C-2H REDOR dephasing plots of AS/Sq vs t for HFP_G5¢ in "100% D4"
(purple), "80% D8 + 20% DTPG" (blue), and "80% D10 + 20% DTPG" (red) membranes,

respectively. The AS/Sy at each © was calculated using So and S1 13CO intensities
determined over a 3.0 ppm integration width.

2
Part Il: H Tq1 measurements

To investigate the relaxation effects on 13C-2H REDOR dephasing buildups of
AS/Sq vs T, the lipid 2H T1 relaxation times were measured by t1D_ir under both static

and 10 kHz MAS conditions for HFP_F8¢c samples in D8, D10, and D54 membranes,

respectively. The t1D_ir pulse sequence is inversion-recovery followed by a quadrupolar

echo, n — 11 — (n/2)x — 12 — (n/2)y — 13 — detect (Figure 4.11). 2H spectra were acquired
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for different t1 with fixed t2 and t3 (12 was set as 100 us such that the two n/2 pulses

were rotor-synchronized under 10 kHz MAS).

T /2 /2

recycle delay T4 To 13 ¢ 2

Figure 4.11 "t1D_ir" pulse sequence used for 2H T1 measurements. The phase/phase
cycle is "x" for the = pulse, "X, -X, y, -y" for the first n/2 pulse, and "y, y, x, x" for the
second ©/2 pulse.

2 ) . L
H spectra under static conditions (no spinning)

The static 2H spectra were acquired at -50 °C for 11 = 0.1 ms through 300 ms in
an increment of 20 ms for HFP_F8¢ in D8, D10, and D54 membrane, respectively. The
number of acquisitions was set the same for each t1. Ideally, all the 2H spectra for
different t1 should be acquired in the same array. 2H spectra were also acquired for

HFP_F8c in D4 but the signal-to-noise was very poor, which was probably due to (a)

small population of deuterons compared to the D8, D10, and D54 samples and (b) large

guadrupolar anisotropy causing spectral broadening and thus lower signal-to-noise ratio.

As we process the 2H FID data, we need to do "data shift" to move the 2H

guadrupolar echo which is the most intense signal in the FID to time zero before

performing Fourier transformation (FT). For instance, if the dwell time which is the

. . o 2 .
interval between two nearby sampling points is 2 us and the "H quadrupolar echo in the
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FID appears at 22 us, we need to set "data shift" = -11 (i.e. shift the FID to the left by 11

data points) in the process panel before performing FT. For the same sample (e.g.

HFP_F8¢ in D10), all 2H spectra were processed using the same parameters (e.g.
zero- and 1st-order phasing, data shift, and line broadening). The static 2H spectra for

HFP_F8¢c in D8, D10, and D54 membranes are displayed in Figure 4.12, 4.13, and 4.14,

respectively.
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Figure 4.12 "t1D_ir" experiments of HFP_F8¢c in D8 membrane at -50 °C under static
condition. For each t1, the number of acquisition = 16000. (a) 2H FID for 11 = 0.1 ms

and 200.1 ms; (b) 2H spectra for t1 = 0.1 ms through 400.1 ms in an increment of 40 ms.
All spectra were processed using 2000 Hz Gaussian line broadening and data shift of -

12. For simplicity, spectra for 11 = 20.1 ms through 380.1 ms in an increment of 40 ms
are not shown here.

131



(a) (b)
X — v

0.1 ms

u

S

80 ms

o=

0.5 1 1.5 2
ms
60 ms

40 ms

|

20 ms
0.1 ms
200 ms
r T T T T Wﬂ'ﬂmﬂ'ﬂw
0 0.5 1 1.5 2 250 200 150 100 50 O -50 -100 -150 -200 -250

ms kHz

Figure 4.13 "t1D _ir" experiments of HFP_F8¢ in D10 membrane at -50 °C under static
condition. For each t1, the number of acquisition = 3000. (a) 2H FID for 11 = 0.1 ms and

200 ms; (b) 2H spectra for 11 = 0.1 ms through 100 ms. All spectra were processed
using 2000 Hz Gaussian line broadening, data shift of -11, and baseline correction of

order 3. For simplicity, spectra for 11 = 120 ms through 300 ms are not shown.
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Figure 4.14 "t1D _ir" experiments of HFP_F8¢c in D54 membrane at -50 °C under static
condition. For each t1, the number of acquisition = 2000. (a) 2H FID for 11 = 0.1 ms and

200 ms; (b) 2H spectra for 11 = 0.1 ms through 100 ms. All spectra were processed
using 2000 Hz Gaussian line broadening and data shift of -12. The outer horns (1 and 4)

and inner horns (2 and 3) were diagnostic of -CD3 and -CD»- in D54 membrane,
respectively. For simplicity, spectra for 11 = 120 through 300 ms are not shown.
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2H spectra under 10 kHz MAS
The 2H spectra under MAS for HFP_F8¢ in D8, D10, and D54 membranes were

. . . .2
acquired under the same experimental conditions as those for static H spectra

described above except for 10 kHz MAS. The 2H spectra under MAS for HFP_F8¢ in

D8, D10, and D54 membranes are displayed in Figure 4.15, 4.16 and 4.17, respectively.

(a) (b)

0.1 ms

140.1 ms

WLWW 120.1 ms
WWUWUWVLMM 100.1 ms

80.1 ms
60.1 ms
40.1 ms

WWWWW 20.1 ms
Ww 0.1ms

[ILEAELEL DAL DL DAL AL DL DL DL DL LI L L I B R I I |
0 0.5 1 1.5 2 25 3 3.5 4 250 200 150 100 50 O -50 -100 -150 -200 -250

ms kHz

200.1 ms

Figure 4.15 "t1D _ir" experiments of HFP_F8¢c in D8 membrane at -50 °C under 10 kHz
MAS. For each 11, the number of acquisition = 15000. (a) 2H FID for 11 = 0.1 ms and

200.1 ms; (b) 2H spectra for 11 = 0.1 ms through 140.1 ms. All spectra were processed
using 200 Hz Gaussian line broadening, data shift of -32, and baseline correction of

order 3. For simplicity, spectra for 11 = 160.1 through 400.1 ms are not displayed.
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Figure 4.16 "t1D_ir" experiments of HFP_F8¢ in D10 membrane at -50 °C under 10
kHz MAS. For each 11, the number of acquisition = 5000. (a) 2H FID for 11 = 0.1 ms and

200.1 ms; (b) 2H spectra for 11 = 0.1 ms through 100.1 ms. All spectra were processed
using 200 Hz Gaussian line broadening, data shift of -31, and baseline correction of

order 10. For simplicity, spectra for 11 = 120.1 through 300.1 ms are not displayed.
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Figure 4.17 "t1D_ir" experiments of HFP_F8¢c in D54 membrane at -50 °C under 10
kHz MAS. For each 11, the number of acquisition = 3000. (a) 2H FID for 11 = 0.1 ms and

200.1 ms; (b) 2H spectra for 11 = 0.1 ms through 100.1 ms. All spectra were processed
using 200 Hz Gaussian line broadening and data shift of -12. For simplicity, spectra for

11 = 120.1 ms through 300.1 ms are not displayed.

