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ABSTRACT

Studies of Allostery in the Potassium Channel KcsA by Solid-State NMR

Yunyao Xu

In this thesis, | focus on studies of the mechanism of inactivation in KcsA. Allosteric coupling between the
pH gate and the selectivity filter in the protein is hypothesized to be the cause of inactivation. Allosteric
coupling refers to changes at one site of a protein due to perturbations at a remote site. In chapter 3, |
measured the potassium affinities at the selectivity filter at neutral and low pH, which corresponds to the
closed and open conformation at the pH gate. The results show a three order of magnitude shift in the
potassium affinity. This is direct evidence that the pH gate and the selectivity filter are coupled, in support
of the activation-coupled inactivation hypothesis. The allosteric coupling factor, defined as the ratio of the
affinities, can be used as a benchmark to study other factors in the allosteric process, such as the
membrane and specific residues. Because of the potential deleterious effect of the acidic pH on the
protein and membrane, we studied a mutant E118A&H25R, in which the pH gate is mutated to be open.
Thus we were able to measure the K* affinity change in the open and closed conformation at the pH gate
at neutral pH. The results confirmed that the opening of the pH gate results in an energetic stabilization of
the collapsed (K*-unbound) state, and shifts the K* affinity towards looser binding. In chapter 4, | tested
the important role of residue F103 in mediating allosteric coupling, as suggested by electrophysiology and
crystallography studies. | mutated this residue and measured the allosteric coupling factor on the mutant.
The affinity at low pH is much tighter than wild-type and the coupling factor is significantly reduced. From
the spectra, | observe local structural changes on 1100 and T74 as a result of F103A mutation, implying
the interaction among F103, 1100 and T74 to mediate the allosteric coupling. F103 is distant from the pH
gate and the selectivity filter; its effect on the coupling and inactivation behaviors confirms that
inactivation involves coupling between the pH gate and the selectivity filter. In chapter 5, | developed a
method to probe those allosteric participants, such as F103 in KcsA by NMR measurements. | tested this
method on KcsA, dissecting KcsA into various functional compartments. Various allosteric participants

T75Cg T74Cg 1100 were identified. The importance of residue T74 for the coupling was confirmed by



electrophysiology and NMR thermodynamics characterization. In chapter 6, we applied SSNMR to probe

the structural and magnetic properties of superatom clusters.
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Chapter I: Overview of NMR



1.1 What is NMR?

NMR is a technique developed based on nuclear spin science. The nuclear spin of an atom, which can be
simply viewed as a small quantum magnet, precesses about a magnetic field with a certain frequency.
The characteristic Larmor frequency of the different elements is influenced by the local magnetic
environment of the atom. This environment consists of the local electronic field, inter-nuclear spin
interactions, molecule orientation, and molecular motion. Hence, the frequency can provide rich
information on the atoms, such as the electronic environment, interatomic distance etc."™ The rates of
nuclear spin relaxation also provide a large amount of useful information on molecular dynamic:s.“’5 NMR
is a great and quite unique tool to quantitate molecular conformational dynamics across a large spectrum
of time scales and at multiple sites. Modern pulse NMR has been extensively developed to decouple and
recouple certain spin interactions so that specific structural or dynamic information can be extracted from

the complicated system.6

NMR has been applied to a wide variety of systems, including DNA,”® RNA,®" lipid membrane'" and

numerous proteins systems, including globular and membrane proteins, ordered and intrinsically

1,2,12-14

disordered protein, and soluble and insoluble proteins. It is routinely used for various biological

questions, such as illustrating structure or dynamics relations to functions, studying protein interactions

with other biological compartments such as DNA and RNA, searching for ligands docking sites,

5,15-21

monitoring conformational changes under perturbations, revealing enzymatic mechanism etc. It also

has a powerful applications in the field of material science, including analyzing structural and dynamic

properties (such as translocation, rotation) of polymer building blocks and relating them to their

2 23,24
b

functions,? studying the structure and absorption properties of Metal-Organic Framework (MOF)

25,26

characterizing the surface features of many nanomaterials, identifying and quantifying chemical

27,28

species and their atomic connectivity in electrodes of lithium battery, measuring magnetic

29,30

susceptibility in materials with special magnetic properties, and charactering local electronic

31,32

environment and atomic distances for quadrupolar nuclei. Many of these applications have been well-

reviewed and excellent reviews on biological and material systems are recommended for more



details‘1,16,22,33,34

In this thesis, we also add another two examples of NMR application: one on a
membrane protein and the other on a metallic cluster system.

Clearly, a variety of NMR techniques are required to make these applications feasible. Since the
discovery of magnetic resonance phenomena here at Columbia University in 1939 and the first NMR
spectrum was taken in 1945,% there have been continuing developments in NMR techniques in general,
as well as in special techniques associated with the three major subfields: solution NMR, solid state NMR
(SSNMR), and magnetic resonance imaging (MRI). Along the path, five Nobel Prizes have been awarded,
including the Nobel Prize in Physics (1943) to Isidor I. Rabi, "for his contribution to the development of
molecular ray method and his discovery of the magnetic moment of the proton", the Nobel Prize in
Physics (1952) to Felix Bloch and Edward M. Purcell "for their discovery of new methods for nuclear
magnetic precision measurements and discoveries in connection therewith", the Nobel Prize in Chemistry
(1991) to Richard R. Ernst "for his contributions to the development of the methodology of high resolution
nuclear magnetic resonance (NMR) spectroscopy”, the Nobel Prize in Chemistry (2002) to Kurt Withrich
"for his development of nuclear magnetic resonance spectroscopy for determining the three-dimensional
structure of biological macromolecules in solution", and the Nobel Prize in Physiology or Medicine (2003)
to Paul C. Lauterbur and Peter Mansfield, "for their discoveries concerning magnetic resonance

imaging".36 Many excellent reviews and book chapters have been focused on these exciting

developments.2'13’37"43

1.2 Uniqueness of solid state NMR

SSNMR is the major technique applied in this thesis. In contrast to solution NMR, SSNMR specializes in
the study of non-liquid samples, such as solid or gel-phase samples, which do not have a fast tumbling
motion. This is of significant importance to the study of membrane proteins1 and pathological proteins like

amyloidss“’44

, which are generally insoluble in a physiological environment.
From a spectroscopic perspective, a solid sample can be both advantageous and troublesome.
In solution, due to the fast tumbling of molecules, the anisotropies in nuclear spin interactions, such as

the chemical shift, the dipolar coupling, and the quadrupolar coupling are averaged out. Therefore, factors



to that contribute to the spectral lineshape are limited and the spectra are highly resolved, which is a
great advantage for spectra assignment and analysis. In contract, solid samples have very restricted
global motions. Therefore, angular features underlying the chemical shift anisotropy (CSA), the dipolar
coupling and the quadrupolar coupling, causing orientation dependent shifts, persist in the solid state.
One the other hand, the solid lineshapes therefore contain useful information such as interatomic
distance and local torsion restraints, which can be used for structure calculation as well as dynamics
study. However, due to these anisotropic interactions, the linewidth of SSNMR spectra are generally
worse than those in solution spectra due to Hamiltonians that are insufficiently decoupled or not fully
averaged by magic angle spinning (discussed below), making spectral assignment challenging. Many
new developments such as fast magic angle spinning (over 100 kHz sample spinning) are intended to
solve this problem.45

In solution NMR, the linewidth of NMR peaks is inherently limited by the size of macromolecules
since the slower tumbling of larger macromolecules in solution leads to faster relaxation of transverse
magnetization (shorter T2s) due to enhanced spin-spin interactions. Thus, the size of macromolecule that
can be studied by solution NMR without special strategies such as perdeuteration or TROSY is limited.*
However, the linewidth in SSNMR is not intrinsically limited by molecular sizes since it is generally
dominated by other factors, instead of relaxation. Therefore, SSNMR can be applied to large
macromolecules, such as GPCRs or EGFR.*"*®

Unlike macromolecular crystallography, SSNMR does not need a crystal. It greatly expands the
systems that SSNMR can be applied to and reduces the amount of work to prepare samples, since good
crystals are essential to obtain high quality diffraction patterns for solving crystal structures, which is a
formidable task for crystallographers. In most cases, protein modifications such as mutagenesis or
truncation are needed in crystallography studies. In contrast, SSNMR can study the protein in the intact
form. Due to the low requirements for sample preparation, the protein can be studied in native
environments, such as lipid bilayers for membrane proteins. This is important for reducing artifacts like
crystal stacking. Also, SSNMR, allows the study of protein response to various external perturbations

such as pH change or ligand binding more directly. These advantages are also applied to materials



studies. For example, in many cases, it is necessary or beneficial to study the materials in a complicated

environment, which are hard to study by X-ray diffraction.

Moreover, for dynamics, NMR provides many advantages over X-ray crystallography and Cryo-
EM, which are generally limited to extrapolating from static snapshots of a protein’s conformations. The
dynamics information in atomic resolution provided by NMR is critical for studying mechanisms of function
in large systems. Many theoretical works, such as Redfield theory, and experimental methods, such as
T1p relaxation dispersion, have been developed and are still undergoing development to expand the
ability of NMR to study more systems. The ease of applying a wide range of temperatures in NMR gives it
the ability to study both kinetics and thermodynamics of the systems.

While SSNMR is a unique tool that has many advantages, it has its drawbacks as well. For
example, NMR is generally an insensitive method, and lengthy signal averaging is often required. The
interpretation of a multidimensional NMR spectrum is not a trivial task, even for an NMR expert. As the
number of observable signals scales with the size of the system, it cannot compete efficiently with Cryo-
EM or X-ray crystallography for solving the structures of very large systems. However, it is highly
complimentary to these methods; for example, accurate distance constraints acquired in NMR can be
combined in Cryo-EM or X-ray structure calculation to improve resolution.

Importantly, solid state NMR is still developing technically. Hardware developments, including
probes capable of spinning at faster rates, as well as dynamic nuclear polarization (DNP) are being
developed to cope with issues of insensitivity.8 Strategic isotope-labeling schemes can be used to reduce
the spectra c:ongestion.49 Computational methods are developed to assist spectra assignment and
theoretical calculations are used to interpret the origin of chemical shifts.”® With the field continually

evolving, | believe NMR, especially SSNMR, will become an even more powerful tool.

1.3 NMR Hamiltonian

Since almost all the information extracted from NMR is associated with certain types of Hamiltonians of
nuclear spin interaction, here we give a brief introduction to the general Hamiltonian in NMR research and

associated molecular information.



The NMR Hamiltonian can be written in the following equations in general:
H=Ho+Hgr+H inter (1.1)
where H, represents the dominant Zeeman interaction, which is the interaction between the spin and the
external magnetic field, Hgr represents the interaction between the spins and the radio frequency (RF)
pulse, and H i represents the overall internal spin interactions, including chemical shift, dipolar
interaction, J-coupling, and quadrupolar coupling interaction.*
The isotropic part of the Zeeman interaction Hy can be written as:

Ho=-Bolz (1.2)
where y is gyromagnetic ratio, By is the external magnetic field, and 1, is the spin Hamiltonian operator.
Because of the dominant effect of the Zeeman interaction, its eigenstates are normally used as the basis
set for NMR calculations.

A general form of H gr term can be written into:
H re= w4(cosd Tx + sing 1)) + wort Iz, (1.3)
where w1 is the applied RF pulse field strength, ¢ is the phase of the applied pulse, and wsis the offset
between the carrier frequency and the frequency of the observed nuclear spin. All these parameters can
be purposely set in the spectrometer.
The internal Humiliation H;,., contains atomic-specific information including local electronic
environment, through-bond and through space interactions with other nuclei, and it is the major goal of

modern NMR to elucidate the H;,,,.,. Here we provide a brief introduction to the major components of

Hinter.

1.3.1 Chemical Shift

The chemical shift originates from the shielding effect of nearby electrons on a nucleus. The motions of
the electrons in the shell induce a magnetic field in addition to the external magnetic field based on Lenz’s
law, changing the overall magnetic field and thus affecting the NMR frequency of the nuclei. The detailed

quantum mechanical explanation of it can be seen in the Ramsey formula® for the chemical shift caused

by an electron:



This is a first order approximation of the induced chemical shift along the z-axis by the magnetic field. It

contains a diamagnetic term and a time-independent paramagnetic term. The diamagnetic part accounts
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for shielding of electrons in the ground state and the paramagnetic parts accounts for shielding of

electrons in the excited orbitals.**>°

Due to the angular features of the electronic wave functions and chemical bonding, the chemical
shift interaction is angular and anisotropic. This means that the induced magnetic field and according
NMR frequency shifts are orientation-dependent. An example is shown below for a carbonyl group. (Fig.

1.1)
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Figure 1.1. Simulated orientation dependent chemical shifts of a carbonyl group. On the left, a static 3¢
spectrum of a carbonyl group is simulated with the software SIMPSON.?" The orientations at which the
chemical shifts equals the principle values are indicated. In the right panel, magic angle spinning (MAS)
spectra with various spinning speeds are simulated. The position of isotropic chemical shift does not
change in various MAS spectra, which is identical to the isotropic chemical shift in the static spectrum; the
sidebands are separated by the spinning frequency. With increasing spinning speed, the intensities of the
sidebands get weaker, indicating the anisotropy of the chemical shift tensor is significantly averaged by

MAS spinning. The simulation file can be found in the appendix 1.



The chemical shift tensor can be written as a second order tensor:

Oxx Oyx Oux (1.5)
SCS = Sxy Syy 62y = 6L'SO + Ssym + Santisym
sz Syz 622

in which the three terms 6,54, 85ym, Santisym AN be written as:

Oiso = 1/3(8xx + 8,y + 8,,) (1.6)
8. — Siso Syxt+Sxy 8zx+0xz (1 7)
xx 3 2 2
F) = Syxtéxy P — Siso 8zy+8yz
sym 2 yy 3 2
Szx+6xz SzytSyz s Siso
2 2 zz 3
0 Syx—bxy 8zx=8xz (1 8)
2 2
—Syxt+6. Szy—6
— yxtUxy zy “yz
Santisym_ 0

2
—8zx+8xz  —0zy+yz 0
2 2 yz

As shown above, the tensor can be decomposed into an isotropic part, a zero-trace symmetric tensor,
and an antisymmetric tensor. The former two parts will manifest as the chemical shifts in the spectra; the
antisymmetric part does not cause chemical shift change, but affects nuclear relaxation behaviors.*® The
first two parts can be diagonalized in the principle molecular frame through certain Euler angle rotation.
The 8yx 6yy 8, parameters in this frame are used to define the magnitude of the anisotropy & and the
asymmetric parameter n in Haeberlen Convention®:
0 =82z = biso (1.9)
n=(8yy =& xx)/d (1.10)

where dxx dyy 6zz are defined as : | 6zz — disol 2 | 5xx — disol 2 | dyy — Gisol -

The isotropic chemical shift is a powerful reporter of chemical environment that forms the basis of

modern high-resolution NMR. In protein NMR, the isotropic chemical shift is a powerful reporter of

53-55

secondary structural elements. The isotropic chemical shift values of Ca, CO, and CB sites show



significant differences between atoms in an a-helix, B-sheet, or random coil. In general, isotropic chemical
shifts in a-helices tend to be downfield relative to B-sheets for Ca and CO by an average of 4-5 ppm,
while the opposite trend is observed for CB, with random coil shifts manifesting as an average of the two
other secondary structural elements. The isotropic chemical shift is therefore a very sensitive reporter for
protein conformational changes, and has also been used as a reporter for ligand binding and protein

interaction.'*°¢%7

The chemical shift anisotropy (CSA) is mostly averaged out by magic angle spinning (a SSNMR
technique; discuss more in the following) in SSNMR to improve spectral resolution, generating a single
narrow peak at the isotropic chemical shift with sidebands mapping out the full CSA powder pattern.
However, the CSA can be strategically recoupled and thus provided another source of information on
chemical bonding and molecular conformation. For example, the CSA is a good reporter for protonation
state as well as hydrogen bonding. Gu et al found the §,; value of a carboxyl group is closely related to its
protonation state and the §,, value is dependent on the strength of CO...HN hydrogen bonding.58 By
taking advantage of these phenomena, Bhate et al determined the protonation state of a key residue E71
in ion channel protein KcsA.> Systematic measurements of carbon and nitrogen CSA tensors of GB1 by
Wylie et al and incorporation of them as constraints in structural calculation greatly improve backbone

rmsd to 0.16 A. %€

As a side note, the CSA is also used in transverse relaxation-optimized spectroscopy (TROSY)
experiments in solution NMR to improve spectra resolution by making use of mutual cancellation of HN
dipole-dipole coupling and CSA to attenuate T2 relaxation.®? This technique has greatly increased the

protein size that can be studied by solution NMR to an order of 100kDa.?%%*

1.3.2 Dipolar Interaction

The dipolar interaction is the through-space interaction between two nuclear spins. An analogy of
the interaction is two small magnets interacting with each other (Fig. 1.2). The full expression of the

dipolar interaction Hamiltonian between two nuclear spin j and k is®:
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Hj'= die(3(Ij eI ke ep) ~If Tk ), (1.11)
di=— 22 Ry, (1.12)

The magnitude of this interaction is characterized by the dipolar coupling constant dy, given in Hz. It
depends on the inverse cube of the distance between the interacting nuclei. Under the secular

3

approximation,4 which simplifies the Hamiltionian by only retaining components commuting with the

dominant Zeeman terms, the simplified Hamiltonian for the homonuclear dipolar coupling is

—~ 1 A A PPN
Hi(l)omoz_ % hzyjyk > Bligly, — ;- I)(3cos?6 — 1) (1.13)
The Hamiltonian for the heteronuclear dipolar coupling is

ﬁ,?omf—%hzyjykﬁjzikz(%osze -1) (1.14)
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Figure 1.2. Orientation dependent dipolar interaction between 'H and "®C in a C-H bond is simulated. In
the left panel, a scheme of dipolar interaction of two spins (red and purple) is shown. The static dipolar
interaction Pake pattern of a c spin coupled with 'H in a C-H bond is simulated with SIMPSON and
three angels (i.e. 0°, 54.7°, 90°) are colored and their according chemical shifts were labeled in the static
spectrum. The directions of the spins (i.e. up and down) are indicated by the pointers. In the angle 54.7°,
the dipolar interaction equals zero, therefore only isotropic chemical shift is displayed (the green peak). In
the right panel, magic angle spinning (MAS) spectra with various spinning speeds are simulated for the
same system. With the increasing spinning speed, the sideband peaks get weaker, indicating that the

dipolar interaction is significantly averaged. The simulation file can be found in the appendix 1.