Data fitting

(1) under static condition
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(1a) For HFP_F8¢c in D8 membrane, there were two horns (Pake doublet, see Chapter
1 for more details) in each 2H spectrum, one at 62 kHz and the other at -62 kHz. The 2H
intensity for each t1 was calculated as the sum of the integrations over a 100 ppm (~6

kHz) width for both horns. The 2H signals correspond to the -CD2- deuterons in D8

membrane. The spectral error o was calculated as the standard deviation of twelve

noise integrals over a 100 ppm width for each and the uncertainty of the 2H signal (i.e.

sum of the two horn integrals) for each t1 was calculated as V26.

(1b) For HFP_F8¢c in D10 membrane, there were also two horns in each 2H spectrum
(Figure 4.12), one at ~10 kHz and the other at ~-20 kHz, which correspond to the -CD3
deuterons in D10 membrane. The 2H intensity and uncertainty for each t1 were
calculated in the same way as described in (1a). For the -CD»- deuterons, the 2H

intensity for each 11 was not calculated due to the poor resolution and low signal-to-

noise ratio.

(1c) For HFP_F8¢ in D54 membrane, there were two outer horns corresponding to the
. . . 2

-CD2- deuterons and two inner horns corresponding to the -CD3 deuterons in each H

spectrum (Figure 4.13). The 2H intensity for -CD»- for each 11 was calculated as the

sum of the integrations over a 100 ppm (~6 kHz) width for the two outer horns and the

intensity for -CD3 was calculated as the sum of the integrations over a 100 ppm (~6 kHz)
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. . . 2 . . .
width for the two inner horns. The uncertainty of each "H intensity was calculated in the

same way as described in (1a).

For each sample, the integrated 2H intensity vs t1 was fitted by
I(t1) = lp + {Al x [1 — exp(-t1 /T1)]} (4.2)
where g, Al, and T are fitting parameters and respectively correspond to I(t1 = 0), [I(t1

= o) — I(t1 = 0)], and 1/(longitudinal 2H relaxation rate). The best-fit plots are displayed

in Figure 4.18 and best-fit T1 values are listed in Table 4.1.
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Figure 4.18 "t1D_ir" experimental (black squares with uncertainties) and best-fit (red
line) plots of 2H intensity vs t1 under static conditions for CD2 in D8 sample (a), CD3 in
D10 sample (b), and CD2 and CD3 in D54 sample (c, d), respectively. a.u. = arbitrary

unit.

(2) under 10 kHz MAS

(2a) For HFP_F8¢c in D8 membrane, each 2H spectrum was split into a series of

spinning sidebands with equal spacing of 10 kHz. The 2H intensity for each t1 was

calculated as the sum of integrations of the centerband and 12 dominant sidebands

over a 12 ppm integration width for each (the line width at half maximum (LWHM) for
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each sideband is ~12 ppm). The spectral error ¢ was calculated as the standard

deviation of twelve noise integrals over a 12 ppm integration width for each and the

uncertainty of the 2H intensity (i.e. sum of the centerband and 12 sideband integrals) for

each 11 was calculated as V13 .

(2b) For HFP_F8¢ in D10 membrane, each 2H spectrum was also split into a series of

spinning sidebands with equal spacing of 10 kHz. The 2H intensity for each t1 was

calculated as the sum of integrations of the centerband and 6 dominant sidebands over
a 6 ppm integration width for each (the LWHM for each sideband is ~6 ppm). The

spectral error o was calculated as the standard deviation of twelve noise integrals over

a 6 ppm integration width for each and the uncertainty of the 2H intensity (i.e. sum of the
centerband and 6 sideband integrals) for each 11 was calculated as J7o.

(2c) For HFP_F8¢ in D54 membrane, the 2H intensity for each 11 was calculated as the

sum of integrations of the centerband and 10 dominant sidebands over a 6 ppm
integration width for each (the LWHM for each sideband is ~6 ppm). The spectral error

o was calculated as the standard deviation of twelve noise integrals over a 6 ppm

integration width for each and the uncertainty of the H intensity (i.e. sum of the

centerband and 10 sideband integrals) for each 11 was calculated as J1lo.

For the D8 and D54 samples, the integrated 2H intensity vs t1 was fitted by

equation 4.1. For the D10 sample, the integrated 2H intensity vs t1 was fitted by
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I(t1) = lo +{0.4 x Al x [1 — exp(-t1/T1(cD2))]} + {0.6 x Al x [1 — exp(-t1/T1(cD3))]} (4.2)

where separate —CD»2 and —CDs3 contributions to I(t1) were considered with distinct

T1(cp2) and Tycp3). The best-fit plots are displayed in Figure 4.19 and best-fit T1

values are listed in Table 4.1.
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Figure 4.19 "t1D_ir" experimental (black squares with uncertainties) and best-fit (red

line) plots of 2H intensity vs t1 under 10 kHz MAS for 2H in D8 (a), D10 (b), and D54
samples (c), respectively.
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Table 4.1 Best-fit lipid 2H T1 in ms with uncertainty in parentheses

Sample Static 10 kHz MAS
CD3: 57(2)
D54 + HFP 90(4)
CD2: 91(6)
CDa3: 43(2) CDa3: 58(3)
D10 + HFP
CD2: not determined CD2: 92(8)
D8 + HFP CD2: 148(9) CD2: 153(3)

4.4 Result discussion and conclusions

Initial fitting of the REDOR data to determine 13C-2H dipolar coupling d was done
using SIMPSON simulations. However, similar to the (AS/SO)exlo buildup of 14_A8pA9c
which contained a single 13CO-ZH spin pair with r = 5.0 A and d = 37 Hz (Figure 3.9),
the (AS/SO)exID buildups of all KALP and HFP samples had exponential shape which
contrasted with the sigmoidal shape of (AS/SO)Sim buildups. As previously discussed in
chapter 3, the differences between (AS/So)eXp and (AS/SO)Sim buildups could be due to
the 2H T1 relaxation in the experiments which was not considered in the SIMPSON
simulations. This possibility was supported by the AS/Sqy buildup of 14_A8pA9c (see

chapter 3 for more details) and the lipid 2H T, values in the 40-150 ms range that were
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comparable to the larger values of 1 in experiments (Table 4.1). All (AS/SO)exID buildups

were fitted well by the function Ax(1-e "%). A is the fraction of “>CO nuclei within the r <

9 A detection limit and p = 0.65xd, where 0.65 is a coefficient determined from the

known d = 37 Hz for 14_A8pA9c (see chapter 3). The best-fit parameters are
summarized in Table 4.2 and best-fit plots of AS/Sg vs tfor KALP_Allc, HFP_F8c,
and HFP_G5¢ are displayed in Figure 4.20a, Figure 4.22a, and Figure 4.22b,

respectively. For the distance r = (4642/d)1/3, its uncertainty listed in Table 4.2 is

calculated by
o(r)=4642"3xo(d™3)
= 46423 x(~1/ 3)xd *3xo(d)
= (-1/3)x(4642/d)"*xd *xo(d)

—(-r/ 3)x$ (4.3)

where o(d) is the uncertainty of dipolar coupling d and the - sign can be removed since

the uncertainty is usually reported as a positive number (magnitude). The derivation of

o(r) is based on the general equation to calculate the uncertainty of A"
(AN = n x A" x 5(A) (4.4)

where o(A) is the uncertainty of A. According to equation 4.3, the relative uncertainty of

ris only 1/3 of that of d, i.e. o(r)/r = (1/3) x o(d)/d.
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Membrane locations of KALP

The A(D54) = 0.96 and r(D54) = 3.3 A for KALP_Allc in perdeuterated D54
membrane support a transmembrane KALP topology with van der Waals contact
between KALP and the membrane hydrocarbon core. This topology is further supported
by (AS/Sg) = 0 for the D4 sample where the 2Hs are close to the membrane
headgroups. For a single membrane location of KALP, we would expect A(D8) ~ A(D10)
and possibly different values of d(D8) and d(D10) and therefore different r(D8) and
r(D10). However, the experimentally derived A(D8) and A(D10) were very different while
r(D8) ~ r(D10) ~ 4 A. We were unable to interpret these results quantitatively and self-
consistently using a single membrane location of a helical KALP with sidechains. We

were successful using two distinct membrane locations with major and minor

populations. The major population has All contact with D10 2H nuclei whereas the
minor population has A1l contact with D8 2H nuclei (Figure 4.20b). The distance r(D8)

and r(D10) were converted to the membrane locations of All 13CO relative to the

bilayer center using the membrane location models of KALP in Figure 4.21. In an a
helical peptide structure, the backbone radius of the helix is 2.3 A. For KALP with

sidechains, the overall o helix radius is approximately 2.3 A + 3.8 A = 6.1 A, where 3.8
A is the estimated length of leucine sidechain. The distance between D8 2H and D10 2H
in the DPPC membrane is ~ 9 A. For the major KALP location (Figure 4.21a), a is the

distance between All 13CO nucleus and DPPC membrane bilayer center, r is the

closest distance between A1l 1300 and lipid 2H nuclei, and r = r(D10) = (3.82 + a2 V2.

145



Table 4.2 13C-2H REDOR fitted parameters

Sample A B(Hz) d(Hz)  r(A)

14_ASDAIC 0.87(5) 24(2) 37 5.0

KALP_Allc in D8 0.15(2) 47(10) 72(15) 4.0(3)
KALP_Allc in D10 0.48(4) 34(5) 52(7) 4.5(2)
KALP_Allc in D54 0.96(1) 85(4) 131(12) 3.3(1)
HFP_F8c in D8 0.21(1) 71(10) 109(17) 3.5(2)
HFP_F8c in D10 0.82(20) 16(5) 25(8) 5.7(6)
HFP_F8c in D54 0.99(1) 122(1) 188(14) 2.9(1)
HFP_G5c in D8+DTPG 0.45(5) 27(5) 42(8) 4.8(3)
HFP_G5c in D10+DTPG  0.85(3) 37(3) 57(6) 4.3(2)

4.5 A which corresponds to a = 2.4 A. For the minor KALP location (Figure 4.21b), r =

2,1/2

r(D8) = (3.82 +b")" " = 4.0 A which correspondstob=12Aand9A-b=78A ie.
the minor A11 13CO location is 7.8 A from the DPPC membrane center.

For the membrane location models in Figure 4.21, KALP was considered as a
monomer in the membrane. Although earlier molecular dynamics simulations have

suggested that KALP and WALP, which is similar to KALP in both sequence and
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topology except that the flanking residues are tryptophan rather than lysine, could

aggregate and form oligomers, this possibility was ruled out in our experiments because

a rapid and complete buildup of AS/Sq vs t was observed for KALP in D54 membrane

(Figure 4.6)[9, 10]. For an oligomer population, we expect that there would be some

All residues in the oligomer interior. This population would not have van der Waals

contact with lipid 2H and would dephase slowly.

One possible reason for multiple membrane locations of KALP may be the
hydrophobic mismatch. The hydrophobic length of KALP is ~26 A (L4 to L20) whereas
the hydrophobic thickness of the DPPC membrane is ~31 A. To compensate for the
hydrophobic mismatch, the lysine sidechains of KALP could snorkel into the DPPC
membrane headgroup region to increase the hydrophobic length of KALP, which is
consistent with the snorkeling model proposed for charged residues such as lysine and
arginine in transmembrane peptides[11, 12]. The different KALP locations may be
correlated with different snorkeling geometries in the membrane (Figure 4.16b). There
could be additional membrane locations for KALP because the sum A(D8) + A(D10) =
0.65 is significantly smaller than A(D54) = 0.96. Although a fraction of KALP molecules
trapped on the membrane surface may explain why A(D8) + A(D10) < 1, this possibility
was ruled out since a complete (i.e. 100%) dephasing was observed for KALP in the

D54 membrane (Figure 4.6).
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Figure 4.20 (a) Experimental (points with uncertainties) and best-fit (solid line) plots of

ASISq vs tfor KALP_Allc in membranes. The D4 data were not fitted. (b) Membrane
locations of KALP with major (left) and minor (right) populations. The colored bands,
orange dots, and brown lines represent H positions, A11 ~ CO nuclei, and lysine
sidech%fns, respectively. The thickness of the palmitoyl region of the DPPC membrane
is ~31 A[5].
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Figure 4.21 Models of a helical KALP in the DPPC membrane. The green ribbon is the
KALP backbone and the vertical lines are the full van der Waals extent of the helix
including leucine sidechains. The horizontal black dashed lines are the boundaries of

the ~31 A-thick palmitoyl region of the bilayer. The blue and red bands are the 2H
locations in the D8 and D10 membranes, respectively. Model (a) is the major KALP
location with a = 2.4 A calculated using the best-fit r (D10) = 4.5 A. Model (b) is the
minor KALP location with (9 A — b) = 7.8 A calculated using the best-fit r (D8) = 4.0 A.
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Membrane locations of HFP

The A(D54) = 0.99 and r(D54) = 2.9 A for HFP_F8c support van der Waals

contact between F8 and the DMPC membrane hydrocarbon core for all HFP molecules.
Since the structure of DMPC is quite similar to that of DPPC except that DPPC has two
more carbons in each acyl chain (Figure 4.2), F8 should also have van der Waals

contact with the DPPC membrane hydrocarbon core. Similar contact is expected for G5

because A(D10) = 0.85 and A(D8) + A(D10) > 1. For either HFP_F8¢ or HFP_Gb5¢,

there are very different values of A(D8) and A(D10), and for HFP_G5¢, r(D8) ~ r(D10 ) ~

4.5 A. These trends support at least two distinct membrane locations of HFP. The larger

A(D10) values are attributed to a major HFP population with deep membrane insertion

and HFP contact with D10 2H nuclei and the smaller A(D8) values are attributed to a

minor population with shallow HFP insertion and HFP contact with D8 2H nuclei (Figure

4.22c, d). The major-to-minor population ratio is ~7:3 as calculated from the t = 48 ms

(AS/Sp)p10-t0-(AS/Sp)pg ratio for either the HFP_F8¢c or HFP_G5¢ samples. There is
negligible HFP localized to the membrane surface, as evidenced by (AS/Sg) ~ 0.1

without buildup for either HFP_F8¢c or HFP_G5¢ bound to the D4 membrane (Figure

4.8 and 4.10). The multiple membrane locations of HFP are attributed to the distribution
of antiparallel B sheet registries[13]. Specifically, the membrane insertion depth of a
HFP registry likely depends on the lengths of its contiguous hydrophobic regions and
these lengths vary among registries. Deep and shallow insertions may also have a

distribution of membrane locations of HFP. The predominant deep insertion of HFP
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could significantly perturb the membrane bilayer and lower the activation energy of
membrane fusion. This is consistent with the observed strong positive correlation

between membrane insertion depth and fusion rate for several HFP constructs|[1].
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Figure 4.22 13C-2H REDOR experimental (points with uncertainties) and best-fit (solid

line) plots of AS/Sq vs 1 for (a) HFP_F8¢ and (b) HFP_G5¢ in membranes. (c, d) Deep
and shallow membrane insertion of HFP. Residues Al and Al4 are close to the

membrane surface in concurrence with peptide 13CO-Iipid 31P distances of ~5 A for
these residues[1]. For clarity, only one 3 strand is displayed.
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It is noticeable that the best-fit A values are in an increasing order of A(D4) <
A(D8) < A(D10) < A(D54) for both KALP and HFP, where the D4 data were not fitted but