The dipolar interaction is averaged out in the normal solution NMR due to the fast tumbling of
molecules. In SSNMR, it is also averaged by magic angle spinning (MAS, details are discussed later),
which improves spectra resolution. However, the dipolar interaction contains rich useful information such
as distance constraints, which are important to study ligand docking, structure calculation, etc. Therefore,
specific techniques are developed to reintroduce this interaction. In solution NMR, special solvents are
used to partially align the samples so that the dipolar interaction is not completely averaged out. The
residual dipolar coupling then are measured to provide distance constraints.®” In SSNMR, specific pulse
sequences, such as REDOR, can be applied to recouple this interaction for measuring the coupling
constant.®® For example, Fanghao et al measured the Ca-N&1 distance in an imidazole ring by measuring
dipolar interaction using REDOR, which was further used to determine the Ca-Cb-Cg-No&1 torsion angle.69
Thus, the packing pattern of a key residue H37 in the M2 influenza channel was determined. (Figure 1.3)
Many homonuclear recoupling pulse sequences such as DRAW, SPC5, POST-C7 and PAR were
developed to recouple the dipolar interactions for polarization transfer or multi-quantum coherence
experiments.7°'75

The dipolar interaction can also be widely applied to investigate protein dynamics. The dipolar
interaction can be partially averaged out by local motions, rendering a scaled coupling strength. In the
above example, Fanghao et al measured the dipolar interaction information at both low and physiological
temperature for samples at neutral and low pH.69 They observed the dipolar interaction strength is scaled

at the physiological temperature and low pH, indicating a ring flipping motion. Through the scaling factor,
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they were able to measure an approximately 45 degree change of the x2 angle during the flipping, which

helped them illustrate the proton conducting mechanism in M2 at low pH. (Figure 1.4)
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Figure 1.3 An example of using dipolar interaction to determine the distance and torsion angle in M2
channel. In panel A, a REDOR diphase experiments data were fitted to acquire the distance between Ca
and N&1 distance in the H37 residue in M2 proton channel. In panel B, with the distance information, the

conformation arrangement of the H37 is determined. Figures are taken from the reference 67.
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Figure 1.4 An example of applying dipolar interaction to study the molecular motion in M2 channel. (A, B)
Order parameters of C-N and N-H bonds are calculated in the REDOR and DIPSHIFT experiments at pH
4.5 and pH 8.5. It shows that at pH 4.5, the order parameter is around 0.85 for C-N and 0.8 for N-H, in

contrast to S=1 at pH 8.5, indicating that the imidazole ring is flipping at pH 4.5. (C,D) Figures are taken
from the reference 67.
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1.3.3 J- Coupling
The J coupling (also called indirect dipole—dipole coupling) is the through-bond interaction

between two nuclear spins. The full form of the J-coupling interaction between spins |; and I, is*?:

H jcoupling = 27 I; - Iy - I (1.15)

where Jjis the J-coupling tensor, a real 3 x 3 matrix. It depends on molecular orientation, but in an
isotropic liquid it reduces to a number, the so-called scalar coupling, which is retained despite isotropic

tumbling.

In solution NMR, since molecular tumbling averages out many Hamiltonians, such as the dipolar
interaction and the CSA, the J-coupling is used to mediate polarization transfer between nuclei, as seen
in the many INEPT building blocks in solution pulse sequence. Their values have been found to be

conformation dependent and can be applied for structural calculation.”

In solid state NMR, since its strength (ex Jcy~140 Hz) is much weaker than other components of
the Hamiltonian, such as dipolar interaction (ex C-H dipolar interaction at 1 A is about 30kHz), the effect
of J-coupling is normally not visible in biological solid state NMR studies without special decoupling
techniques. However, with the development of fast magic angle spinning techniques (i.e. MAS rate
>100kHz), the dominant proton-proton dipolar interaction can be significantly averaged out by spinning
and partial deuteration, thus J-coupling becomes substantial. In this scenario, many J-coupling based

pulse program are adapted from solution NMR for SSNMR studies.*>"”

1.3.4 Quadrupolar Interaction

A quadrupole arises from an uneven distribution of charge inside a nucleus. The nuclear electric
quadrupole moment is a parameter to describe the effective shape of the ellipsoid of nuclear charge
distribution. The quadrupolar interaction is an interaction between a nuclear spin (I>1/2) and its
surrounding electronic field gradient. The general interaction between electron and nucleus can be written

aSSOZ

E=[ p(F)V (#)dr (1.16)
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in which V(#) can be expanded into a Taylor series:

1 0%V 1.17
V(@) = V(O) + Zxa( )r o+ Z'Zxaxﬁ(ax axﬁ) ( )
ap

Then
E= V(a)fp(?)dr + e Vo [ xep(P)dr + %Za,ﬁ Vo | Xaxgp(P)dt (1.18)

The first and second terms are corresponding to the coulomb and the dipole interaction. The third term is

the quadrupole term, which can be rewritten into

! 1.19
EQ = gz Va,[)’Qa,ﬁ ( )
ap
where
7 1.20
Capp = f (3xaXp — Bapr?)p(F)de (1.20)
The Hamiltonian then can be written into:
Ho=SapVaplap =500V (1.21)
N 3(Ialp + Ipla) 2 eQ (1.22)
Qaﬁ - 2 aﬁ .1(21 — 1)

where eQ is the nuclear electric quadrupole moment, / is the nuclear spin quantum number, and V is the

electronic field gradient (EFG) tensor, which can be written as:

Ve Vhw Vo . (1.23)
VA Yy Vo Vay ) Ve =
Viee Vyz Vzz

This matrix, as with the CSA matrix, can be diagonalized in the principle axis frame with Vyy, Vyy, V3,

where |Vz;| = [Vyx| = [Vyy|, and Vzz + Vyx + Vyy = 0. The asymmetry parameter is defined as n, =
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V""jﬂ. The value V,; is defined as the principle component of the EFG tensor and is usually denoted as
zZZ

eq, where e is the electron charge. In the principle axis frame, the Hamiltonian can be written as:

=L 3] [+ 1) + (T 1)) (1.24)

9 41— 2

Under the secular approximation, in the laboratory reframe, only the terms with Hamiltonian commuting
with the Zeeman interaction along the Z-axis are preserved. By transferring from the principle axis frame

to lab frame, we have the

Viab _ 2V 3coszﬁ—1+n - ) (1.25)
zz = |3Vaz > > sin“fcos2a
Then the zero order approximation of the Hamiltonian is

(1.26)

o [2_eQed rap?  pop 3cos’B-1 , n .

As we can see, the quadrupole transition is also orientation dependent. By fitting the spectra, parameters

eQ.eq
h

such as quadrupole coupling constant (QCC) C, (defined as ) and the asymmetry parameter n, can

be acquired, which contains rich information on the electronic configuration.

Due to the large strength of the quadrupolar interaction, even the second order term of the
Hamiltonian is large enough that it must be considered.*? As the interaction could couple with other
Hamiltonians like dipolar interaction or CSA, the spectra become difficult to interpret directly.32 The
development of various software, such as SIMPSON, Spinevolution, and Wsolids, provide great help on

simulating the spectra and extracting important parameters.“76

1.4 Theoretical Tools for Understanding NMR

Theoretical frames of NMR are well developed, and they are important to understand the results
of modern NMR experiments as well as develop new NMR methodologies. In the section, we will
introduce the basic quantum mechanical theory for NMR and some useful tools for NMR Hamiltonian
calculation.

There are many different frameworks to describe NMR theory, such as the Block equations, spin

operators, and the density matrix.*> Here, we first introduce the NMR frame using the density matrix.
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1.4.1 Equation of Motion in Density Operators

A density operator can be used to represent a spin system,

= (1.27)
p(&) = lYpOXyP(©)| = Z GG i) jl
ij
where |y (t)) is the wave function of the system and |yi), [)) are the basis set.*? As a great advantage of
using density matrix in calculation, the expectation value for any operator 4 (for example, I* in NMR) can
be calculated as,
(A)y="Tr[p(®) - 4] (1.28)
where Tr is the trace operator.
The time-dependent Schrédinger equation for a spin systems can be represented by the

Liouvilee-Von Neumann equation in the density matrix representation‘”:

dp(t) Lo oo
“ac = Rl

(1.29)

where H is the total Hamiltonian operator and [A,ﬁ] =H-p—p-H, when the relaxation effects are
neglected.
When the H is time independent, a solution can easily achieved:
p(t) = U(t, to)p(te) UL, to)™, UL, ty) = exp (—iH(t — t,)) (1.30)
In a more general solution, the propagator U(t, t,) becomes Texp {—iftToﬁdt}, where T is the
Dyson time-ordering operator, indicating that the infinitesimal propagators

U(t' +dt, t") = exp {—iftt,lmtﬁ dt} need be multiplied in order from right to left with ¢’ increasing.79 This is
generally difficult to achieve an analytical solution unless special properties of the Hamiltonian are met.
However, with the improvement in the computation ability, the solution can be calculated in numerical
fashion, which is the basis for much NMR simulation software, such as SIMPSON, Spin Evolution,

Spinach.

1.4.2 Rotating Frame

In the many case, an analytical solution is needed for the Liouvilee-Von Neumann equation for
analyzing or developing a NMR pulse program. Transferring from the laboratory frame to the rotating

frame as reference, in such cases, provides great mathematic convenience to analyze the solution.
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In the laboratory frame, due to the spinning of nuclear spins under the dominant Zeeman effect
and oscillating feature of RF pulse, the whole system is rotating. By transferring to a rotating frame, some
dominant Hamiltonian can be separated from the rest, allowing certain approximation, such as using
Average Hamiltonian Theory (AHT), to be converged when the rest Hamiltonians are analyzed.79

Mathematically, transferring to a rotating frame equals to transferring to a new representation by

an arbitrary unitary operator R for the wave functions and operators:
() = Rip(®), @ = RQR™ (1.31)
where Q, |1,b(t)) are the operator and wave function for the laboratory frame; 5 [ (t)) are the operator and

wave function for the new frame.

The effective Hamiltonian in the rotating frame can be transformed by following operator43:

—~ ~ o~ A ~dp—1
Hopp=RART — iRT—, (1.32)

For example, in a typical Hamiltonian in NMR experiment,79
H= 2wcoswt Ix + wg iz + Hinter. (1.33)
To separate the dominate Zeeman effect, R = exp (iwl,t) is applied so that ﬁeffin the rotating frame is:
Hypp = (0o — 0),+ 0,{(1 + cos2wt)], — sin2wt 1,} + RHp R72. (1.34)

The lowest order approximation is:

Horr = (wo — )1, + wily + HY; (1.35)
where HY;; is the average Hamiltonian of RH,,..,R™*.
In some cases, a second transfer is needed and the new reframe is called double rotating frame.

In the above case, R = exp(i ((w, — w)i, + w;1,) t) can be applied for further simplifying the 17?; term.

1.4.3 Average Hamiltonian Theory

As we have seen in the above section that after the system is transferred to a suitable rotating
frame, certain approximation can be made to simplify the Hamiltonian. The theoretical basis for such a
simplification is the average Hamiltonian theory.79

In the average Hamiltonian theory, when the perturbation is the periodic, the time-dependent

Hamiltonian over periods can be approximated by a series of time-independent Hamiltonian:
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H(t,) =H°+ H*+ H* + - (1.36)
Where
m=1("g (D)dt (1.37)
TpJo
—i [T ty
H' = ifo pdt1f0 [H(t,), H(ty)]dt, (1.38)
(1.39)

_ 1 T t1 ty
g2 = o pdtlf dt, [[H(t), H(t;)], H(t3)] + [H(t3), [H(ty), H(t,)]] dts
rJo 0 0

In most case in NMR study, the first and second terms are sufficient and higher orders are not necessary.

However, caution need be taken to make sure that the approximation is converged.

1.5 Techniques to Improve Resolutions in SSNMR
1.5.1 Magic Angle Spinning

In SSNMR, due to the anisotropy feature of many interactions, which cannot be averaged out like
in solution NMR, the resolution of the spectra is poor, making it impossible to assign spectra in a
complicated macromolecule like protein. In 1958, Andew and coworkers introduced a solution to this
problem by mechanically spinning the sample around an axis inclined at the magic angle (54.7) with

respect to the external magnetic field (Figure 1.5).80 Importantly, in this angle, 3cos?6 — 1 = 0.

MAKE GIFS AT GIFSQUP.COM

Figure 1.5 The scheme picture of the magic angle spinning module is shown. The right panel shows the
Varian rotors with various diameters. The figures are taken from

https://www.youtube.com/watch?v=13NLti-1ErA.

As shown in above, in the lowest order approximation of many terms, such as dipolar interaction,

chemical shift anisotropy, quadrupole interaction, are modulated by an angular term (3cos?6 — 1). At the
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magic angle, the dipolar term and chemical shift anisotropy etc can be effectively averaged. (Figs.1.1 and
1.2) However, a complete averaging of dipolar interaction and CSA demands that the spinning speed (in
Hz) is stronger than the strength of dipolar interaction and CSA. Because the proton has a large
gyromagnetic ratio, dipolar coupling to protons, both heteronuclear and homonuclear are generally
difficult to average out; therefore, other techniques such as decoupling are introduced to improve spectra
resolution.

The hardware development for fast magic angle spinning, at speeds above ca 40kHz has
achieved great success in recent years. MAS spinning rate at 110kHz has been developed.81 It can
successfully decrease the effect of 'H-"H homonuclear coupling in fully protonated sample, which enables
proton detection methods for SSNMR.

However, both CSA and dipolar interaction contains rich structural and dynamical information.
These interactions can be recoupled through special designs of pulse sequence.6 In some experiments,
the isotropic information and anisotropy information are correlated: the isotropic information provides
assignments to the atoms and anisotropy information provides the atoms’ angular or distance

information.®® We will introduce some of these recoupling pulse programs in the later sections.