A(D4) is expected to be the smallest. One possible reason for the increasing order of A

could be that there is an increasing order of mobility of 2H from D4 to D54 which causes

an increasing order of 2H spin inversion efficiency from D4 to D54. In recent years 2H

composite =n pulses have been used to compensate for pulse imperfections and

incomplete spin inversion due to large 2H quadrupolar resonance offsets. Sack and
2 . . . 15, 2

coworkers showed that "H composite « pulses introduced a two times faster = N- H

REDOR dephasing buildup rate than simple = pulses did, where the 2H quadrupolar

splitting was ~146 kHz and Bj field was ~40 kHz[14]. On the other hand, Cady and

2 - . - .13 2

coworkers showed that the H spin inversion efficiency in = C- H REDOR was only

about 70% (i.e. maximum dephasing was ~70% x 2/3) when applying 2H composite

7 pulse with a B field of ~40 kHz[15]. In contrast to these studies, 2H simple & pulses
. . . 13,2 . 2

with a B field of ~100 kHz were used in our = C- H REDOR experiments. Although H

. . . o . 13 . . .
pulse imperfections and incomplete spin inversion can affect the = C dipolar dephasing,

the main reason for the increasing order of A(D4) < A(D8) < A(D10) < A(D54) for both
KALP and HFP is the multiple membrane locations of the peptide rather than an
increasing order of deuteron mobility from D4 to D54, as supported by the following

experimental observations:

153



() Buildups of AS/Sqg vs t for other membrane peptide systems do not show an
increasing order of A(D4) < A(D8) < A(D10). For example, IFP_L2¢c which has the
sequence of GLFGAIAGFIENGWEGMIDGGGKKKK with a 13CO label at residue L2

shows an order of A(D10) < A(D8) (Figure 4.23) whereas HFP_G5¢ with a point
mutation of L9—R shows an order of A(D8) < A(D4) < A(D10) (Figure 4.24). The order
of A for the LO9R mutant of HFP_G5¢ supports at least two membrane locations of G5,

one close to the membrane headgroup region (resulting in the D4 buildup) and the other

close to the membrane center (resulting in the D10 buildup).
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Figure 4.23 13C-2H REDOR experimental plots AS/Sg vs 1 for IFP_L2¢c in either D8

(blue) or D10 (red) membrane.
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Figure 4.24 13C-2H REDOR experimental plots AS/Sqg vs tfor the LOR mutant of

HFP_G5¢c in "D4+DPPG" (4:1, purple), "D8+DPPG" (4:1, blue), and "D10+DPPG" (4:1,
red) membranes, respectively.

(I There is a rapid buildup of AS/Sq vs 1 for the lyophilized 14 peptide with long-time
ASISq > 2/3 (Figure 3.13), indicating an efficient 2H spin inversion caused by the 2H
simple & pulses with Bj field of ~100 kHz in the presence of a large non-motionally

averaged quadrupolar coupling from the rigid C-ZH bond in 4. Therefore, efficient 2H

spin inversions are also expected for the hydrated membrane samples.

(111y All samples were cooled by N2 gas at -50 °C with actual sample temperature near -
30 °C to minimize motion that would average the 13CO-2H dipolar coupling. At this

temperature, the 2H qguadrupolar splittings were ~30 kHz for -CD3 in D10 and D54
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samples and ~120 kHz for -CD2- in D4, D8, D10, and D54 samples (Figure 4.25), which

indicated similar -CD2- mobilities among these lipids. The lipid 2H quadrupolar splittings

were measured under static conditions by "quecho" experiments using the pulse

sequence (n/2)x — t1 — (n/2)y — 12 — detect.
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Figure 4.25 Lipid 2H Pake doublets acquired by "quecho" experiments under static

conditions for (a) KALP_Allc in D4 and (b-d) HFP_F8¢ in D8 (blue), D10 (red), and
D54 (green) membranes, respectively. The number of acquisitions was 14482 for (a),
8000 for (b), 13591 for (c), and 3000 for (d), respectively. All spectra were processed
using 2000 Hz Gaussian line broadening and baseline correction.
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(IV) Both D10 and D54 samples contain all the -CD3 groups. However, D10 contains
only -CD»- at C15 whereas D54 contains all the -CD2- (Figure 4.2). The dephasing
buildup is much faster in D54 than that in D10 for both KALP_Al1lc and HFP_F8c
(Figures 4.6 and 4.8). These results indicate that the buildup rate for lgCO-CDz
proximity is comparable to that for 13CO-CD3 with a similar proximity even if -CD2- is
much more rigid than -CD3.

Conclusions

In summary, 13CO-2H REDOR SSNMR reveals multiple membrane locations for

both the o helical KALP and 3 sheet HFP peptides. The KALP locations are attributed to
the hydrophobic mismatch and consequent snorkeling of lysine sidechains to the

membrane headgroup region. The HFP locations are attributed to the distribution of

antiparallel B sheet registries. 13C-2H REDOR is expected to be a general method for

determining the residue-specific distribution of membrane locations of peptides and

proteins and for developing membrane topology models.
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Chapter 5 - Summary and future work

During the past four years, | have been working on two projects, with one focused
on structural characterization of serotype H3 IFP (H3_20, see chapter 2 for the
sequence and other details) in membranes and the other focused on membrane

location detection of peptides including KALP and HFP.

Summary of experimental results and future work of IFP

For the IFP work, 13C-15N REDOR was used to quantitatively measure the

interhelical proximity of H3_ 20 in membranes at the fusogenic pH 5. SIMPSON

simulations of the experimental AS/Sq vs t after n.a. calibration have show that H3_20

adopts ~40% closed structure and ~60% semi-closed structure in membranes at pH
5.1[1]. The results are contradictory to the previously reported open structure of H3_ 20
in membranes[2]. For future work, it will be interesting to measure the interhelical
proximity of H3_20 in membranes at the physiological, non-fusogenic pH 7.4. We can
correlate the structure with fusogenicity by comparing the structures of H3_20 at pH 5.1
and 7.4. Another interesting study is the interhelical proximity measurement of H3 23 in
membranes at pH 5.1 and 7.4. Earlier liquid-state NMR studies of H1_20 and H1_23 in
detergents have shown that H1 20 adopts predominantly open structure whereas
H1 23 adopts predominantly closed structure, indicating that the residues 21 through
23 (i.e. WYG) play a key role in stabilizing the closed structure of the peptide[3]. We can
determine whether the residues WYG also cause a greater population of closed
structure of IFP in membranes by comparing the structures of H3_ 20 with those of

H3 23 at either pH 5.1 or pH 7.4. Furthermore, lipid mixing assays using fluorescence
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spectroscopy may be performed to investigate the fusogenicities of H3 20 and H3 23
at both pH 5.1 and 7.4. The impact of peptide length and structure of IFP on its
membrane fusogenicity may be elucidated based on the results of REDOR proximity

measurements and lipid mixing assays of H3 20 and H3_23.