1.5.2 Homonuclear and Heteronuclear Decoupling

Decoupling techniques are another invention to improve spectra resolution. It is applied to
remove effects of certain Hamiltonians. In solution NMR, decoupling is used to decouple the scalar J-
Coupling. In SSNMR, decoupling is used to remove the effect of dipolar interaction. Decoupling is
accomplished by irradiating at the frequency of the decoupled nucleus. The principle of decoupling could
be simply understood as fast flipping between |a)(i.e. spin down) and |B) (i.e. spin up) state of the
decoupled nucleus. When the flipping rate is fast enough, the two split peaks by dipolar or J-coupling are
emerged into one peak. An analogy to this is that fast exchange in chemical exchange: when the
chemical exchange rate is significantly large than the chemical shift different, only an averaged peak
appears in the spectra.82 In order to fully decouple, the decoupling strength needs be larger than the
strength of decoupled Hamiltonian.

There are various decoupling schemes. The simplest scheme is continue-wave (CW)

decoupling.83 In SSNMR, the most commonly used decoupling schemes are Two-Pulse Phase-Modulated
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(TPPM),84 X-inverse-X decoupling scheme (XiX),85 SPINAL® for heteronuclear coupling. They are
discovered to be favorable at certain MAS spinning rates.®” For homonuclear decoupling, the Phase
Modulated Lee Goldburg (PMLG) experiment,88 Frequency Switched Lee Goldburg (FSLG)89 and
Decoupling Using Mind Boggling Optimization (DUMBO)90 have good performance and are wildly applied

for 2D HX heteronuclear experiment at 10-25 kHz MAS spinning.

1.5.3 Cross Polarization

Cross polarization is an important technique used in almost every SSNMR pulse sequence to
improve the experimental sensitivity.91 The major principle of cross polarization is to transfer polarization
from nucleus with high gyromagnetic ratio to nucleus with low gyromagnetic ratio. In SSNMR, 3C and "N
or other nuclei like *'P are detected instead of 'H due to the low resolution of proton spectra caused by
strong 'H-"H homonuclear coupling. The use of these low-gyromagnetic ratio nuclei (yy is about 10 times
larger than vy, and 4 times larger than y.) makes NMR less sensitive. Detection on the low-gyromagnetic
ratio nuclei also causes a longer T4 relaxation time, which is essentially the time needed for the spin to
equilibrium before next acquisition. Therefore a long pulse delay between each scan during signal
averaging is needed, which significantly increases the experimental times for the same signal-to-noise
ratio in spectra.

The basic pulse sequence scheme can be see figure 1.6. Firstly invented by Hartmann and Hahn
in 1962 in static NMR,* cross polarization between two nuclei (I and S) involve continuous irradiating RF
on the resonance frequencies of both the | and S spins, such that the nutation frequencies w,;, w5 are
equal, noted as Hartmann-Hahn condition. After MAS technique was invented, the cross polarization
mechanism is found still efficient for transferring polarization at moderate-to-high spinning rates; similar
matching conditions are modified to be:

|wy — wis| = nw, (1.40)

where n is a integer number and w, is the MAS rate.®
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H aHcp Decoupling

X aXcp Acquisition

Figure 1.6. A general scheme of 1H-X(X is the detection nucleus) cross polarization pulse sequence is
shown. aHcp and aXcp is the spinning lock power during the cross polarization process. The power of
aXcp is modulated by certain functions to improve the polarization transfer performance, as indicated by

the shaped curve.

Here we provide a brief validation for the conditions using the theoretical tool we have introduced.
For the internal Hamiltonian, only the dipolar interaction is considered as it is driving force for the
polarization transfer. The Hamiltonian for the system can be written into:

H = 2wy, cosw;t + 2w,sS, coswst + Bsi,S, (1.41)
where ;s is the dipolar coupling strength, w;, wg are carrier frequencies for nuclei | and S, respectively.79
By first transferring to the rotating frame using R = exp (iw,l,t + iwsS,t), by AHT, the lowest order
approximation is

Hgff,l = wlliy + w1s~§y + Bisl,S,. (1.42)

Then by transferring to the second rotating frame using R = exp (iwuiyt + iwlsfyt),
Hopfy = Bis(I,coswy,t + Tpsinwy, £)(S,cosw, 5t + Sysinwygt) (1.43)
Hopfo = Bis(1,S,coswy tcoswst + 1,5, sinwy tcosw st + S,1,cosw tsinw, gt (1.44)
+ S, 1, sinw, tsinwgt)

By using the equation sinw,;tsinw;st = (cos(wq; + wis) t + (cos(wy; — wi5) t)/2, only when the |w,; —
w1s| = nw, is met, cos(w;; — w,5) t term will not vanish over a rotor period in the zero order approximation
in AHT. S, can be rewritten into S*/* +$-[* + $*I~ + §~I~, indicating that the polarization can be

transferred through the double or zero quantum.
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1.6 Techniques to retrieve information by recoupling pulse sequence

In MAS SSNMR, the mechanically averaged Hamiltonian like Dipolar interaction can be
strategically reintroduced by recoupling pulse sequence. These recoupled Hamiltonian are useful to
provide a measurement of dipolar interaction or CSA to provide distance or orientation information.®®
They can also be applied to mediate polarization transfer between nuclei.® Many recoupling pulse
sequences have been developed over the past two decades and Levitt et. al summarized these pulse
sequences through their symmetry properties and further introduced a new library of recoupling pulses
named as RN and CN sequences.95 The applications of these sequences to extract structural and

13,69,96-98

biological information can be found in numerous cases. Here we introduce a few recoupling pulse

sequences, which were applied in the thesis.

1.6.1 Dipolar Assistant Rational Recoupling (DARR)

Dipolar assistant rational recoupling pulse sequence is the extensively used in this thesis for -
3C correlation experiment. The technique was introduced by Takegoshi et al in 2001 and the pulse
scheme is shown in Figure 1.7.%° After the CP build block, the coherence on carbon channel is flipped to
Z-axis by 90° pulse, the polarization can be transferred between homonuclear pairs through RF radiation
on proton channel at the field strength matches the MAS frequency, w;y = w,. The theoretic validation is
complicated and can be found in the reference without further introduction.'® The length of the DARR
block can be varied to control the transfer path length. For example, for carbon-carbon transferring, with a
15ms DARR period, it is around one or two bonds transfer; with 100ms, it is around two or three bonds

transfer.

1.6.2 Double Cross Polarization (DCP)

Double cross polarization, also called specific-CP is widely applied for directional transfer
polarization, such as nitrogen to CA or nitrogen to CO. Due to the directional feature, the spectra is easy
to interpret; thus it is widely applied as a functional unit in pulse programs used for protein assignment,
such as NCACX, NCOCX.""" It is firstly introduced by Baldus and Griffin.'® The basic pulse scheme can
be seen in the Figure 1.8. The DCP is a combination of two cross polarization between different nuclei. In

a typical NCA or NCO experiment, the polarization is first transferred from proton to nitrogen, and then
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transferred from nitrogen to carbon (CA or CO based on the carrier frequency and cross polarization

conditions) and detected on carbon channel.

DARR

H aHcp DEC m DEC

X aXcp t Acquisition

Figure 1.7 A general scheme of DARR pulse sequence is shown. After the CP block, the coherence at X
is coded before flipped by the first 90° pulse to Z-axis for experiencing the DARR condition to mix
polarization between X nuclei. In the DARR condition, spinning lock pulse is put on proton channel with its
power equal to the spinning frequency. The polarization is then flipped by the second 90° pulse to

coherence plane for acquisition.

90
H aHcp DEC DEC DEC
180
C aYep Acquisition
N aXcp tl aXcp_2

DCP

Figure 1.8. A general scheme of '®N-"°C double Cross Polarization pulse sequence is shown. After the
first "H-"°N CP, the coherence is encoded in the nitrogen dimension and then further transferred by a

second °N-"°C CP to ™C nuclei, and then the coherence on °C is acquired.
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1.6.3 Rotational Echo Double Resonance (REDOR).

Rotational Echo Double Resonance (REDOR) is a common technique to recover the hetronuclear
dipolar interaction that is normally averaged by the magical angle spinning. Since dipolar coupling
strength is distance-dependent, the recoupled dipolar interaction can be used to measure interatomic
distance. The pulse was developed by Gullion and Schaefer in 1989 and the general scheme is shown in
Figure 1.9.81% |n the REDOR building block, 180° pulses are applied on one of the two channels to flip

the nuclei polarizations at the every half-rotor period. Under the MAS spinning condition, the dipolar

coupling is modulated to have a period of i—” By arranging 180 pulse in a such way, the dipolar interaction

can be recoupled. (see Figure 1.10). The recoupled dipolar interaction will dephase the coherence, and
the signal intensity is dependent on how many rotor periods are used (i.e. the dephase time). By
comparing to the reference spectrum, where the dipolar coupling is not recoupled, the difference in
intensity can be fitted to extract the dipolar coupling strength and by extension the interatomic distance.

In the real application, the situation is more complicated since networks of NMR spins are interconnected,
and the REDOR dephasing time reflects the effects all of the available nearby coupling partners. This
problem is more sever for long distance calculation (i.e. weak dipolar coupling) due to the dipolar
truncation caused the nearby strong dipolar interaction. Various improved methods, such as frequency-

104,105

selective REDOR have been developed to cope with this problem. On the other hand, special

sample preparation, such as introducing labeling pairs can be applied to simplify the data

interpretation 105107
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90
H { aHcp CW DEC DEC

180

C ﬁ(zpj‘ I Acquisition

T: 0 0510 1520 25 3.0 35 40
t1

Figure 1.9. A general scheme of ®N-"3C double REDOR pulse sequence is shown. After the first 'H-"c
CP, the coherence on °C is dephased by the recoupled the ¥C-°N dipolar interaction, before acquisition.
In the recoupling block, a 180° pulse (black rectangle) is placed at the half rotor cycle. The central 180°

pulse is placed on carbon channel in order to refocus the effect of unwanted 'H-"3C J- interaction.

a /\
3 |.S Sin(w t)

Figure 1.10. The mechanism of dipolar interaction recoupling in REDOR. In the MAS experiment, the
dipolar interaction terms are modulated at a frequency of the spinning frequency. Without the 180° pulses
(black rectangle) placed at the half rotor cycle, the averaged interaction over a rotor period equals zero
for the zero-order approximation in average Hamiltonian theory (a). By introducing the 180° pulse placed
at the half rotor cycle, the sign of the spin operator for the dipolar interaction changes so that the

averaged dipolar interaction no longer averages out (b).
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1.6.4 Transferred Echo Double Resonance (TEDOR).
Transferred Echo Double Resonance (TEDOR) shared the theoretical basis with REDOR pulse, and was

'% The scheme can be seen in Figure 1.11. It can be viewed as HSQC

developed by Hing et al.
experiment with the INEPT section replaced by REDOR building block. The coherence is generated on
carbon through 'H-"*C CP, and then transferred to nitrogen and the nitrogen frequency is encoded in the
t1 period, and then the coherence is transferred back to carbon by another REDOR building block and
then is acquired as free induction decay. The dwell time in t; period is required to be integer number of
the rotor period, which limits the spectrum width.

A series of TEDOR experiments can be acquired with various rotor periods in the REDOR
building blocks, which determines transferring time. A rough estimate of the dipolar interaction for a peak

108199 \When the transferring

can be achieved by measuring the signal building up in the various spectra.
time is short, the spectra can also be used for protein assignment. But unlike DCP, the polarization

transfer is without specific direction.

T
18

aHep | DEC lg,_ DEC | DEC W, DEC
180 ) 90 180 2 %
cﬂp_/l I A T I Acquisition
AT A NI S N A A A N R N O
e AR L g

T, 0 0510 1520 25 30 35 40
Figure 1.11. A general scheme of '*N-"C double TEDOR pulse sequence is shown. After the first 'H-"c
CP, the coherence on '°C is transferred to "°N by the recoupled the BC-N dipolar interaction and the
coherence at 15N is encoded before it is transferred back to 13C by another coupled dipolar interaction.
In the recoupling block, a 180° pulse (black rectangle) is placed at the half rotor cycle. The two proton
pulses with power equal to Wr are used for destroyed the unwanted coherence after the Z-flip. The delay

time is used to allow for an integer number of rotor periods between the two REDOR blocks.



27

1.7 References

1.

10.

11.

12.

McDermott, A. Structure and dynamics of membrane proteins by magic angle spinning solid-state
NMR. Annu. Rev. Biophys. 38, 385-403 (2009).

Drobny, G. P. Multiple Quantum NMR: Studies of Molecules in Ordered Phases. Annu. Rev. Phys.
Chem. 36, 451-489 (1985).

Sapienza, P. J. & Lee, A. L. Using NMR to study fast dynamics in proteins: methods and
applications. Curr. Opin. Pharmacol. 10, 723-30 (2010).

Palmer, A. G. Enzyme Dynamics from NMR Spectroscopy. Acc. Chem. Res. 48, 457 (2015).
Arthur G. Palmer lll, f, John Williams, 1,§ and & Ann McDermott*, 1. Nuclear Magnetic
Resonance Studies of Biopolymer Dynamics. (1996). doi:10.1021/JP9606117

Edén, M. & Levitt, M. H. Pulse sequence symmetries in the nuclear magnetic resonance of
spinning solids: Application to heteronuclear decoupling. J. Chem. Phys. 111, 1511 (1999).
Aboul-ela, F. & Varani, G. Novel techniques in nuclear magnetic resonance for nucleic acids. Curr.
Opin. Biotechnol. 6, 89-95 (1995).

Sergeyeyv, . V, Itin, B., Rogawski, R., Day, L. A. & McDermott, A. E. Efficient assignment and
NMR analysis of an intact virus using sequential side-chain correlations and DNP sensitization.
Proc. Natl. Acad. Sci. U. S. A. 114, 5171-5176 (2017).

Rinnenthal, J. et al. Mapping the Landscape of RNA Dynamics with NMR Spectroscopy. Acc.
Chem. Res. 44, 1292—-1301 (2011).

Getz, M., Sun, X., Casiano-Negroni, A., Zhang, Q. & Al-Hashimi, H. M. NMR studies of RNA
dynamics and structural plasticity using NMR residual dipolar couplings. Biopolymers 86, 384
(2007).

Molugu, T. R., Lee, S. & Brown, M. F. Concepts and Methods of Solid-State NMR Spectroscopy
Applied to Biomembranes. Chem. Rev. 117, 12087-12132 (2017).

Sugase, K., Dyson, H. J. & Wright, P. E. Mechanism of coupled folding and binding of an

intrinsically disordered protein. Nature 447, 1021-1025 (2007).



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

28

Hong, M. & Schmidt-Rohr, K. Magic-Angle-Spinning NMR Techniques for Measuring Long-Range
Distances in Biological Macromolecules. Acc. Chem. Res. 46, 2154 (2013).

Jameson, C. J. Understanding Nmr Chemical Shifts. Annu. Rev. Phys. Chem. 47, 135-169
(1996).

Su, Y., Andreas, L. & Griffin, R. G. Magic Angle Spinning NMR of Proteins: High-Frequency
Dynamic Nuclear Polarization and ' H Detection. Annu. Rev. Biochem. 84, 465-497 (2015).
Hong, M., Zhang, Y. & Hu, F. Membrane Protein Structure and Dynamics from NMR
Spectroscopy. Annu. Rev. Phys. Chem. 63, 1-24 (2012).

Schnell, J. R., Dyson, H. J. & Wright, P. E. Structure, dynamics, and catalytic function of
dihydrofolate reductase. Annu. Rev. Biophys. Biomol. Struct. 33, 119-40 (2004).

Tjandra, N. & Bax, A. Direct Measurement of Distances and Angles in Biomolecules by NMR in a
Dilute Liquid Crystalline Medium. Science (80-. ). 278, 1111 (1997).

Mittermaier, A. & Kay, L. E. New Tools Provide New Insights in NMR Studies of Protein Dynamics.
Science (80-. ). 312, 224 (2006).

Clore, G. M. & lwahara, J. Theory, Practice, and Applications of Paramagnetic Relaxation
Enhancement for the Characterization of Transient Low-population States of Biological
Macromolecules and Their Complexes. Chem. Rev. 109, 4108 (2009).

Gajan, D. et al. Hybrid polarizing solids for pure hyperpolarized liquids through dissolution dynamic
nuclear polarization. Proc. Natl. Acad. Sci. U. S. A. 111, 14693-14697 (2014).

Spiess, H. W. 50th Anniversary Perspective: The Importance of NMR Spectroscopy to
Macromolecular Science. Macromolecules 50, 1761-1777 (2017).

Hoffmann, H. et al. Solid-State NMR Spectroscopy of Metal-Organic Framework Compounds
(MOFs). Materials (Basel). 5, 2537-2572 (2012).

Deng, H. et al. Multiple functional groups of varying ratios in metal-organic frameworks. Science
327, 846-50 (2010).

Kurihara, T., Noda, Y. & Takegoshi, K. Quantitative Solid-State NMR Study on Ligand—Surface
Interaction in Cysteine-Capped CdSe Magic-Sized Clusters. J. Phys. Chem. Lett. 8, 2555-2559

(2017).



26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

29

Anderson, N. C., Hendricks, M. P., Choi, J. J. & Owen, J. S. Ligand Exchange and the
Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-
Carboxylate Displacement and Binding. J. Am. Chem. Soc. 135, 18536-18548 (2013).

Sideris, P. J., Nielsen, U. G., Gan, Z. & Grey, C. P. Mg/Al ordering in layered double hydroxides
revealed by multinuclear NMR spectroscopy. Science 321, 113-7 (2008).

and, C. P. G. & Dupré, N. NMR Studies of Cathode Materials for Lithium-lon Rechargeable
Batteries. (2004). doi:10.1021/CR020734P

Belesi, M., Zong, X., Borsa, F., Milios, C. J. & Perlepes, S. P. Proton NMR study in hexanuclear
manganese single-molecule magnets. Phys. Rev. B 75, 64414 (2007).

Borsa, F., Lascialfari, A. & Furukawa, Y. in Novel NMR and EPR techniques 297-349 (Springer
Berlin Heidelberg, 2006). doi:10.1007/3-540-32627-8_10

Nimerovsky, E. & Goldbourt, A. Efficient rotational echo double resonance recoupling of a spin-1/2
and a quadrupolar spin at high spinning rates and weak irradiation fields. J. Magn. Reson. 206,
52-58 (2010).

Nielsen, U. G., Jakobsen, H. J. & Skibsted, J. 59Co Chemical Shift Anisotropy and Quadrupole
Coupling for K3Co(CN)6 from MQMAS and MAS NMR Spectroscopy. Solid State Nucl. Magn.
Reson. 20, 23-34 (2001).

Igumenova, T. |., Frederick, K. K. & Wand, A. J. Characterization of the fast dynamics of protein
amino acid side chains using NMR relaxation in solution. Chem. Rev. 106, 1672—-99 (2006).
Tycko, R. Solid-state NMR studies of amyloid fibril structure. Annu. Rev. Phys. Chem. 62, 279-99
(2011).

Kellogg, J. M. B., Rabi, I. I., Ramsey, N. F. & Zacharias, J. R. The Magnetic Moments of the
Proton and the Deuteron. The Radiofrequency Spectrumof H 2 in Various Magnetic Fields.
Phys. Rev. 56, 728-743 (1939).

https://www.nobelprize.org/.

Ni, Q. Z. et al. High Frequency Dynamic Nuclear Polarization. Acc. Chem. Res. 46, 1933—-1941
(2013).

Otting, G. Protein NMR Using Paramagnetic lons. Annu. Rev. Biophys. 39, 387 (2010).



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

30

Boulton, S. & Melacini, G. Advances in NMR Methods To Map Allosteric Sites: From Models to
Translation. Chem. Rev. 116, 6267-6304 (2016).

Ann E. McDermott, T. P. Solid State NMR Studies of Biopolymers.

Richard R. Ernst , Geoffrey Bodenhausen, A.W. Principles of Nuclear Magnetic Resonance in
One and Two Dimensions.

Malcolm H. Levitt. Spin Dynamics: Basics of Nuclear Magnetic Resonance 2nd Edition.

Arthur G. Palmer lll , Wayne J. Fairbrother , John Cavanagh , Nicholas J. Skelton, M. R. Protein
NMR Spectroscopy, Second Edition: Principles and Practice.

Qiang, W., Yau, W.-M., Lu, J.-X., Collinge, J. & Tycko, R. Structural variation in amyloid-f fibrils
from Alzheimer’s disease clinical subtypes. Nature 541, 217-221 (2017).

Andreas, L. B., Le Marchand, T., Jaudzems, K. & Pintacuda, G. High-resolution proton-detected
NMR of proteins at very fast MAS. J. Magn. Reson. 253, 36—49 (2015).

Guerry, P. & Herrmann, T. Advances in Automated NMR Protein Structure Determination. Q. Rev.
Biophys. 44, 257 (2011).

Kaplan, M. et al. EGFR Dynamics Change during Activation in Native Membranes as Revealed by
NMR. Cell 167, 1241-1251.e11 (2016).

Park, S. H. et al. Structure of the chemokine receptor CXCR1 in phospholipid bilayers. Nature 491,
779-83 (2012).

Tugarinov, V., Kanelis, V. & Kay, L. E. Isotope Labeling Strategies for the Study of High-
Molecular-Weight Proteins by Solution NMR Spectroscopy. Nat. Protoc. 1, 749 (2006).

Marion, D. An introduction to biological NMR spectroscopy. Mol. Cell. Proteomics 12, 300625
(2013).

Ramsey, N. F. Magnetic Shielding of Nuclei in Molecules. Phys. Rev. 78, 699-703 (1950).
Chernysheyv, Vladimir I. Chizhik, Y. S., Frolov, Alexey V. Donets, V. V. & Shelyapina, A. V. K. « M.
G. Magnetic Resonance and Its Applications.

Bak, M., Rasmussen, J. T. & Nielsen, N. C. SIMPSON: A General Simulation Program for Solid-
State NMR Spectroscopy. J. Magn. Reson. 147, 296-330 (2000).

NMR Ramblings Klaus Eichele. Available at: http://anorganik.uni-



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

31

tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa. (Accessed: 22nd April 2018)

Spera, S. & Bax, A. Empirical correlation between protein backbone conformation and C.alpha.
and C.beta. 13C nuclear magnetic resonance chemical shifts. J. Am. Chem. Soc. 113, 5490-5492
(1991).

Ando, I., Saito, H., Tabeta, R., Shoji, A. & Ozaki, T. Conformation-dependent carbon-13 NMR
chemical shifts of poly(L-alanine) in the solid state: FPT INDO calculation of N-acetyl-N’-methyl-L-
alanine amide as a model compound of poly(L-alanine). Macromolecules 17, 457-461 (1984).
Wishart, D. & Sykes, B. The 13C Chemical-Shift Index: A simple method for the identification of
protein secondary structure using 13C chemical-shift data. J. Biomol. NMR 4, 171-180 (1994).
Oldfield, E. Chemical shifts in amino acids, peptides, and proteins: from quantum chemistry to
drug design. Annu. Rev. Phys. Chem. 53, 349-78 (2002).

Dalvit, C. Ligand- and Substrate-based 19F NMR Screening: Principles and Applications to Drug
Discovery. Prog. Nucl. Magn. Reson. Spectrosc. 51, 243 (2007).

Gu, Z., Zambrano, R. & McDermott, A. Hydrogen Bonding of Carboxyl Groups in Solid-State
Amino Acids and Peptides: Comparison of Carbon Chemical Shielding, Infrared Frequencies, and
Structures. J. Am. Chem. Soc. 116, 6368-6372 (1994).

Bhate, M. P. & McDermott, A. E. Protonation state of E71 in KcsA and its role for channel collapse
and inactivation. Proc. Natl. Acad. Sci. U. S. A. 109, 15265-70 (2012).

Wylie, B. J., Schwieters, C. D., Oldfield, E. & Rienstra, C. M. Protein Structure Refinement Using
'® Ca Chemical Shift Tensors. J. Am. Chem. Soc. 131, 985-992 (2009).

Wylie, B. J. et al. Ultrahigh resolution protein structures using NMR chemical shift tensors. Proc.
Natl. Acad. Sci. U. S. A. 108, 16974-9 (2011).

Loria, J. P., Rance, M. & Palmer, A. G. A TROSY CPMG sequence for characterizing chemical
exchange in large proteins. J. Biomol. NMR 15, 151 (1999).

Schwieters, C. D. et al. Solution structure of the 128 kDa enzyme | dimer from Escherichia coli and
its 146 kDa complex with HPr using residual dipolar couplings and small- and wide-angle X-ray
scattering. J. Am. Chem. Soc. 132, 13026 (2010).

Levitt, M. H. The Signs of Frequencies and Phases in NMR. J. Magn. Reson. 126, 164—-182



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

32

(1997).

Clore, G. M., Starich, M. R. & Gronenborn, A. M. Measurement of Residual Dipolar Couplings of
Macromolecules Aligned in the Nematic Phase of a Colloidal Suspension of Rod-Shaped Viruses.
J. Am. Chem. Soc. 120, 10571 (1998).

Schaefer, J. ‘Development of REDOR rotational-echo double-resonance NMR’ by Terry Gullion
and Jacob Schaefer [J. Magn. Reson. 81 (1989) 196-200]. J. Magn. Reson. 213, 421-422 (2011).
Hu, F., Luo, W. & Hong, M. Mechanisms of proton conduction and gating in influenza M2 proton
channels from solid-state NMR. Science 330, 505-8 (2010).

Raleigh, D. P., Levitt, M. H. & Griffin, R. G. Rotational resonance in solid state NMR. Chem. Phys.
Lett. 146, 71-76 (1988).

Nielsen, N. C., Bildso/e, H., Jakobsen, H. J. & Levitt, M. H. Double - quantum homonuclear rotary
resonance: Efficient dipolar recovery in magic-angle spinning nuclear magnetic resonance. J.
Chem. Phys. 101, 1805—-1812 (1994).

Bennett, A. E. et al. Homonuclear radio frequency-driven recoupling in rotating solids. J. Chem.
Phys. 108, 9463 (1998).

Bennett, A. E., Griffin, R. G., Ok, J. H. & Vega, S. Chemical shift correlation spectroscopy in
rotating solids: Radio frequency - driven dipolar recoupling and longitudinal exchange. J. Chem.
Phys. 96, 8624-8627 (1992).

Brinkmann, A., Edén, M. & Levitt, M. H. Synchronous helical pulse sequences in magic-angle
spinning nuclear magnetic resonance: Double quantum recoupling of multiple-spin systems. J.
Chem. Phys. 112, 8539 (2000).

De Paépe, G., Lewandowski, J. R., Loquet, A., Bockmann, A. & Griffin, R. G. Proton assisted
recoupling and protein structure determination. J. Chem. Phys. 129, 245101 (2008).

Gabriel Cornilescu, 1, Ad Bax, *, and & David A. Case®, 1. Large Variations in One-Bond
13Ca-13CB J Couplings in Polypeptides Correlate with Backbone Conformation. (2000).
doi:10.1021/JA993609C

Agarwal, V. et al. De Novo 3D Structure Determination from Sub-milligram Protein Samples by

Solid-State 100 kHz MAS NMR Spectroscopy. Angew. Chemie Int. Ed. 53, 12253-12256 (2014).



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

33

Veshtort, M. & Griffin, R. G. SPINEVOLUTION : A powerful tool for the simulation of solid and
liquid state NMR experiments. 178, 248-282 (2006).

Waugh, J. S. in Encyclopedia of Magnetic Resonance (John Wiley & Sons, Ltd, 2007).
doi:10.1002/9780470034590.emrstm0020

ANDREW, E. R., Bradbury, A. & Eades, R. G. Nuclear Magnetic Resonance Spectra from a
Crystal Rotated at High Speed. Nature 182, 1659 (1958).

Lakomek, N.-A. et al. Microsecond Dynamics in Ubiquitin Probed by Solid-State >N NMR
Spectroscopy R 1, Relaxation Experiments under Fast MAS (60-110 kHz). Chem. - A Eur. J. 23,
9425-9433 (2017).

Jen, J. Chemical Exchange and NMR T2 Relaxation — The Multisite Case. J. Magn. Reson. 30,
111 (1978).

Haeberlen, U. & Waugh, J. S. Coherent Averaging Effects in Magnetic Resonance. Phys. Rev.
175, 453-467 (1968).

Bennett, A. E., Rienstra, C. M., Auger, M., Lakshmi, K. V. & Griffin, R. G. Heteronuclear
decoupling in rotating solids. J. Chem. Phys. 103, 6951-6958 (1995).

Ernst, M. Heteronuclear spin decoupling in solid-state NMR under magic-angle sample spinning.
J. Magn. Reson. 162, 1-34 (2003).

Fung, B. M., Khitrin, A. K. & Ermolaev, K. An Improved Broadband Decoupling Sequence for
Liquid Crystals and Solids. J. Magn. Reson. 142, 97-101 (2000).

Schilling, F. et al. Next-generation heteronuclear decoupling for high-field biomolecular NMR
spectroscopy. Angew. Chem. Int. Ed. Engl. 53, 4475-9 (2014).

Vinogradov, E., Madhu, P. K. & Vega, S. High-resolution proton solid-state NMR spectroscopy by
phase-modulated Lee—Goldburg experiment. Chem. Phys. Lett. 314, 443-450 (1999).

Bielecki, A., Kolbert, A. C. & Levitt, M. H. Frequency-switched pulse sequences: Homonuclear
decoupling and dilute spin NMR in solids. Chem. Phys. Lett. 155, 341-346 (1989).

Paul, S. et al. Supercycled Homonuclear Dipolar Decoupling Sequences in Solid-State NMR.
(2008).

Kolodziejski, W. & Klinowski, J. Kinetics of cross-polarization in solid-state NMR: a guide for



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

34

chemists. Chem. Rev. 102, 613-28 (2002).

Hartmann, S. R. & Hahn, E. L. Nuclear Double Resonance in the Rotating Frame. Phys. Rev. 128,
2042-2053 (1962).

Hediger, S., Meier, B. H. & Ernst, R. R. Cross polarization under fast magic angle sample spinning
using amplitude-modulated spin-lock sequences. Chem. Phys. Lett. 213, 627-635 (1993).

Verel, R. & Meier, B. H. Polarization-transfer methods in solid-state magic-angle-spinning NMR:
adiabatic CN pulse sequences. Chemphyschem 5, 851-62 (2004).

Carravetta, M., Edén, M., Zhao, X., Brinkmann, A. & Levitt, M. H. Symmetry principles for the
design of radiofrequency pulse sequences in the nuclear magnetic resonance of rotating solids.
Chem. Phys. Lett. 321, 205-215 (2000).

Lu, M. et al. Dynamic allostery governs cyclophilin A-HIV capsid interplay. Proc. Natl. Acad. Sci. U.
S. A. 112, 14617-22 (2015).

Xu, Y., Bhate, M. P. & McDermott, A. E. Transmembrane allosteric energetics characterization for
strong coupling between proton and potassium ion binding in the KcsA channel. Proc. Natl. Acad.
Sci. U. S. A. 114, 8788-8793 (2017).

Franks, W. T. et al. Magic-angle spinning solid-state NMR spectroscopy of the beta1
immunoglobulin binding domain of protein G (GB1): 15N and 13C chemical shift assignments and
conformational analysis. J. Am. Chem. Soc. 127, 12291-305 (2005).

Takegoshi, K., Nakamura, S. & Terao, T. 13C—-1H dipolar-assisted rotational resonance in magic-
angle spinning NMR. Chem. Phys. Lett. 344, 631-637 (2001).

Veshtort, M. & Griffin, R. G. Proton-driven spin diffusion in rotating solids via reversible and
irreversible quantum dynamics. J. Chem. Phys. 135, 134509 (2011).

Wylie, B. J., Bhate, M. P. & McDermott, A. E. Transmembrane allosteric coupling of the gates in a
potassium channel. Proc. Natl. Acad. Sci. U. S. A. 111, 185-90 (2014).

BALDUS, M., PETKOVA, A. T., HERZFELD, J. & GRIFFIN, R. G. Cross polarization in the tilted
frame: assignment and spectral simplification in heteronuclear spin systems. Mol. Phys. 95, 1197
(1998).

Gullion, T. Measurement of dipolar interactions between spin- and quadrupolar nuclei by



104.

105.

106.

107.

108.

109.

35

rotational-echo, adiabatic-passage, double-resonance NMR. Chem. Phys. Lett. 246, 325-330
(1995).

Nimerovsky, E. et al. Phase-modulated LA-REDOR: A robust, accurate and efficient solid-state
NMR technique for distance measurements between a spin-1/2 and a quadrupole spin. J. Magn.
Reson. 244, 107-113 (2014).

Jaroniec, C. P., Tounge, B. A., Herzfeld, J. & Griffin, R. G. Frequency Selective Heteronuclear
Dipolar Recoupling in Rotating Solids: Accurate 13 C- 15 N Distance Measurements in Uniformly
13 C, 15 N-labeled Peptides. J. Am. Chem. Soc. 123, 3507-3519 (2001).