In addition to the structural and functional studies of IFP, another interesting work

could be the insertion depth and tilt angle measurements of IFP in membranes. The

residue-specific insertion depth of IFP can be probed by 13C-ZH REDOR using the D10

lipid and IFP which is 13CO labeled at a specific residue (e.g. Leu 2, Ala 5). After the

insertion depths of IFP at different residues have been measured, the tilt angle of IFP
with respect to the membrane surface can be calculated using the membrane insertion

model of IFP in Figure 5.1.

residue N,

membrane headgroup region ¢

13CO of residue N —»

N-terminal
helix axis of IFP

Figure 5.1 Membrane insertion model of the N-terminal helix of IFP. The 13CO labeled
residue is numbered N and the residue in the membrane headgroup region is numbered

No. 0 is the tilt angle of the N-terminal helix of IFP to the membrane surface, r is the
distance between the labeled 13CO nucleus and the lipid headgroup, and d is the

distance from residue N to residue Ng along the N-terminal helix axis.
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In Figure 5.1, the distance d in A between residue N and Ng along the N-terminal
helix axis is given by
d (A) = 1.5x(Ng - N) (5.1)
where 1.5 A refers to the rise per residue in an o helix. The distance r between the

labeled 13CO nucleus of residue N and the lipid headgroup can be estimated by
r (A) = dsin® = 1.5x(Ng - N)sin® (5.2)

where 0 is the tilt angle of the N-terminal helix of IFP to the membrane surface.
However, equation 5.2 needs to be modified since the distance r is not linearly
proportional to the residue position number N. For the N-terminal helix, r is oscillating as

a function of the residue position number N in a periodicity of 3.6 since there are 3.6
residues per turn in an o helix. Therefore, an oscillating term, Asin[2n(Ng - N)/3.6],

needs to be introduced to account for the periodicity of r and equation 5.2 is modified as

r (A) = dsin® + Asin[2x(Ng - N)/3.6] = 1.5X(Ng - N)sin® + Asin[2n(Ng - N)/3.6] (5.3)

where r can be experimentally derived by 13C-2H REDOR using the D10 lipid. For

instance, if the D10 data show that the labeled 13CO nucleus is 5 A from the membrane
bilayer center, the distance r will be ~11 A since the hydrophobic thickness of the DPPC

bilayer is ~31 A[4]. The residue Ng is the one that produces the most rapid 13C-2H

REDOR dephasing buildup in the D4 membrane. To obtain the tilt angle 0, the
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experimentally derived distance r can be fitted as a function of the position number N of

the 13CO labeled residue using equation 5.3, where 6 and A are both fitting parameters.

Summary of experimental results of KALP and HFP and future work of HFP

For the membrane location studies of KALP and HFP, each peptide was 1300

backbone labeled and the lipids were either perdeuterated (D54) or selectively

deuterated (D4, D8, and D10) in their acyl chains. 13C-2H REDOR was used to detect

the residue-specific membrane locations of KALP and HFP. The data fitting of

experimental AS/Sq vs © showed a membrane location distribution for both KALP and

HFP. The multiple locations of KALP are attributed to the hydrophobic mismatch
between the membrane and KALP and consequent flexible snorkeling of lysine
sidechains to the membrane headgroup region[5]. The multiple locations of HFP are
attributed to the distribution of antiparallel B sheet registries in membranes[6]. To our
knowledge, this is the first clear experimental support for a distribution of membrane
locations of a peptide in the membrane hydrocarbon core. For future work, we may
detect the residue-specific membrane locations of HFP in a larger construct (e.g. HFP-
Hairpin including the NHR-loop-CHR region) to see whether there is also a membrane
location distribution, if so, what are the populations of deep and shallow insertion

compared to those for HFP?

In addition to the deuterated lipids, deuterated cholesterol can be also used to

study the membrane locations of peptides. Similar to the D10 lipid, cholesterol

deuterated at the chain end (cholesterol-dg, Figure 5.2) can be used to detect the
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peptide location with respect to the membrane center. Furthermore, HFP binding

preference to the lipid or cholesterol may be determined by comparison of 13C-2H
REDOR data for the D10 and cholesterol-dg samples. For instance, we can prepare two

membrane samples of HFP_G5¢, a and b. For sample a, the membrane consists of 30%

D10 lipid, 40% undeuterated DPPC lipid, and 30% undeuterated cholesterol. For

sample b, the membrane consists of 70% undeuterated DPPC lipid and

®?
26 7

Figure 5.2 Structure of cholesterol-26,26,26,27,27,27-dg.

30% cholesterol-dg. After obtaining the experimental 13C-2H REDOR AS/Sgq buildups of

HFP_G5¢ in sample a and b, we can fit the plots of AS/Sq vs 1 by the function Ax(l-e'BT)

(refer to section 4.4 in Chapter 4 for more details) and compare the best-fit values of A
for sample a and b. If the A value for sample a is comparable to that for sample b (e.g.
65% vs 70%), it supports that HFP has no binding preference to either lipids or
cholesterol. If the A value for sample a is significantly smaller (or larger) than that for

sample b (e.g. 65% vs 85%), it supports that HFP has binding preference to cholesterol
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(or lipids). To further elucidate the HFP binding preference, we may also prepare four

other membrane samples of HFP_G5¢ by using 20% D10, 20% cholesterol-dg, 10%

D10, or 10% cholesterol-dg, respectively, and compare their A values.
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Figure 2.6

lexport/home/hapiO/mb4c/data/Ujjayini/IFP_061312

Figure 2.9
/export/home/khafreO/mb4b/data/Ujjayini/Data_112112/IFP_020413 4

Figure 3.4

/export/home/hapiO/mb4c/data/Li/13C2H/setup_121912/MAS_KBr_122012

Figure 3.5

/export/home/hapiO/mb4c/data/Li/13C2H/setup_121912/adamantane_ 122012
Figure 3.6
lexport/home/hapiO/mb4c/data/Li/13C2H/setup_121912/cpr_aHrf 122012

Figure 3.7

/export/home/hapiO/mb4c/data/Li/13C2H/setup_121912/i4 optimizedCP_122012
Figure 3.9

lexport/home/hapiO/mb4c/data/Li/13C2H/i4/i4_071713

Figure 3.10

/export/home/hapiO/xieli4c/data/LI/REDOR/13C2H/i4_031112 (for "redorxy8xypi_pm"

data)

/export/home/hapiO/xieli4c/data/LI/REDOR/13C2H/i4_redorxy8ypi_031912 (for
"redorxy8ypi_pm" data)

Figure 3.11

/export/home/hapiO/xieli4c/data/LI/REDOR/13C2H/i4_031112 (for "redorxy8xypi_pm"
spectra)

/export/home/hapiO/xieli4c/data/LI/REDOR/13C2H/i4_redorxy4xpi_031912 (for
"redorxy4xpi_pm" spectra)
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Figure 4.4

/export/home/hapiO/mb4c/data/Li/13C2H/KALP/KALP_092412 (KALP_Allc in D4)
/export/home/hapiO/mb4c/data/Li/13C2H/KALP/KALP_032713 (KALP_Allc in D8)
/export/home/hapiO/mb4c/data/Li/13C2H/KALP/KALP_122112 (KALP_Allc in D10)
/export/home/hapiO/mb4c/data/Li/13C2H/KALP/KALP_012213 (KALP_Allc in D54)

Figure 4.5

/export/home/hapiO/mb4c/data/Li/13C2H/KALP/KALP_092412 (KALP in D4)
Figure 4.6

the same file locations as those for Figure 4.4.