Ohki, S. & Kainosho, M. Stable isotope labeling methods for protein NMR spectroscopy. Prog.
Nucl. Magn. Reson. Spectrosc. 53, 208—-226 (2008).

Lichtenecker, R. J., Coudevylle, N., Konrat, R. & Schmid, W. Selective isotope labelling of leucine
residues by using a-ketoacid precursor compounds. Chembiochem 14, 818-21 (2013).

Hing, A. W., Vega, S. & Schaefer, J. Measurement of Heteronuclear Dipolar Coupling by
Transferred-Echo Double-Resonance NMR. J. Magn. Reson. Ser. A 103, 151-162 (1993).
Jaroniec, C. P., Filip, C. & Griffin, R. G. 3D TEDOR NMR Experiments for the Simultaneous
Measurement of Multiple Carbon-Nitrogen Distances in Uniformly 13 C, 15 N-Labeled Solids. J.

Am. Chem. Soc. 124, 10728-10742 (2002).



Chapter II: Introduction to Membrane Proteins and Inactivation in

potassium channel

36



37

2.1. Biological Significance of Membrane Proteins

Cellular membranes isolate the cell from the environment and enable the creation of intracellular
compartments, allowing numerous biological processes to occur simultaneously without interference.””
Membrane proteins, which are embedded in cell membrane, are therefore vital for exchanging chemical
and information between different compartments and between intracellular and extracellular
environment.>* Based on gene sequencing estimation, membrane proteins constitute between 20 and
30% of proteins in most organisms.5 They are generally classified into categories based on their
functionalities, such as ion channels, transporters, growth factor receptors and G-protein coupled
receptors (GPCR).G’7 Many diseases have been identified as related to the malfunction of a membrane
protein, around two-thirds of known druggable targets are membrane proteins and around half of current
small molecule drugs work through binding to membrane proteins.g’9

Due to the importance of membrane proteins in both understanding basic biological function
mechanism and solving health related problems, much attention has been given to their structure and

dynamics, and the relationship of these properties to function.>'®"

In spite of the tremendous amount of
efforts, the field is still in its developing stage, as only small portion of membrane proteins have been
revealed their structures. By January 2013, less than 1% of proteins with solved structures are membrane
protein, while, as we mentioned above, membrane protein consist of 20-30% of the proteome.14
Membrane proteins are more challenging to study comparing to soluble proteins for various
reasons.'? The first obstacle is the preparation of membrane protein. Membrane proteins are normally
difficult to express in high yield due to their low natural abundance and toxicity to the host cell. Extraction
of membrane proteins from cell membrane usually requires violent methods such as sonication and
French press to break the cell wall, which could potentially affect integrity of the protein. The trans-
membrane part of membrane proteins is very hydrophobic and insoluble in normal biological buffers;
therefore detergents are needed to solubilize the protein from the membrane. In many cases, the choice
of detergent is critical: the chain length and head group of the detergent can easily affect the extraction

efficiency as well as the stability of the protein.15’16

In cases where protein precipitates from solution,
fusion of a soluble domain to the target membrane protein is often necessary.17 Some membrane proteins

are overexpressed in inclusion bodies. For purification, protein is denatured in a high concentration of
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guanidine chloride buffer and need be refolded. However, it is a great challenge to fold membrane protein
into its native conformation and only a few successful examples are reported.w’19

The second obstacle for studying membrane protein is that conventional biophysical and
biochemical techniques to study soluble protein are difficult to apply to membrane proteins. For example,
crystallography has been the most powerful tool to solve structures for soluble protein; however, for
membrane proteins, it is generally hard to form high quality crystals. Various tricks, such as mutations,
truncation, co-crystallization with antibody or usage of extreme crystal conditions are required.20 However,
the choice of the technique is heavily experience-based and implementation is time-consuming. Also,
there is the caveat that structures acquired from X-Ray could be biased by the crystallization conditions
and mutations and do not represent its original structures in the physiological conditions.™

This is related to the third difficulty. The presence of a lipid membrane is often key for the
membrane protein to maintain its structure, function and energetics. This requires studying membrane

21,22

proteins in a lipid complex. This requirement further limits the number of applicable techniques due to

the large size of lipoprotein and its low solubility property.
The surging development of Cryo-EM technique together with the advancement of computation

biology has greatly helped accelerate the progress of membrane protein study.zs'25

Cryo-EM has no
requirement for crystal sample and has the ability to study proteins with a large size with multiple
domains, which is difficult to study by other methods. The technique is still in development and much
effort is still needed in sample preparation, software development for image collection and classification
and further structural calculations, but we see it will play an more crucial role in structural biology.23

3,13

Solid state NMR is another important tool to study membrane protein.™ * It allows the preparation

of membrane protein in an authentic lipid bilayer environment and does not require a crystal sample for
study. Importantly, SSNMR can provide information both on structures while also providing rich
information on protein dynamics, which is an integral part of protein function.?®?’

One outstanding feature for membrane proteins is transmembrane allostery, which means

perturbations from one side of membrane are transferred to the other side.?®?

Transmembraen allosterly
allows membrane proteins to transmit information between two sides of the membrane. In the thesis, we

focus on this transmembrane allostery in the study of a potassium channel.
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2.2 Potassium channels: Open Functional Questions
Potassium channels are the second largest family of membrane proteins, play a critical role in

30,31 and

communicating between different membrane bound environments through the passage of ions
facilitate the passive diffusion of potassium ions through the low dielectric membrane.® Potassium
channels have a wide distribution: they are in all excitable cells, such as neurons and muscle cells®, and
are also found in plant cells, bacterial, and other organisms.32 The simple function of conducting
potassium ions through the membrane is coupled to other environmental factors and cascading partners
to form various complicated physiological functions.®® One famous example discovered by Andrew Huxley
and Alan Hodgkin is in membrane potential generation.34 In the neuron cells, the intracellular potassium
ion concentration is higher than the extracellular concentration, and sodium ions have the opposite
distribution. At hypo-potential voltages, sodium channels are activated and sodium ions flow into the
intracellular site. This enhances the hypo-potential and forms a positive loop to drive more sodium ions
into intracellular side until the sodium channels inactivate. In order to achieve re-excitability, potassium
channels are activated at the repolarization potential, and potassium ions flow toward the extracellular
side and recover the membrane potential.so'35

Many diseases have been found related to potassium channels.* They are shown to regulate
firing patterns critical for movement control and have been suggested as drug targets for treatment of
behavior disorder, such as bipolar disorder.*” Deletion of one of the background potassium channels
TREK-1 results in a depression-resistant phenotype.38 One recent finding shows that potassium channel
expression level in cancer cells is notably higher than normal cells, causing a 2-3 fold lower intracellular
potassium concentration. This destabilizes the K* stabilized G-quadruplex structure, which is an important
transcription factor for cancer inhibiton.*®

Because of potassium channels’ ubiquitous distribution and significance in physiological functions,

40-49

they have been the subjects of numerous studies. Potassium channels have been discovered to have

various forms in their structures: most potassium channels are tetrameric, but some are dimeric; for each
monomer, some have six transmembrane helices, but some have two.* In spite of the diversity, they all

share a structural motif and are conserved in key portions of their sequences (Figure 2.1 ).50’51
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KCSA 53— GAPGAQLITYPRALWWSVETATTVGYGDLYPVTLWGRLVAVVVMVAGITSF 103
MTHK 41 GESWTVSLYWTFVTIATVGYGDYSPSTPLGMYFTVTLIVLGIGTF 87
SHAKER 420-————————— GSENSFFKSIPDAFWWAVVTMTTVGYGDMTPVGVWGKIVGSLCAIAGVLTI 470
KVAP  187————————- PDPNSSIKSVFDALWWAVVTATTVGYGDVVPATPIGKVIGIAVMLTGISAL 237
HERG  593--IGKPYNSSGLGGPSIKDKYVTALYFTFSSLTSVGFGNVSPNTNSEKIFSICVMLIGSLMY 652
Kvl.2 352—————— DERESQFPSIPDAFWWAVVSMTTVGYGDMVPTTIGGKIVGSLCAIAGVLTI 402

Figure 2.1 Sequence alignment of KcsA with other potassium channels. The residues highlighted yellow
is the most conserved sequence named the selectivity filter. Residues highlighted magenta are those

shown to be critical for the inactivation in KcsA and their according positions at other potassium channels.

KcsA is a prokaryotic tetrameric channel with two transmembrene helices.* Due to the easiness
to prepare KcsA and that its structure is quite simple, it has been the model system for potassium channel
research.* Even though each potassium channel has its own ‘personality’, the research to understand
potassium channel can be generally divided into three aspects that pertain to essentially all channels:

permeation, gating, and inactivation.’*°®

2.2.1 Energetics of Potassium Permeation

The key question about permeation is to understand how potassium channels can simultaneously
achieve high selectivity and a high permeation rate. Potassium channels are selective for K* over other
ions such as Na by more than three orders of magnitude.54 This is crucial considering the complicated
intracellular environments. On the other hand, potassium channels can conduct K™ at a rate around 10’-

108 ions/second, close to the diffusion limit.3%%®

These two properties seem contradictory from an
energetic point of view as it suggests both high ko, and high ks rate. The explanation was not clear until
the high-resolution crystal structure of KcsA was revealed; the pore helix loops form a selectivity filter at
the N-terminus of the channel.51'54(Figure 2.2). The backbone carbonyls of the residues in the selectivity
filter arrange themselves to coordinate K™ with their oxygen atoms in a 4-site tube form. The hopping
between sites is at minimal energy cost, therefore fast.’’ Meanwhile, the energy gain of the interactions
between K* and the selectivity filter compensates the dehydration energy of potassium ions; therefore,

potassium ions can enter the selectivity filter with minimal energy barriers. However, for ions like sodium

ion, such conditions cannot be met due to the smaller radius, causing higher dehydration energy and
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lower binding energy with the selectivity filter. Other factors such as induced electronic repulsion between

56-58 For

pore loops when sodium ions are coordinated could also contribute to the channel selectivity.

summaries of mechanisms of channel selectivity and high conductivity, recent reviews are
recommended.*"*
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Figure 2.2. Overview of the various parts in the structure of KcsA and their according functions. The
protein has been dissected into the outer month, the selectivity filter, the pore helix, the hinge, the N-

terminal helices, the pH gate and the C-terminal helices.

2.2.2 Gating and Activation

The selectivity filter structure is highly conserved over almost all potassium channels, but different

channels are activated by various stimuli, such as ligands (proton, calcium ion and nucleotide), or

60-62

voltage. The key question regarding gating is how the channels respond to external stimuli and

therefore open their gate for conducting. In the C-terminus, transmembrane helices are bundled together
60,63,64

to prevent hydrated ions (~8 A) from entering the channels, which is called the activation gate.

There are residues sensitive to voltages or ligand binding and after activation they induce movement of
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65,66

helices to open the channel. KcsA is a proton-activated channel and residues such as H25 E118,

E120, are protonated during activation to disrupt the original hydrogen-bonding network, which holds the

67,68
(

helices bundle, thus opens the pH gate. Figure 2.2) The membrane has been reported to stabilize the

open conformation by interacting with positively charged side chains of the N-terminal helices. Activation
happens on a fast dynamic timescale in the majority of potassium channels compared to the inactivation

process, which we will talk about in the following; in KcsA, the activation rate is in the range of 10"-10% §°

169

2.2.3 Inactivation question

Activation is a process via which the channel is opened; inactivation is a process to close the

channel. Inactivation is different from the reverse process of activation: the stimuli that activate the

70,71

channel are still present, but the channels not longer conduct ions efficiently. In almost all potassium

channels and many other ion channels, inactivation starts right after activation and happens

spontaneously, manifested as a decrease in current until it reaches a plateau with minimal

69,72
(

conductance. Figure 2.3) Two major types of inactivation were identified in the Shaker channel, a

voltage-gated bacterial potassium channel.”® One is called N-type inactivation. It has a fast timescale and
is caused by the positive N-terminus entering the channel cavity and blocking potassium ion conducting

pathway.73 After deleting N-terminal residues, a slow inactivation process, normally on a seconds

40,74

timescale, was discovered and named C-type inactivation. KcsA does not exhibit N-type inactivation,

but it inactivates in a similar way to the C-type inactivation in Shaker and other voltage-gated potassium

channels.” C-type inactivation is crucial for regulating the physiological potassium ion concentration with

35,75

high time accuracy and to control the firing frequency and duration of excitable cells. Malfunction of

the process is related many arrhythmias, including a death-causing disease called long QT syndrome.33'76

Below where | refer to “inactivation”, it is understood to be C-type inactivation unless otherwise specified.
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Figure 2.3 Inactivation of potassium channels. (A) The macroscopic current of KcsA in the patch-clamp
measurement. KcsA is a pH gated potassium channel. After the channel is activated by dropping pH from
pH 8.0 to pH 3.0, the channel inactivates and the current decreases gradually. (B) The macroscopic
current of Shaker in patch-clamp. Shaker is a voltage-gated potassium channel. The channel is activated
by switching the voltage from -100mV to 50mV. The Shaker has two inactivation processes, as shown the

fast-decay current for the N-type inactivation and the slow-decay current for the C-type inactivation after

the residues 6-46 are deleted. The figures are adapted from reference 67 and 72.5972

Numerous studies using molecular biology, electrophysiology, crystallography, EPR, NMR,
molecular simulation, ITC etc. have focused on studying the mechanism of C-type inactivation.*®®%7787 A
consensus appears that the inactivation process is mainly related to the selectivity filter. This conclusion
was based on several facts: firstly, many mutations around the selectivity filter modulate C-type
inactivation process;%’89 secondly, the concentration of permeating ion and type of permeating ion, such
as as Rb" also strongly affect the inactivation process;90 thirdly, many channels, after inactivation, show
different ion selectivity.71 Thus, the selectivity filter is also referred as the inactivation gate. However,
much debate still exists surrounding the molecular details of the conformational changes at the selectivity

filter to lead to inactivation, and various hypotheses have been proposed based on different experimental

results.



44

Here we review three main hypotheses surrounding the mechanism of C-type inactivation. The
first two hypotheses are mainly discussed in the context of KcsA, even though some effects are shared
with voltage-gated channels. The last hypothesis is mainly discussed in the context of voltage-gated
channels. In the following chapters, we will provide detailed descriptions of our experimental efforts

towards elucidation of the inactivation mechanism.

2.2.3.1 Activation-coupled Inactivation Hypothesis

In the activation-coupled inactivation hypothesis, the inactivation process involves both the
selectivity filter and the activation gate.70 The opening of the activation gate is dual-functional: it not only
allows the ions to enter the channel for conducting, but also leads to a deformation at the selectivity filter
via an allosteric coupling. In KcsA, activation and channel opening via protonation occurs on a millisecond
timescale, but the inactivation process has a dynamics on the timescale of seconds; therefore, ions can
be permeated through the membrane in a controlled fashion. 69

This hypothesis can explain the macroscopic electrophysiological study in great detail. When the
channel is in the deactivated or resting state, i.e. when the activation gate is closed and the selectivity
filter is in the conducting form, there is no current. After the channel is activated by stimuli, such as a pH
change for KcsA, the activation gate is opened on the millisecond-scale and the selectivity filter is still in
the conductive conformation, thus there is current going through the membrane. However, the opening of
the activation gate allosterically induces the collapsed state of the selectivity filter. Therefore, the
selectivity filter enters the collapsed conformation on a seconds timescale. The current drops accordingly
until it reaches a low-conducting plateau. (Fig. 2.4)

The first question regarding this hypothesis is: what is the non-conducting form of the selectivity
filter? MacKinnon and coworkers published two crystal structures of KcsA that show two conformations of
the selectivity filter: the conductive form and the collapsed form. They were crystalized in a high (200mM)
and low (3 mM) potassium concentration buffer, respectively, at neutral pH.51 (Fig. 2.2). Even though the
collapsed conformation was not crystalized in inactivating conditions, it is hypothesized to be the non-

conducting conformation in the inactivation process.
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Figure 2.4. The activation-coupled inactivation mechanism of the C-type inactivation shown in KcsA. At
pH 8.0, the channel is in the deactivated state and the activation gate is closed and the selectivity filter is
the conductive conformation. After pH is dropped to pH 3.0, the channel is in the activated state and both
the activation gate and the selectivity filter are in the open conformation, hence potassium ions flow
through the channel. The opening of the pH gate is coupled to the selectivity filter and biases the
collapsed conformation. Therefore, the current decreases gradually until it reaches a plateau with minimal

conducting.