Figure 4.7

/export/home/hapiO/mb4c/data/Li/13C2H/HFP/wt_F8C_120712 (HFP_F8¢ in D4)
lexport/home/hapiO/mb4c/data/Li/13C2H/HFP/wt_F8C 112912 (HFP_F8¢c in D8)
/export/home/hapiO/mb4c/data/Li/13C2H/HFP/wt_F8C 110112 (HFP_F8¢ in D10)
lexport/home/hapiO/mb4c/data/Li/13C2H/HFP/wt_F8C 112512 (HFP_F8¢c in D54)

Figure 4.8
the same file locations as those for Figure 4.7.

Figure 4.9

/export/home/hapiO/mb4c/data/Lihui/13C2H/HFP/HFP_050813 (HFP_G5¢c in D4)

/export/home/hapiO/mb4c/data/Lihui/13C2H/HFP/HFP_090313 (HFP_G5¢ in 80% D8
and 20% DTPG)

lexport/home/hapiO/mb4c/data/Lihui/13C2H/HFP/HFP_053113 (HFP_G5¢ in 80% D10
and 20% DTPG)

Figure 4.10
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the same file locations as those for Figure 4.9.

Figure 4.12
/export/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D8_101713/D8 array 110613
Figure 4.13

/export/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D10_101713/D10_tau0.1_101713
/export/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D10_101713/D10_tau200 101713
lexport/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D10_101713/D10_array 101713

Figure 4.14

/export/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D54 102113/D54 tau0.1 102113
lexport/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D54 102113/D54 array 102113

Figure 4.15
lexport/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D8_101713/D8 array MAS 103013
Figure 4.16
/export/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D10_101713/D10_array MAS 102813
Figure 4.17
lexport/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D54 102113/D54 array MAS 102513
Figure 4.23

/export/home/hapiO/mb4c/data/Shuang/13C2H/IFP/IFP_091113 (IFP in D8)
lexport/home/hapiO/mb4c/data/Shuang/13C2H/IFP/IFP_040213 (IFP in D10)

Figure 4.24

/export/home/hapiO/mb4c/data/Lihui/13C2H/HFP/HFP_010214 (L9R mutant of
HFP_G5¢ in 80% D4 and 20% DPPG)
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/export/home/hapiO/mb4c/data/Lihui/13C2H/HFP/HFP_011414 (L9R mutant of
HFP_G5¢ in 80% D8 and 20% DPPG)
/export/home/hapiO/mb4c/data/Lihui/13C2H/HFP/HFP_012714 (L9R mutant of
HFP_G5¢ in 80% D10 and 20% DPPG)

Figure 4.25

/export/home/hapiO/mb4c/data/Li/quecho/DPPC/D4_112112 (KALP in D4)

/export/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D8_101713/D8_ quecho_ 102013 (HFP in
D8)

/export/home/hapiO/mb4c/data/Li/quecho/DPPC/D10_112112 (HFP in D10)

lexport/home/hapiO/mb4c/data/Li/t1D_ir/Lipids/D54 102113/D54 quecho_102513 (HFP
in D54)
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APPENDIX B

Fmoc solid phase peptide synthesis (SPPS)
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Solid phase peptide synthesis (SPPS) is a peptide synthesis technique first
developed by Robert Merrifield[1]. There are two commonly used SPPS protocols,
Fmoc and t-Boc SPPS. Compared to t-Boc SPPS which uses TFA as the deprotecting
reagent, Fmoc SPPS is milder and safer since it uses piperidine as the deprotecting

reagent.

For the Fmoc SPPS protocol, each time we may start the peptide synthesis using
either Fmoc (9-fluorenylmethyloxycarbonyl) Wang resin which produces peptides with
free C-terminal carboxylic group or rink amide resin which produces peptides with
amidated C-terminus. Take the synthesis of 0.2 mmol HFP which has a sequence of
AVGIGALFLGFLGAAGSTMGARSWKKKKKKA as an example, if we start with Fmoc-
Ala-resin that has a loading capacity of 0.5 mmol/g, we will need to weigh out 0.4 g

resin. The Fmoc SPPS procedure for HFP synthesis is described as follows:

(1) Swell the 0.4 g Fmoc-Ala-resin in dichloromethane (DCM) in a reaction vessel for 2
hours on a vortex mixer (Vortex-Genie 2), drain the DCM, swell the resin in DCM for
another 2 hours, drain the DCM, and then add N,N-dimethylformamide (DMF) to rinse

the resin twice.

(2) Add ~10 mL deprotecting solution to remove the Fmoc protecting group from the
residue for 5 minutes, drain the solution, add DMF to rinse the resin once, add another
~10 mL deprotecting solution to remove residual Fmoc for 20 minutes, and then drain
the solution. The deprotecting solution is prepared using piperidine and DMF in a
volume ratio of 1:4. For instance, a 500 mL deprotecting solution contains 100 mL

piperidine and 400 mL DMF.
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(3) Rinse the resin using DCM once and then using DMF twice. After that, add ~8 mL
freshly-prepared coupling solution which contains 2 mmol Fmoc-Lys(Boc)-OH, where
the lysine sidechain is protected by the tert-butyloxycarbonyl (t-Boc) protecting group.

To increase the peptide yield, the amount of Fmoc-amino acid added is 10 times the

stoichiometry. For isotopically labeled Fmoc-amino acid (e.g. 13CO labeled), the amount

added is 5 times the stoichiometry. The coupling solution is prepared using the following

materials:

(a) 2 mmol Fmoc-amino acid;

(b) 2 mmol 1-hydroxybenzotriazole (HOBTt), the mass is 270 maq;

(c) 2 mmol 2-(1H-Benzotriazole-1-yl)-1,1.3,3-tetramethyluronium hexafluorophosphate

(HBTU), the mass is 759 mq;

(d) 700 pL N,N-diisopropylethylamine (DIEA);

(e) add DMF until the total volume is 8~10 mL.

(4) Allow at least 4 hours for the coupling reaction. In general, the minimum time

required for coupling reaction is 2 hours for every Fmoc-amino acid except for Cys, Ser,

Thr, Met, Trp, and isotopically labeled (e.g. 13CO or 15N labeled) amino acids which

require a minimum coupling time of 4 hours. For the first coupling reaction, no matter
what Fmoc-amino acid is added, allow at least 4 hours to increase the yield. After the
coupling reaction, drain the coupling solution, rinse the resin using DCM once and then
using DMF twice, finally add ~10 mL capping solution to cap the N-terminus of any

unreacted peptide to which the added Fmoc-amino acid is not coupled. The capping
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reaction prevents the unreacted peptide from reacting in the next coupling reaction. For

200 mL capping solution, it consists of

(a) 9.5 mL acetic anhydride;

(b) 4.5 mL DIEA;

(c) 0.4 g HOB{;

(d) add DMF until the total volume is 200 mL.

(5) Allow 5~10 minutes for the capping reaction, drain the capping solution, and then

rinse the resin using DCM once and DMF twice.

(6) Add ~10 mL deprotecting solution and vortex for 5 minutes, drain the solution, rinse
the resin with DMF once and then add another ~10 mL deprotecting solution and vortex

for 20 minutes. In the meantime, prepare the coupling solution.

(7) Drain the deprotecting solution, rinse the resin using DCM once and then using DMF
twice. Add ~8 mL freshly-prepared coupling solution which contains 2 mmol of the
second residue to be coupled, i.e. Fmo-Lys(Boc)-OH. The coupling solution should be

prepared in the same way as described in step (3).