Many experimental studies support this assumption, showing that perturbations causing less
inactivation stabilize the conductive structure. Electrophysiology studies show that the kinetics of
inactivation is dependent on permeant ions; a high K* concentration slows the inactivation rate.” Much
evidence shows that a high K" concentration stabilizes the conductive conformation.®"*? Other permeant
ions, like Rb" also decelerate the inactivation; they are hypothesized to prevent the selectivity filter from

collapsing by a longer residence time in the selectivity filter due to their slightly larger radius, which is
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known as ‘a foot at the door’ mechanism.”' Cordero-Morales et al showed that disruption of the hydrogen-
bonding network between residues in the selectivity filter and its adjacent pore helix by mutating the E71
residue to alanine abolished the inactivation.® (Fig. 2.2) Crystallographic studies showed that the
collapsed structure of the E71A mutant was not observed. NMR potassium affinity measurement by
Bhate et al revealed that E71A stays in a conductive conformation at low pH condition with low potassium
concentration, further confirming that the collapsed conformation observed in the WT channel is
significantly destabilized in E71A.%

In this thesis, we prepare WT-KcsA samples in various limiting conditions, i.e. at pH 3.5 and 7.5
with low and saturated [K+].92 Experimental results showed that two sets of chemical shifts existed for the
selectivity filter, in accordance with the two conformations seen in the crystal structures. Interestingly, we
discovered that the spectra of the selectivity filter displayed in the sample prepared in an inactivation
condition (pH 3.5 and low [K"]) superpose well with the spectra of the sample prepared at neutral pH and
low [K™], implying that the collapsed and K'-depleted structure may be a good model for the inactivated
state.

The second question regarding this hypothesis is how we can know that the two gates are
connected. The selectivity filter is located at the extracellular side of the membrane, while the activation
gate locates at the intracellular side. The distance between these two gates are about 30A. Such long
distance communication is quite ubiquitous in biology and referred as ‘allosteric coupling’. o

Several strategies have been used in order to answer the proposed question. In the first strategy,
one of the gates can be specifically perturbed, and the response in the other gate is monitored. Several
studies have measured the potassium affinity at the selectivity filter as a function of pH to test the
allostery. Shimada et al measured potassium affinity for KcsA embedded in detergent micelle at pH 3.2
and pH 6.6, showing a 10-fold decrease in affinity at pH 3.2.% In this thesis, we conduct a similar
measurement for KcsA prepared in lipid bilayer at pH 3.5 and pH 7.5, discovering that proton binding at
the pH sensors caused more than three orders of magnitude change in potassium afﬁnity.92 The reduced
potassium affinity after the pH gate activation can well explain the decreasing current during inactivation
since potassium binding at the selectivity filter is required for ion conducting. The discrepancy in the

coupling strength between solution NMR and Solid State NMR (SSNMR) could be due to the
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experimental conditions: in solution NMR detergent micelles were used and the measurement was done
on a C-terminus truncated KcsA at relatively high temperature (i.e. 45°C), but in solid state NMR
liposomes were used and the experimental temperature was done on a full-length KcsA at around
0°C.%%2 |t was also suggested that in the detergent micelles the pH gate of C-terminus truncated KcsA
tends to be in an open conformation at pH 7, rendering a smaller coupling energy between the pH gate
and the selectivity filter.®®

In a similar vein, SSNMR studies have indicated that the pKa of the proton binding residue at the
activation gate is dependent on the conformation of the selectivity filter. Ader et al showed that the
relative protonation of E118/120 was influenced by both pH and ambient [K+].83 Wylie et al discovered that
the collapsed selectivity filter induced by low ambient [K'] biased an open activated gate and shifted the
pKa of E118/E120 higher than 7.5. % Tilegenova et al monitored the pH gate opening at various
conditions by EPR studies and showed a 1 pH unit pKa shift between the transition from deactivated to
inactivated state and the reverse transition, indicating that different intermediate states are involved in
these two processes and the proton binding and associated pH gate opening is coupled with the
potassium binding.86 When perturbations that inhibit the C-type inactivation were introduced, such as
mutating E71 to alanine, substituting Cs” or Rb" for K*, the observed pKa shift was diminished, confirming
that such a coupling is closely related to inactivation.

The discovery of a series of KcsA crystal structures with open activation gates provides further

direct support to the coupling mechanism.’*"°

In these crystals, the pH gate is mutated to be open in
order to mimic the activated and inactivated state. Various extents of opening at the activation gate were
observed and they are correlated to conformation and ion binding at the selectivity filter: large opening at

the activation gate leads to a more collapsed conformation and less ion binding at the selectivity filter.

(Fig. 2.5).
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Figure 2.5. Crystal structures show that the extent of opening at the pH gate is coupled to the

conformation and ion binding at the selectivity filter.

In the second strategy, residues between these two gates are perturbed to see if the coupling is
attenuated or abolished. Several residues are revealed to be vital for the coupling between these two
gates, many of which are located between the selectivity filter and the activation gate. For example,
F103’s bulky aromatic side chain displays two torsion angles, correlating to the conductive and collapsed
conformation. Mutation to a smaller sidechain residue such as alanine greatly reduces the C-type
inactivation; in mutations to other residues with bulky sidechain such as Tyr, C-type inactivation is not
affected.” It is hypothesized that the bulky sidechain in F103 interacts with 1100 and T74 to mediate the
coupling from activation gate to the selectivity filter. In this thesis, we explore this hypothesis and find that
protonation at the pH gate for an F103A mutant has a much weaker effect on potassium affinity at the
selectivity filter than in the WT-KcsA (2uM to 150uM for F103A comparing to 4uM to 14mM for WT-KcsA),
suggesting that the coupling strength was perturbed by the mutant. Functional tests on 1100 by
electrophysiology also show that mutating 1100 to alanine weakens the inactivation.® In this thesis, we
further tease apart this coupling network by NMR thermodynamic measurements and single channel
recordings showing that removal of T74 Cg side chain by mutating to serine greatly abolishes the pH
effect on the potassium affinity and by extrapolation the inactivation of this mutant. These mutations are
distant from the pH gate and the selectivity filter; their effects on the coupling strength and inactivation
behaviors confirm that inactivation involves coupling between the pH gate and the selectivity filter and
clarify the participants in this coupling.

However, this hypothesis was challenged by Valiyaveetil and coworkers based on experimental
results on semi-synthesized KcsA channels.®® They introduced an unnatural amino acid D-alanine at the

selectivity filter to replace a glycine at Gly77. This substitution restricts the rotation of Gly77-Val76 peptide
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bond and prevents the selectivity filter entering the collapsed state. Its crystal structure was collected at
1mM [K"] and the selectivity filter stays in the conductive form, in contract to a collapsed structure for WT
at a similar condition (i.e. 3mM [K']). However, this structural modification did not cause changes the
inactivation behavior of KcsA, challenging the hypothesis that the collapsed conformation represents the
selectivity filter in the C-type inactivation. These studies were also performed on the voltage-gated KvAP
channel and similar results were achieved.

A recent computational study by Li et al raised questions about this study, reporting that KcsAD-
Ala77 channel could adopt an asymmetrical constricted-like nonconductive conformation in a molecular
dynamics simulation. " We reason that the chemical substitution or difference in crystallization conditions
might account for the fact that the collapsed structure was not seen at 1mM [K'] for KcsAD-Ala77 as they
shifted K K4 to a tighter binding relative to WT. Our NMR measurement has indicated that the potassium
affinity is very tight, around 4-10 uM in lipid bilayers at neutral pH, much lower than the 1 mM
concentration. Importantly, these crystal structures were acquired with a closed activation gate; whether

the selectivity filter adopts a conductive conformation or not after activation is unknown.

2.2.3.2 lon Binding Hypothesis

Valiyaveetil and coworkers proposed another hypothesis to explain C-type inactivation based on
the observation on several semi-synthesized KcsA channels in which amide-to-ester substitution in the
protein backbone at certain sites of the selectivity filter was introduced.®® In this hypothesis, the

inactivation is linked to ion occupancy at the specific sites in the selectivity filter (Fig. 2.6)
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Figure 2.6. The scheme proposed by Valiyaveetil et al to explain the inaction process. (A) Various sites at
the selectivity filter have been shown important to inactivation or recovery from inactivation. (B) In the
working hypothesis they proposed, the ion binding at the S2 site leads to the deformation at the S3 site,

blocking the ion flow and causing inactivation. The figure is taken from reference 99.%

When the substitution sites are S2 (i.e. Y78) S3 (i.e. G77), they discovered two events: first,
these substitutions slow the inactivation process; second, crystal structures of these two semi-
synthesized KcsA show little ion occupancy at the S2 site.®® Similar phenomena have been observed for
Rb* permeating through WT-KcsA channel: Rb* slows down the inactivation rate and minimal ion density
is in the S2 site in the crystal structure.'® However, when the substitution site is S1 (i.,e. G79), the
channel still inactivates and in the crystal structure, ion occupancy at S1 is considerably reduced, but ion
occupancies at S2-S4 are similar to that in WT. They further introduced perturbations to ion binding at the
S3 and S4 sites by applying amide-to-ester substitution at V76 and T75G mutation respec:tively.99 These
perturbations do not affect the inactivation rate, but strongly prolong the recovery process. Based on this
evidence, the authors proposed that the inactivation is caused by local structural distortions at V76
position, which happens when S2 is bound with an ion; this distortion increases the barrier for ions to
conduct. Meanwhile, the amide-to-ester substitution will not prevent the selectivity filter entering the
collapsed conformation. The reduction of inactivation by amide-to-ester substitution, on the other hand,
disproves the hypothesis that inactivation is caused by the constricted selectivity filter.

The application of semisynthesized protein to perturb ion binding at a specific location greatly

expands our understanding of the importance role of ion binding on inactivation. It highlights the
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importance of ion occupancy in the channel rather than peptide conformation per se. One of the big
concerns for these studies is that the introduction of amide-to-ester substitution also causes distortion on
the hydrogen-bonding network behind the selectivity filter, which involves the buried water and backbone
amide. Valiyaveeti et al reasoned that it is not important, as those substitutions do not cause any
appreciable structural change in the selectivity filter or the surrounding residues and the critical E71-D80
interaction is maintained. Also the S2 and S3 ester substitutions disrupt different hydrogen bonds, but
have similar effects on ion occupancy and inactivation.

However, another MD simulation conducted by Li et al shows that amide-to-ester substituted
proteins do transmit from the conductive conformation to the collapsed conformation.”” The G77ester,
due to the lack of amide to form hydrogen bonding with the buried water, destabilizes the stability of the
constricted conformation. This would also prevent the inactivation. The reduction of ion occupancy could
be simply caused by ester substitution, as shown in other sites, and it is irrelevant to inactivation. The
absence of Rb" at the S2 site can be explained by the finding that S2 site is the most selective site for K

in the selectivity filter.""

The reduction of inactivation is hypothesized to be caused by the long residence
of ions in the selectivity filter, preventing the structure from becoming constricted, which is termed as “ the
foot at the door”. Meanwhile, a recent Isothermal Titration Calorimetry (ITC) measurement shows that Rb"

binds to KcsA at pH 4 with a higher affinity than K* ions, indicating that Rb" could stabilize the conductive

conformation at the activated condition.*®

2.3.3.3 lon dilation hypothesis

The ion dilation hypothesis was proposed by Toshinori Hoshi and Clay Armstrong in the study of
voltage-activated potassium channels.* (Fig. 2.7) In the hypothesis, C-type inactivation is caused by
expansion of the outermost site of the selectivity filter from the perfect oxygen cage structure, reducing its
selectivity for binding K. Partially hydrated sodium ions could likely bind to the site with high affinities,
and prevent K™ ions from entering the selectivity filter and conducting. With bound K" diffusing out of the
selectivity filter, the selectivity filter would further dilate from the top to the bottom, allowing permeation of
partially dehydrated Na®. This explains the increasing conductivity for Na* in the C-type inactivation
state.’’ One strong support for this hypothesis is the antagonistic effect of high [K'] on C-type inactivation,

which is also used to support the activation coupled inactivation hypothesis as discussed above. It is a
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challenging task to pinpoint the effects of K* on the stabilization of the conductive conformation of the
selectivity filter or the prevention of channel dilation, or both, which make it difficult to distinguish the two

hypotheses.

A Conducting B C-type inactivation C  Dilated D Defunct

Figure 2.7. The ion dilation hypothesis proposed by Armstrong et al to explain the inaction process in the

Selctivity filter

Vestibule

Shaker channel. The C-type inactivation starts with a local deformation at the mouth (extracellular side) of
the selectivity filter, which blocks the ion flow. After the potassium ions are depleted from the selectivity
filter, the channel dilates and allows partially dehydrated sodium ion to flow through the channel. The
channel eventually enters a defunct state, in which the selectivity filter is in a collapsed conformation. The

figure is taken from reference 35.%

Mutation of residue T449 (Y82 in KcsA) in Shaker channels, located at the outer mouth, has
shown a significant effect on inactivation. The interaction between T449 and selectivity filter residue Y445
(Y78 in KcsA) and pore helix residue W434 (W67 in KcsA) in Shaker is assumed to be critical for channel
dilation. When mutations cause more space for Y445 to rotate and predispose its carbonyl to recede from
the pore axis, they lead to channel dilation and increase C-type inactivation. Such mutations are W434F,
T449 (A, C, K, E, S).35 Mutation on KcsA at equivalent site (Y82A) also shows enhanced inactivation.'%? In
contract, when mutations contain bulky side chain and restrict the motion of Y445, the inactivation is
abolished. Such mutations are T449 (Y V I).35 However, there is little direct support to such a hypothesis;
the mutations could induce global structural changes in the selectivity filter. For example, recently a high-
resolution Y82A KcsA crystal structure shows a constricted conformation at the selectivity filter, similar to

102

the collapsed conformation (i.e. 1K4C) acquired in the presence of low [K'].">* Interestingly, contrary to
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the dilation hypothesis on inactivation, Heer et al show that certain extent of channel dilation is actually
necessary for the channel to efficiently conduct [KJ'].103

It is known that the outer mouth site is critical in the C-type inactivation.(Figure 2.2) Yellen et al
introduced a mutation to a cysteine residue at the T449 site in Shaker channel, showing that cd* binding
significantly enhanced the inactivation process in a way that Cd*" stabilizes the inactivation conformation
since its affinity is tighter in a four-order magnitude in the inactivated state than in the deactivated state.'™
They further introduced cysteine mutation at other outer mouth sites and measured state-dependent
changes in accessibility to chemical modification; the modification rates were significantly enhanced in the
inactivation state, indicating that conformational change at the outer mouth happens in the C-type

% Similar results of Cd*

inactivation, rendering those residues accessible to modification reagents.
binding experiments were achieved at the KcsA channel by introducing cysteine mutation at equivalent
site (Y82C) by Perozo et al.'® By introducing cysteine mutations at various sites, such as a signal site,
double mutations at adjacent and diagonal sites in the tetramer in KcsA and Shaker channel, they
demonstrated Cd*" affects inactivation mainly by cross-linking cysteine in the adjacent sites, implying that
the outer mouth loops were constricted to allow Cd*" to bind during inactivation. EPR measurements on
radical distances at Y82 sites confirmed that the diagonal distance is shorten from 12 A to 8 A after
inactivation. These results suggest a closer distance between monomers, instead of dilation. However,
comparison of crystal structures between the conductive conformation (1K4C) and the collapsed
conformations (1K4C or 3F5W) does not show such a dramatic conformation changes in the outer
vestibule. This discrepancy is assumed to be caused by the difference in the dynamics behaviors of the
outer vestibule. '’

By now, we have introduced three hypotheses. The major disputed point that distinguishes these
hypotheses is the conformation of the selectivity filter during the C-type inactivation. In the first
hypothesis, the collapsed structure, seen in the crystal structure, is regarded as the inactivation structure;
while in the other two hypotheses, conformational change at different local sites in the selectivity filter is
suggested and the collapsed state is treated as a ‘deeply inactivated state’ or ‘defunct’ state.***® For the
functional perspective, the requirement on the conformation of the selectivity filter for K conduction

indicates that the conformational change in all three hypotheses could prevent K* from conducting.
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Because many factors such as K and various mutations can cause coupled changes in the structure and
energetics, it is extremely difficult to isolate one variable to test these hypotheses and distinguish one
hypothesis from the other.

From the kinetics perspective, the conformation changes in the last two hypotheses contain two
processes: first is a small distortion on the selectivity filter, and then is the overall structural collapse. By
now, no crystal structure has been discovered corresponding to the initial step, which indicates that the
structure might be not thermodynamically stable. Current traces in patch-clamp experiments indicate that
C-type inactivation is a seconds-timescale single-exponential decay process for KcsA and many other
potassium channels. The recovery from inactivation is even slower, also in a seconds-timescale. From
energetics point view, in the later two hypothesis, the inactivation kinetics should be significantly faster
than that in the activation-coupled inactivation hypothesis since the energetic barrier for the global
structural change hypothesized in the first hypothesis should be greatly larger than that for the local
structural change in the later two hypothesis. The fact that inactivation is a seconds-timescale process
seems to favor the first hypothesis as the main inactivation process, while the local structural change, as
suggested in the later two hypothesis, might exist as an initial process in inactivation with a faster
dynamics. This would fit to the features displayed in the current traces in single channel recording
experiments, where the channels are in a flicker mode with current constantly on and off before entering a
long non-conducting state.®' However more rigorous measurements on the protein dynamics are needed

to further validate such a hypothesis.

2.3.4 Importance of lipid on potassium channel and inactivation

The importance of lipid on membrane protein in term of stability, structure and functions has been
discovered in numerous studies.’® "'° The mechanisms of such effects have been generally viewed from
two aspects. In the first aspects, lipid affects membrane protein function through a general physical effect;
this includes effects on membrane fluidity, curvature and lateral pressure, hydrophobic matching between
lipid and protein etc. In the second aspect, lipid can specifically or nonspecifically bind to proteins (i.e.
anaular and non-anaular sites) to stabilize certain conformations or induce protein oligomerization and

affect functions. Tremendous studies and reviews have focused on these effects on various
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108,111-114

proteins. Potassium channels are one of the proteins that are extensively studied in term of

protein-lipid interaction. In the voltage gated potassium channel, interactions between the phospholipids

41,115

and voltage sensing residues such as arginine are crucial for the channel activation. Molecules such

as cholesterol have been shown to influence the channel’s functions. ''*'"®
In KcsA channel, anionic lipids have been found co-crystalized with the protein and also identified
in SSNMR experiments to bind at grooves between transmembrane helices, i.e. monomer-monomer

%1119 Residue R64 and R89 have been identified as the main residues to interact with the

interface.
negative charge lipid head. There interactions have been shown critical not only to stablize the tetramer
feature of the channel but also possibly affect the channel inactivation and open probability.120 AG Lee et
al shows that by increasing the anionic lipid (such as PS, PA) content of the membrane, the channel open

probability is greatly improved.121

They hypothesize that the anionic lipids that are bound to the protein
helps stabilize the conductive conformation of the selectivity filter and inhibit the inactivation process.
Similar effects can be achieved by introducing cardiolipin, which is more negatively chareged, into the
lipid bilayer. '%

By contrast, studies by Molia et al indicate that anionic lipid bound at annular site could cause a
conformational change at the back of the selectivity filter, facilitating the W67-E71-D80 hydrogen-bond

2% Their reasoning is that when anionic

network, which is known to cause the channel prone to inactivate.
lipids are bound, they interact with the R89 and R64, which leaves W67 D80 to form hydrogen bond with
E71; in contract, when there is no lipid bound, the proteins tend to dock each other to from a cluster and
R89, R64 would, instead, form salt bridges with D80 W67 residues, which weakens the W67-E71-D80
hydrogen-bond network and inhibit channel inactivation. By mutating the arginine residues to alanine, it
increased the portion of protein in a cluster form and also the channel open probabilities as shown in the
single channel recording experiments.124 Such a controversy in the literature may come from the
experimental setup and conditions and data analysis in different studies, which, clearly, requires much
effort to be cleared out.

In a recent elegant experiment, Iwamoto et al prepared the lipid bilayer in an asymmetric fashion
so that they could distinguish the effects of lipids in inner and outer membrane on the channels

125

function. = They did the most of experiments on the E71A mutants, which has a high open probability;
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this provides great experimental convenience for current recording and data analysis. By comparing the
channel open probabilities in various situations such as putting negative or positive charged lipid in the
inner or outer membrane, they concluded that negative charges lipid in the inner membrane can interact
nonspecifically with the positive charges in the N-terminal helix (residues 1-25) after the channel is
activated and stabilized the activated pH-gate conformation, which increases the channel open probability
in the inactivationless E71A channel. They did not discover any influence of lipid in the outer membrane
on channel function, which seems contradictory to the studies we discussed above. However, since the
WG68-E71-D80 hydrogen-bond network is impaired in E71A and the non-anular lipid seems affect channel
through this network, it is probably reasonable to not observe an effect of lipids in outer membrane on
channel function. We propose a hypothesis here that in WT channel, the stabilization effect on the open
pH-gate conformation by negatively charged lipids could allosterically destabilize the selectivity filter and
thus enhance the inactivation in WT and prolong the recovery of the channel from the inactivated state.
Such a hypothesis is validated by the limited experiments they did on the WT, indicating that adding
negatively charged lipid in the inner membrane actually slightly decreased the channel open probability
for WT.

Fewer studies of the influence on the channel in the physical effect are documented or
investigated since they are generally more difficult to study and quantify. Rusinova et al showed that the
phospholipid acyl chain length could perturb KcsA function primarily by changes in bilayer thickness

rather than changes in the local lipid composition around channels.'®

We hypothesize that the allosteric
coupling strength could also be modulated by the physical properties of the membrane; thus the

inactivation process is affected.

2.3.5 Is KcsA a good model for potassium channel Inactivation study?

A large portion of the research on potassium channels has been done on KcsA due to the
availability of crystal structures in various conditions as well as the ease of sample preparation and
functional characterization. KcsA has proven to be a good model to study the permeation problem and
share a general scheme on how the channel is activated; however, is KcsA also a good model for

studying inactivation in potassium channels? The answer to this question is quite complicated.
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From the functional perspective, many potassium channels show diversity in the inactivation
dynamics. For example, hERG channels show a faster inactivation process compared to that in Shaker or
KcsA.%2 Some of the potassium channels do not inactivate as much as KcsA channels. One example is
the calcium-gated MthK channel, which shows little inactivation in the lipid bilayer.41 Therefore, we expect
diversity in the mechanisms of inactivation in various potassium channels. Such diversity is probably
rooted in the protein sequence. As shown in the sequence alignments (Figure 2.1), many critical residues
for inactivation on KcsA are not very conserved in other channels, especially for the critical E71 residue.
Furthermore, due to the presence of the voltage sensor in voltage-gated channels, which is coupled to
the selectivity filter in the C-type inactivation process, the voltage dependent feature of C-type in these
channels is likely to be different from that in KcsA, even though KcsA does show a voltage dependent
inactivation behavior, which is mainly attributed to the voltage modulated strength of the E71-D80
hydrogen bonding interaction.®

However, evidence from various studies shows that the molecular machinery identified in KcsA
provides valuable information for other potassium channels on inactivation. Even though many of the
critical residues in inactivation in KcsA are not conserved, mutations introduced at the according positions
at other channels could alter the channel behavior. For example, Kv1.2 in Shaker K* channel family
shows little C-type inactivation after the N-type inactivation is removed, and it has a valine in the position
equivalent to the E71 in KcsA. Mutation of E71 to valine in KcsA significantly reduces the inactivation,
which is assumed to break the E71-D80-WG67 interaction for inactivation. By introducing V370E mutation
in Kv1.2, which can interact with D379 (D80 in KcsA), the C-type inactivation behavior was greatly
enhanced in the mutant channel.” Similarly, in the Shaker channel, by mutating the 1470 (F103 in KcsA)
to residues with smaller side chains such as alanine and cysteine, the C-type inactivation is greatly
reduced, which mirrors the effect of mutating F103 to smaller side chain residues in KcsA.>® Other

examples can be found in the positions such as E51, D80, and Y82 etc.>1021%7

We hypothesize that even
though residues for C-type inactivation in the potassium channel have been constantly evolving and
modulated to cope with the evolutionary pressure, the very basic machineries are still shared in many of

the potassium channel, which makes KcsA a valuable model for studying inactivation for other potassium

channels.
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Chapter lll: Characterization and Quantification of Allosteric Coupling

in C-type Inactivation in KcsA
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Transmembrane allosteric energetics characterization for strong coupling between proton and potassium
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3.1 Abstract

The slow spontaneous inactivation of potassium channels exhibits classic signatures of transmembrane
allostery. A variety of data support a model in which the loss of K™ ions from the selectivity filter, along
with a conformational change at the selectivity filter, is a major factor in promoting inactivation. This
process is allosterically coupled to protonation of key channel activation residues, over 30 A from the K*
ion binding site. Here we show that proton binding at the intracellular pH sensor perturbs the potassium
affinity at the extracellular selectivity filter by over 3 orders of magnitude for the full length wild-type KcsA,
a pH-gated bacterial channel, in membrane bilayers. These results provide quantitative site-specific
measurements of allostery in a bilayer environment, and highlight the power of describing ion channel

gating through the lens of allosteric coupling.

3.2. Introduction

3.2.1 Protein allostery

Allostery refers to changes at one site of a protein due to perturbations at a remote site and
includes structural and dynamic alterations.’ Frequently the change is elicited by binding of a ligand, and
is manifested in terms of a consequent change in the affinity of another ligand binding to a different region
of the protein. Allostery is a ubiquitous and efficient mechanism for communication in biology. In
examples as diverse as enzyme regulationz, transmembrane cell signalling3, and gene expression
regulation4, the binding of one ligand to a protein changes the affinity of other ligands binding at separate
binding sites and controls “downstream” events.

Many elegant thermodynamic models have been developed to describe allostery, beginning with
the work by Monod, Wyman and Changeux on oxygen binding to the symmetric hemoglobin tetramer®,
and have even be generalized to include non-symmetric systems. Models like induced-fit (ligand binding
induces a new conformation),6 population-shift (ligands modulate populations of different states)7 and
entropy-driven models (ligand binding induces dynamical changes with minimal structural change)a‘9 have
been applied to explain various allosteric events based on their energetic features and to provide a

quantitative description of the coupling energetics.
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3.2.2 Inactivation in KcsA: Electrophysiology Characterization
Both patch-clamp and single channel recording electrophysiology measurements have been applied

to characterize the inactivation phenomena in KcsA. '

In both of these experiments, low pH is used to
activate the channel and the currents are recording under certain voltages to drive the potassium ion in
unitary direction. In Figure 3.1, we show the results of current traces acquired for both the macroscopic
and single-channel experiments. Figure 3.1A shows the patch-clamp experiment, in which the sample
starts out in a pH 8.0 buffer, which has no current. After the pH jumps to 3, the current rises quickly on a
millisecond timescale, indicating the channel is conducting potassium ion through the membrane. Soon
after the current reaches the apex, it decreases spontaneously on a second timescale until it arrives at a
plateau with minimal current, which indicates the channels are inactivated and not conducting. Figure
3.1B shows data for the single channel experiment in which KcsA is incorporated into a lipid bilayer at the
interface of two buffers, one at pH 3 and one at pH 8. Due to the dead time for preparing the sample and
measuring the current, the kinetics of the activation and inactivation is not visible and the channel is in the
steady state. As seen in the single channel trace, the channel opens in a low open probability, which
indicates the channel is in the inactivated state. The open probability in the single channel recording can

be calculated from the current trace and is an important parameter to characterize the inactivation

phenomena.
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Figure 3.1 Macroscopic and microscopic current trace of the inactivation in KcsA. (A) Patch clamp
experimental result shows the current trace during the inactivation. (B) Several single channel recording

current traces are shown, in which the channels open in a low probability.

3.2.3 Allostery hypothesis and the kinetics analysis in KcsA

In the Chapter IlI, we have introduced the activation-coupled inactivation hypothesis. In KcsA,
since the channel is activated by the pH, we study the coupling between the pH gate (i.e. the sites where
proton binds) and the selectivity filter (i.e. the sites where potassium binds).

A kinetic hypothesis for channel activation and C-type inactivation is shown in Figure 3.2 (a). The
Deactivated resting state has permeant ions loaded in the filter but has its transmembrane helices in a
compact closed state, occluding flow at the intracellular gate. Protons are known to bind to the pH sensor
in the Deactivated state,' causing the helical bundle to open13 and a concomitant surge in current
through the channel. This transiently populated conductive form is called the Activated state. Thereafter,
a spontaneous structural change inactivates the channel, and the current gradually drops to reach a
plateau with very low channel open probability. The formation of the ‘Inactivated state’ is reversible and in
slow equilibrium with other states, as demonstrated by the bursts of open conducting form shown in

Figure 3.1B." Inactivation is distinct from deactivation, which is the reverse of activation and is achieved
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by removing the activating stimulus, namely pH. Inactivation occurs in the presence of the activating

stimulus via spontaneous transitions. In contrast to activation and deactivation, mutations that perturb

15,16
)

inactivation in KcsA (and in Shaker channels are clustered in region near the selectivity filter, distinct

from the activation domain and presumably sensitive to K ion binding.”’18

The kinetics of inactivation are dependent on permeant ions; higher concentrations of K*, or of

19 whereas there is little

other permeant ions like Rb*, can significantly slow the rate of inactivation
dependence on the activating stimulus (pH for KcsA as it activates at low pH, e.g. pH 3-4.).10’11 The
formation of the Inactivated state is assumed to be an allosteric response to activation”® because of its
spontaneous kinetics following activation. Analogous regulatory mechanisms are known to be important
in a range of biological contexts such as regulating the frequency and duration of firing in excitable cells?’

associated with QT syndrome in cardiac tissue, and other pathologies.zz’23

Deactivated Activated
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Figure 3.2. (a) Structural transitions in KcsA during channel function. In each structure, the K" binding
selectivity filter (including conserved residues T74, T75, V76, G77, Y78, G79) is highlighted in blue, the
pH sensor (E118, E120, H25, mutated in 3FB5 and 3F5W) where protons bind during activation is
highlighted in red and the hinge of the inner helix, a site of significant conformational dynamics during
activation and allosteric coupling, is highlighted in yellow. The resting state, designated as Deactivated
(PDB: 1K4C) has K" ions bound in the selectivity filter and is conductive, but has a closed intracellular

gate, with a deprotonated pH sensor and the TM2 bundle crossed and occluded. This stable species is
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observed in numerous X-rays structures of KcsA. Following a drop in pH, the Activated state, the only
conductive state in functional assays, is populated transiently. In this state both the selectivity filter and
the intracellular gate are conductive (PDB: 3FB5). The Activated state slowly and spontaneously decays
to an Inactivated state (PDB: 3F5W). Our working hypothesis for inactivation is that the Inactivated state
differs from the Activated state by loss of the K” ions in the selectivity filter and associated conformational
and hydration changes. Electrophysiology studies show that protein can recover from the Inactivated
state to the Deactivated state at high pH, here represented by the dashed lines through a putative state
Inactivated® or |* that is “closed at both gates” meaning both deprotonated at the pH sensor and
K" deplete or possibly by way of the Activated state. (b) A thermodynamic cycle for H" and K* ion binding
in the coupling network of KcsA. The blue dashed and angled arrow represents the activation followed by
C-type inactivation as observed in pH jump electrophysiology experiments; the red dashed and angled
arrow represents our observations of the result of lowering [K'] at constant neutral or slightly elevated
pH.35 The allosteric coupling factor defines the strength of the allosteric coupling and is calculated as:
a=Kapparent(3-5)/Kapparent(7-5) or a'=K,(K"-bound)/ K,(K"-apo).