(8) Repeat steps 4-7 until we get the whole sequence. For the last residue, after the
coupling reaction, perform capping reaction once and then deprotection twice. After that,
perform capping reaction again if the N-terminus of the peptide needs to be acetylated,
otherwise, proceed to rinse the resin using DCM 3~4 times, transfer the resin from the
reaction vessel to the cleavage tube (more than one tube may be needed, depending

on the tube capacity). Use DCM to wash all resin down to the cleavage tube from the

reaction vessel. After that, use gentle N2> gas to remove DCM from the cleavage tube.
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Be careful not to blow away the resin. Keep the resin in the cleavage tube and store the
tube in a vacuum desiccator overnight to further remove any residual DCM and/or other

organic solvents including DMF.

(9) Add 12 mL cleavage solution to the resin in the cleavage tube(s) (if the resin is split
into 2 or 3 tubes, then add 6 or 4 mL to each) and gently vortex for ~4 hours. If the
cleavage time is too short, incomplete cleavage may result. However, if the cleavage
time is too long, oxidation or other side reactions of the deprotected sidechains may
result. To cleave 0.2 mmol peptide from the resin, 12 mL cleavage solution needs to

be prepared using the following materials:
(a) 600 pL distilled water;
(b) 240 L triisopropylsilane(TIS);
(c) 240 pL thioanisole;
(d) 240 pL 1,2-ethanedithol;
(e) add trifluoroacetic acid (TFA) until the total volume is 12 mL.

TFA cleaves the peptide from the resin and also removes all sidechain protecting
groups from the peptide. For components a-d, they are called “scavengers” and are
used to protect the peptide from oxidation and other side reactions after all sidechain
protecting groups of the peptide have been removed by TFA. The cleavage solution is

sometimes also called "cocktail solution".

(10) After the cleavage reaction, drain the 12 mL cleavage solution to three 50 mL
conical vials (4 mL for each), add 1~2 mL TFA to wash the resin and then drain the

TFA to the vials.
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(11) Add ~40 mL cold diethyl ether (4 OC) to each vial to extract the peptide from the

cleavage solution. A 10:1 volume ratio of cold diethyl ether to cleavage solution is used
to maximize the peptide extraction. After adding the ether, we will observe white
precipitate immediately, i.e. the peptide precipitates out due to a poor solubility in cold

diethyl ether. During the extraction, do not shake the peptide-ether mixture in case of

peptide oxidation (e.g. methionine may get oxidized by O2 or oxidized ether). After the

extraction, centrifuge the peptide-ether mixture at a speed of 4000 rpm (revolutions per
minute) or above for ~5 minutes. After that, dump the supernatant, add ~10 mL fresh
cold diethyl ether to the peptide pellet, perform ~2 min sonication to help dissolve the
ether-soluble impurities, centrifuge for another 5 minutes, dump the supernatant, and

finally put the vials in the hood to let the peptide pellet air dry.

(12) Add 10~20 mL distilled water containing 0.1% (by volume) TFA to each vial to
dissolve the peptide pellet. Again, do not shake the vial in case of peptide oxidation. It
may take a few hours to dissolve the peptide pellet. If the pellet does not get dissolved
after several hours or even a day, add a few mL acetonitrile containing 0.1% TFA to

help dissolve the peptide.

(13) After the peptide has been completely dissolved, perform reversed-phase HPLC

using a C4 or C18 column to purify the peptide.

(14) At last, use MALDI or ESI mass spectrometry to identify the peptide purity and

molecular weight.
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The following is a list of the mass of 2 mmol Fmoc-amino acid (the mass takes
into account the sidechain protecting group if applicable). The Fmoc-amino acids are

commercially available from either “Peptides International” or “Novabiochem” company.
Lys (K) : 937.2 mg

Trp (W) : 1053.2 mg

Ser (S) : 794.8 mg

Arg (R) : 1297.6 mg

Ala (A) : 658.8 mg (monohydrate, i.e. Fmoc-Ala-OH H20)

Gly (G) : 594.8 mg
Met (M) : 742.8 mg
Thr (T) : 1139.3 mg
Leu (L) : 706.8 mg
lle (I) : 706.8 mg
Val (V) : 678.8 mg
Phe (F) : 774.9 mg

Glu (E) : 851.0 mg
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APPENDIX C

HPLC purification of peptides
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High-performance liquid chromatography (HPLC, sometimes referred to as high-
pressure liquid chromatography) is a technique used to separate different components
in a mixture and quantify each component. There are two types of HPLC. One is
referred to as normal phase HPLC for which the stationary phase (e.g. unmodified silica
resins) is polar and the mobile phase is non-polar. The other is referred to as reversed-
phase HPLC for which the stationary phase is non-polar and the mobile phase is polar.
Examples of non-polar stationary phase include C4 and C18 columns where alkyl
chains containing four or eighteen carbons are covalently bonded to the resins to create
a hydrophobic stationary phase. For reversed-phase HPLC, hydrophobic molecules in
the mobile phase tend to bind to the column whereas hydrophilic molecules do not bind

to the column and are eluted first.

In our work, the peptides synthesized by Fmoc SPPS were purified by reversed-
phase HPLC using a C4 column. The C4 column is filled with resins (5 um in diameter)
to which butyl groups are covalently bonded. The inner diameter of the column is 19
mm and the length is 300 mm. To purify the peptides, two solvents, A and B, are used
as the mobile phase. Solvent A is degased distilled water containing 0.1% TFA and
solvent B is the mixture of 10% degased distilled water and 90% acetonitrile containing
0.1% TFA. Degased distilled water is used to avoid air bubbles in the pump system. 0.1%
TFA is added to each solvent to increase the peptide solubility in the mobile phase.
Different peptide samples may require different HPLC gradient programs for purification.

An ideal HPLC gradient program should have the following criteria:

(a) The product peak should be well resolved from other peaks. If there is severe peak

overlapping, a slower gradient buildup rate can be used to solve this issue.
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(b) The product peak should not be too far from the nearby peaks. For instance, if the
product peak is 10 mins apart from its nearest peak, it will be a waste of time to wait
such a long period. If this issue appears, a faster gradient buildup rate can be used to

solve it.

(c) After the product peak ends, the gradient can be increased to the maximum % B (e.qg.
75% or 100% B) to elute all residual components from the column. It is unnecessary to
wait a long period (e.g. 10 mins) following the product peak to increase the gradient to

the maximum % B.

(d) After the gradient goes back to the initial % B from the maximum % B, allow 3~5

mins to equilibrate the column.

Take HFP peptide purification using a C4 column for example, the time sequence

of the HPLC gradient program used was as follows:
t = 0.0 min, % B = 37.0%;

t=2.0 min, % B = 37.0%;

t = 6.0 min, % B = 38.0%;

t=11.0 min, % B = 38.0%;

t =20.0 min, % B = 42.5%;

t =20.5 min, % B = 75.0%j;

t =29.5 min, % B = 75.0%;

t =30.0 min, % B = 37.0%;

t =33.0 min, % B = 37.0%.
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where t was the elution time (sometimes also referred to as retention time) and the flow
rate was 8.0 mL/min. This gradient program is displayed in Figure C1 (blue dotted line).
The HPLC chromatogram of "Absorbance at 214 nm vs Retention time" in Figure C1
(black solid line) was obtained from the purification of HFP which had the sequence of
AVGIGALFLGFLGAAGSTMGARSWKKKKKKA. The UV detection wavelength was
chosen as 214 nm since the peptide amide bonds had strong absorbance at this
wavelength. The wavelength of 280 nm may be also used since tryptophan has strong

absorbance at 280 nm and the corresponding molar absorptivity (also referred to as

extinction coefficient) is ~5600 M_lcm_l. In the HPLC chromatogram, the first peak

appeared at t = 6.5 min and corresponded to the unretained components which were
eluted directly with the mobile phase from the column. The time t = 6.5 min (referred to
as dead time) was the time required for the mobile phase to pass through the column.
For the HFP peak, it appeared at t = 19.0 min. Since it took ~6.5 min to pass through
the column to reach the detector, the actual time when HFP was eluted from the column
should be ~12.5 min. According to the linear gradient program described above, % B =
38.8 for t = 12.5 min, thus the minimum % B for HFP elution from the column was ~38.8.
For the last peak in the chromatogram, which corresponded to the most hydrophobic
components (e.g. peptide with uncleaved Fmoc group at its N-terminus), it appeared at t
= 27.0 min. Given that the dead time was ~6.5 min, the actual elution time of the last

peak was ~20.5 min, which was the time when % B was increased to 75.0%.
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Figure C1 HPLC chromatogram of HFP purification.

The peak centered at t = 20.0 min in Figure C1 was diagnostic of HFP based on
the MALDI mass spectrum. MALDI is a soft ionization source used in mass
spectrometry. Examples of commonly used matrices for MALDI include 2,5-
dihydroxybenzoic acid (DHB) and a-cyano-4-hydroxycinnamic acid (CHCA). The
matrices can heavily absorb UV laser light at specific wavelengths (e.g. 337 and 355 nm)
and cause sample desorption, during which a hot plume is produced and the analyte

molecules (e.g. peptides) are ionized (more accurately protonated) in the hot plume[2].

For the positive-ion mode of MALDI, it is the protonated species M+H" that is detected.

. . + +
However, sometimes other species such as M+Na and M+K may be also detected.

The MALDI mass spectrum in Figure C2 shows a predominant peak with m/z = 3148.8,
which corresponds to HFP having a sequence of

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA and a theoretical molecular weight of
3150.8 Da. The peak with m/z = 3171.1 is diagnostic of HFP binding to a Na' ion

instead of a proton.
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Figure C2 MALDI mass spectrum of HFP after purification. The theoretical molecular
weight of HFP is 3150.8 Da.
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APPENDIX D

NMR troubleshooting
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1. Spinning problems

(a) If the rotor cannot spin at all or even cannot completely insert in the stator (also
referred to as spinning module), check the alignment of the rotor, front bearing, and
bottom bearing. If the rotor can only insert halfway in the stator, it is either the solenoid
coil is twisted or the bottom bearing is not aligned with the coil. To find out which one is
the case, we need to take apart the stator. If the coil is severely twisted, a new coil is
needed. If the coil is fine but the bottom bearing is not aligned with the coil, we need to
first heat up the leg of the coil using a tip heater and then adjust the leg to realign the

coil and bottom bearing until the rotor can insert in the stator completely and freely.

(b) If the rotor can spin in the stator but the MAS speed reading is not stable in the
"Auto" mode, first switch to the "Manual" mode, if the MAS controller can read the
spinning speed stably, it means there is a communication issue rather than a rotor or
stator issue. To solve the communication issue, we can restart the MAS controller and
reopen the accessory control panel (i.e. ACC panel) on the host computer. If the speed
reading is not stable in the "Manual® mode either, there are several possibilities

described as follows:

(1) The sample is not tightly packed in the rotor. If this is the case, repack the sample

and use bottom and top spacers with proper lengths.
(2) The black marking on the rotor is not clear. If this is the case, remark the rotor.
(3) The drive tip of the rotor is partially damaged. If this is the case, use a new drive tip.

(4) The front or bottom bearing in the stator will get scratched and its inner diameter will
become bigger after long-time use, which may cause unbalancing of the rotor while

spinning. If this is the case, replace the front or bottom bearing with a new one.
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(5) The tiny holes at the bottom of the stator may get clogged, in which case the drive
gas will be partially blocked and thus unstable rotor spinning will result. To solve this
issue, the holes at the stator bottom need to be cleaned either manually or by

ultrasonication.

(6) The tip of the optical fiber is damaged or improperly positioned. If this is the case,

cut the tip of the optical fiber or reposition it until a stable speed reading is obtained.

(7) The bearing gas parameters in the ACC panel are not properly set. The typical

values for a 4 mm MAS probe are given in Figure D1.
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Figure D1 Typical bearing parameters in the ACC panel for a 4 mm MAS probe.
2. Tuning problems

(a) The channel is not tunable for the low-power tuning.
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If a channel is untunable for the low-power tuning, i.e. no resonance is observed
at the targeted frequency on the oscilloscope, it is definitely untunable for the high-
power tuning (i.e. tuning in experiments where high-power r.f. pulses are applied). If a
resonance is observed near the targeted frequency but not at that frequency no matter
how we adjust the broad tuning rod and match, there are several parts including the
series plug-in, trap plug-in, tuning tube, and tuning rod that we may change to move the
resonance to the targeted frequency. For instance, if the targeted frequency is 100 MHz
while the resonance only appears in the frequency range of 90-95 MHz, a series or trap
plug-in with a lower capacitance may be used to move the resonance to 100 MHz. If no
resonance is observed either at or near the targeted frequency, it is likely that there is a
contact problem in that channel. In this case, we need to check whether some

connection is loose, for example, the copper ribbon connecting the solenoid coil in the

stator and the 1H (or X) channel may not be soldered properly and thus resoldering may
be needed, probably with a new copper ribbon. For the lH channel, there is a little

screw on the match rod (Figure D2), if this screw is loose or lost, the lH channel will
lose its resonance and become untunable.
(b) The channel is tunable for the low-power tuning but not for the high-power tuning.

If a channel is tunable at the transmitter frequency for the low-power tuning but

not for the high-power tuning, there are usually two possibilities described as follows:

(1) The tuning rod is way off during the high-power tuning. When the tuning rod is way
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Figure D2 Little screw (red circled) on the 1H match that plays a key role for 1H tuning.

off the correct position, in which case the probe resonance frequency is way off the
transmitter frequency of the r.f. pulse, the transmitter frequency will be beyond the
tunable frequency range achieved by adjusting the match. Therefore, the reflected
voltage (also referred to as reverse voltage) of the r.f. pulse will not go down
significantly no matter how we adjust the match while the tuning rod is way off. In this
case, we can switch back to the low-power tuning and first adjust the tuning rod to move
the resonance back to the transmitter frequency and then adjust the match until the
resonance peak at the transmitter frequency becomes as sharp as possible, in which
case the reflected voltage is close to zero. After that, do the high-power tuning again
and the probe should be tunable now.
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(2) The probe is arcing. When too much r.f. pulse power is input to the probe, the
significant heating may induce carbonization at or near the connection spots and cause
probe arcing. When severe arcing occurs, sparkle may be observed at the arcing spot

and huge spikes may be observed in the FID as well. Figure D3 displays the REDOR

So and S1 FIDs (panel a) in the presence of severe arcing at the carbonized rim near

one leg of the solenoid coil (panel b). In this case, the rim needs to be cleaned

thoroughly to remove all black carbon. After that, the probe may become tunable again.

(a)

Figure D3 (a) REDOR Sg and S; FIDs in the presence of severe probe arcing; (b)
Stator showing the carbonized rim near one leg of the solenoid coil where the arcing
occurs.
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