3.2.4 Protein conformation in the Inactivated state

The protein conformation in the Inactivated state is the key debating point to understand the

mechanism of the inactivation. The Inactivated state is believed to have a distinct structure from the

10,11

Deactivated or Activated state. Kinetic signatures and mutation profiles suggest that inactivation

involves ion release in the selectivity filter, due to a large allosteric change in affinity as indicated in the
thermodynamic cycle, shown in Figure 3.2 (b); we pursue this hypothesis for the nature of inactivation in
this work. Cast in this way, the inactivation process is a classic allosteric effect of one binding event on

the affinity for a second ligand in a distant pocket. A number of studies have already suggested that the

24-27

Inactivated state is similar to a low-K" state. The putative loss of K™ ions and associated structural

change at the selectivity filter would logically lead to cessation of ion flow: in the “knock-on” mechanism?®
steady-state K* binding and facile flow are essential for conduction. In support of this hypothesis,
structures of the selectivity filter at low and at high ambient [K'] show that there is a protein

conformational change associated with K" binding.29 This hypothesis is also supported by a series of

16,19

crystal structures of constitutively open mutants of KcsA,* recent simulations, properties of mutants

16,19

near the base of the selectivity filter, and by NMR experiments showing that the otherwise tightly

25,31,32

bound ion is in fact released when the channel is activated by a pH drop. Moreover, we showed that
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the acid coupled to K" ion binding is not the proximal E71, but rather the distal E118 and associated
residues in the pH sensor,”"*® consistent with other studies cited above.

Here we conduct SSNMR experiment to probe the potassium affinity changes at varying pHs.
These site-specific binding measurements, carried out in an authentic bilayer environment, are an
important step towards gaining a comprehensive understanding of the molecular network that mediates
this allosteric coupling and will be a vital “benchmark” for further investigations of coupling. The NMR
shifts provide rich structural information for the underlying states. To our knowledge, this is the first

quantitative and site-specific analysis of allosteric coupling in a membrane system by NMR.

3.3. Results

3.3.1 KcsA biochemistry and sequence analysis

KcsA is a 64kDa homo tetramer protein. Each of the monomer has 160 amino acids, the
sequence of which is shown in Figure 3.3 (A). Seen from the amino acids distribution (Figure 3.3B), most
of the amino acids are hydrophobic, such as Leu, Arg, Val, Gly. This is common for membrane protein
since a large port of the protein is embedded into the hydrophobic lipid bilayer environment. In KcsA,
residues from around 20 to 120 compose the trans membrane part. One particularly important part is the

selectivity filter; it has a strongly conserved signature sequence (75-TVGYG-79).
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Figure 3.3 The amino acid sequence of KcsA. KcsA is a 64 KDa protein with each monomer containing
160 residues (A). The statistical distribution of amino acids is shown in (B); the residues Gly, Leu, Arg and

Val are the most abound residues, which is common in membrane proteins.

3.3.2 Conductive and Collapsed Conformation of the Selectivity Filter in Crystal Structures
There are many crystal structures of KcsA prepared in various conditions and various

constructs. %%

Most of the crystals are made without the first 20 amino acids in the N-terminal and the
last 35 amino acids at the C-terminal. They are prepared in a detergent environment and crystalized with
the Fab antibody. Roderick Mackinnon et al first solved two crystal structures, which were prepared in
high [K+](i.e. 200mM) and low [K"] (i.e. 3mM) concentrations at neutral pH.29 These crystal structures are
shown in Figure 3.4. One distinguish feature between these two structures is at the selectivity filter. In the
1K4C structure, which is acquired in high [K'], the selectivity filter displays a conductive conformation,
forming a conducting tube by the arrangement of the backbone carbonyl groups for those residues to
complex with potassium ion. Based on ion diffraction, potassium ions are discovered to equally occupy at

the S1-S4 sites in the selectivity filter; they are hypothesized to be arrange in K -water-K*-water or water-

K*-water-K* when potassium ions are conducted through the channel. In the 1K4D structure, which is
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acquired at low [K"], the selectivity filter is collapsed and constricted by rotating the V76 carbonyl group
off the center axis, and dilating the bottom and up sides of the selectivity filter. lon diffraction can be only
seen in the S1 or S4 site. In the conformation, it is supposed that it will not conduct potassium ion. Many
other crystal structures were solved later, but their structures, especially at the selectivity filter, are well

overlaid with one of these two structures.*

Figure 3.4 Critical structures of the conductive (potassium bound) and collapsed (potassium unbound)
states of the selectivity filter in KcsA. The structure in the panel A is the crystal structure acquired with
200mM [K'] and at neutral pH. (1K4C) The conductive conformation of the selectivity filter is expanded in
B. The structure in the panel C is the crystal structure acquired with 3mM [K"] and at neutral pH (1K4D).
The collapsed conformation of the selectivity filter is expanded in D. In A and C, the blue color-coded is

the selectivity filter; the yellow color-coded is the hinge region; the red color-coded is the pH gate.
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3.3.3 NMR Assignment in KcsA

In NMR study of KcsA, protein assignment is the first step in order to observe the conformational
change at various sites. As we see from the crystal structure, most of the residues are in the alpha-helix
conformation, which indicates low dispersion in chemical shift distribution and congested spectra. It puts a
great challenge for the protein assignments. With the ability to conduct 3D and 4D correlation
experiments, many unique assignments have been made by previous group members Manasi Bhate,

Benjamin Wilye et al. 31,36,37

Assignments for a large portion of the protein have been made for KcsA
prepared at neutral pH and high [K+] (corresponding to the resting state) and a small portion for KcaA
prepared at neutral pH and low [K+] in previous work.*’ Currently, some assignments are also made for
samples prepared in the low pH condition with low and high [K+]. These assignments are made by both
comparing to previous assignments at neutral pH and confirming assignments using various mixing time
DARR "®C-"*C, NCACX and NCOCX spectra. (Appendix 2, chemical shift table)

In the Figure 3.5, the assignment plot for the neutral pH and high [K+] condition shows the
assigned residues. The selectivity filter is in a loop conformation, which makes the chemical shifts of
those residues distinctive from that in the transmembrane part. They are easy to assign and their
individual assignments can be identified in 2D 3¢-¢ or ®N-"*C correlation spectra. For the first 20
amino acidic in the N-terminal and the residues in the C-terminal, they are thought to be highly dynamic

and heterogeneous. Thus the NMR signals from them are weak and they are hardly detected and

assigned.
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Figure 3.5. Assignment plot for KcsA shows the completeness and K™ dependent chemical shift change at
neutral pH. The figure is taken from reference 31. The backbone assignments from L24 to E120 are
complete and side chain assignments are mainly done at high [K'] concentration. The Red color indicates

a chemical shift change (greater than 0.3 ppm); the gray color indicates that the sites are not assigned.

3.3.4 SSNMR Shifts Probe KcsA Structures in Its Apo and lon Bound States

NMR chemical shift measurements provide highly specific “fingerprints” for the structures of proteins,
probing conformation and binding. We used chemical shifts to probe KcsA, with particular focus on the
selectivity filter. We contrasted spectra at near neutral (pH 7.5) vs. low (3.5) pH, at a broad range of [K'],
to achieve the four limiting states in Fig. 3.2b, in functionally relevant lipid and buffer conditions.
Consistent with the fact that these channels function at low pH, the spectra for acidic samples display
narrow linewidths, comparable to those observed at neutral pH and the vast majority of resolved sites
show chemical shifts that are indistinguishable from those at neutral pH indicating that KcsA is folded at

pH 3.5.

3.3.4.1 Similar selectivity filter structural transitions are observed at neutral and acidic pH.

Previously, we characterized K" dependent changes in the selectivity filter at neutral pH37 that correspond
to the high K* (conductive) and low K* (collapsed) states described by crystallography.38 Several NMR
reporters were identified including T74 (CA, CB, CG), T75 (CA, CB, CG) and V76 (CB, CG1, CG2). Here,
we observe a similar transition between high and low K* states at low pH, each of which shows highly

similar structures to its corresponding counterpart at neutral pH (Fig. 3.6). This means that the large
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difference in pH does not perturb the structure of selectivity filter directly, and that its capability to bind

ions is intact, and moreover the NMR markers for K* binding are valid also at low pH.
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Figure 3.6. Similar changes in chemical shift implying similar structural transitions were seen for the

selectivity filter of KcsA. Similar chemical shifts are seen in the selectivity filter for K'-bound state,
regardless of pH; similar chemical shifts are seen in the selectivity filter for K'-apo state, regardless of pH
Marker peaks V76 (CB-CG1/CG2), T75 (CB-CA), T74 (CB-CA) obtained from *C-"*C 2D correlation
spectra are shown for a variety of [K'] and pH values. The left panel contrasts KcsA at pH 7.5, (the
Deactivated State, in yellow), to that at pH 3.5 (Activated state, in blue) while both experiments are at
“high” ambient [K'] (bound states). The right panel contrasts the channel at pH 7.5 (Inactivated* State, in
red), to pH 3.5 (Inactivated state, in Cyan); both experiments are at “low” ambient [K'] (apo states). There
are significant chemical shift changes between high [K"] (yellow and blue) and low [K*](red and grey)
conditions, due to ion-release and associated structural changes in the selectivity filter. Excellent
agreement in the overlay of this region of the spectra comparing neutral vs. acidic pH illustrates that the
structure transition at the selectivity filter at neutral and acidic pH are very similar and the selectivity filter
is clearly intact throughout this pH range i.e. the structure of selectivity filter is K" dependent, and pH does

not directly perturb it. Superscripts refer to the K™ apo and bound states respectively.
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3.3.4.2 pH sensor residues E118 and E120 are protonated at pH 3.5 across a broad range of K"
concentrations.

12,32

The pH sensor binds protons and causes channel activation. Previous studies show that the effective

pKa value for activation is 5 or 5.5.12 Accordingly the E118 and E120 CG-CD NMR cross peaks show

2531 at neutral pH, the

diagnostic chemical shift changes associated with significant protonation at pH 3.5;
peaks are characteristic of a deprotonated anionic state (Fig. 3.7). Wylie and coworkers, however,
demonstrated that when the ambient [K'] is significantly lowered, the allosteric coupling between the

selectivity filter and the activation gate cause a coupled pronation process?”, providing proof for the

strength of this coupling.
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Figure 3.7 NMR spectra of the glutamic acid residues in the intracellular pH sensor. NMR spectra of the
glutamic acid residues in the intracellular pH sensor controlling the activation gate of KcsA show that the
pH gate residues Glu118 and Glu120 are protonated at pH 3.5 across a broad range of [K'], while at pH

7.5, the behavior is more complex, and at high [K'], the pH sensor residues are deprotonated as



81

expected, but at low [K'], due to coupling between K" ion release and H" binding, the sensor residues are
protonated based on the NMR spectra. Panels A-D show spectra for samples at (respectively) pH 7.5 and
50mM [K™], pH 7.5 and 0.2uM [K'], pH 3.5 and 10mM [K'] and pH 3.5 and 500uM [K"]. The signals
associated with Glu118 and Glu120’s CG-CD correlation show comparable chemical shifts in panel (B, C,
D), indicating that they are protonated, whereas in (A) they show clear indication of deprotonation. We
conclude that the local environment of these residues are similar at acidic pH across a range of [K'], and

also at neutral pH if the [K"] is very low.*

3.3.5. Potassium lon Affinity at Acidic pH: Quantifying the Strength of Allosteric Coupling

To confirm strong allosteric coupling of the two binding events, and the participation of specific residues in
the allosteric process, we developed a SSNMR approach to analysis of binding strength and applied it to
this system. Although the low K" and high K* structures (and NMR shifts) of the selectivity filter show little
sensitivity to pH, we demonstrate here that the energetics of the transition, as characterized by the affinity
of the selectivity filter for K™ ions, are dramatically dependent on pH. Such a pH dependence was
suggested by previous studies but has not been studied systematically or quantified in a membrane

environment.?®*°

Our four-state thermodynamic formulation allows the magnitude of the allosteric
coupling to be quantitatively recast as the difference in the equilibrium K" binding affinity at high vs. low
pH. We are able to measure the K" affinity in a site-specific manner and in a native bilayer environment
using solid-state NMR. Since the K" binding event is coupled with structural changes, the apparent
potassium affinity (Kapprent) is measured. This titration study is rich with structural information because it is
based on NMR shifts.

We measured Kgpparent, CONtrasting acidic pH (3.5) vs. neutral pH (7.5) by quantifying the relative
populations of K" bound vs. apo states using the “marker” cross-peaks identified above, including T74
(CB-CA), T75 (CB-CA, CA-CG), and V76 (CA-CG1, CG2) (Fig. 3.8). These residues were selected due to
their robust signal and good resolution with respect to other signals in 2D spectra. Fitting the titration data
(using a fixed Hill coefficient of 1) yielded a Kgpparent Of 14 £ 1 mM at pH 3.5 at 0 °C; in contrast, the
Kapparent at neutral pH is 4 £ 1 uM, under otherwise comparable conditions (Fig. 3.9). The temperature
control for these measurements is improved relative to prior measurements®’ due to the use of an “E-

Free” probe with reduced sample heating.40 We calculated the allosteric coupling factor alpha, defined as

the ratio of the potassium affinities contrasting open vs. closed activation gate (i.e. at low vs. neutral pH);
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there is a remarkable shift of the Kgpparent by more than three orders of magnitude (a =3,500) over the pH

range where the channel converts from the Deactivated to the Inactivated state (7.5 to 3.5).
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Figure 3.8 Marker peaks in NMR spectra showing the structural transition at the selectivity filter at acidic

pH 3.5 as the environmental [K'] changes from 500 mM to 80 mM. The volumes of cross peaks indicated

by arrows are used to calculate the bound state population ratio and Kpparent Calculations in Figure 3.8.

The thermodynamic cycle (Fig. 3.2b) also dictates that if the ambient pH affects the equilibrium K*

affinity, then the ambient K™ level must also alter the apparent pKa of the coupled pH sensor. Prior work
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showed that pH gate residues E118 and E120 bind protons as the [K'] is lowered to about 0.2 uM at pH
7.5. This indicates a large pKa shift in the pH sensor as a function of K*,*" and confirmed the identity of
the pH sensor as the coupled general base (while in contrast, the proximal E71 remains protonated in all
[K+]26). The K* dependent pKa shift in E118 and E120 has not been fully quantified, but it is clear that the
pKa is altered by at least 3 pH units comparing low and high potassium conditions, since at low [K’] the
pKa must be 8.0 or higher and at high [K'] the pKa value is known to be approximately 4-5 and is

consistent with our experimental results.”"*
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Figure 3.9 Differences in K+ binding at neutral vs. acidic pH values for WT -KcsA. A significant change in
potassium ion affinity (a =3,500) is observed comparing channels with an open activation gate measured
at pH 3.5 (magenta) vs. a closed gate measured at pH 7.5 (green). The Ky values calculated by fitting the
data to a non-cooperative binding equation (Hill coefficient n=1) are 41 uM for pH 7.5 and 14+1 mM at
pH 3.5.

The free energy of allosteric coupling between K* and H* binding was estimated from the pH
dependence of the K* Kapparent Values: AAG = -RTIn [Kapparent(PH7.5)/Kapparent(PH3.5)] = -19 + 2 kJ mol™. A
tentative value estimated from the pKa shift with [K'] would similarly be AAG = -2.303RTApKa = -16 kJ

mol™. (Appendix 3) We regard these energies as estimates; they were calculated using a simplified
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binding model that treats both K and H* binding as single-ligand, non-cooperative events. The
stoichiometry and cooperativity of the binding events is certainly more complex and the details remain
debated. *'™*

Due to the relatively large pH range utilized, the phenomenological shift in binding affinity can
include a number of effects. We argue that a large portion of it is allosteric coupling. Guoy-Chapman
analysis suggests that the differences with respect to previous micelle measurements are too large to be
explained by K" ions concentrating at a negatively charged lipid interface (an approximately 10-fold
effect).33 Non-specific effects of pH on the lipid bilayer and protein structure and thermodynamics could
certainly also contribute to the altered affinity, although our data show that KcsA remains folded
throughout this range. Finally, a large and specific effect of site-specific mutation involving the non-
ionizable F103 (next chapter) and a control experiment on H25R&E118A mutant (discussed below)
provides strong support that the altered affinity is dominated by contacts in the protein that result in non-

additive energies of binding.m'19

3.3.6 Kinetics of ion release are slow across all conditions studied

Inactivation has a clear kinetic signature, and is a remarkably slow process (on the seconds
timescale).11 The origin of the kinetic barrier is debated; molecular dynamics simulations suggest that
changes in solvation associated with the conformational change in the filter present a kinetic bottleneck.™
We observe clear evidence for slow conformational exchange between the K™ bound and depleted states
at both acidic and neutral pH. At both conditions, intermediate K* concentrations result in sharply resolved
NMR lines corresponding to two states of the filter and indicating slow exchange (100 ms or slower, which
is well below estimates of ko based on the affinities measured here).37 The relative populations are
significantly affected by temperature changes in situ (Table 3.1), supporting the assumption that the
system is in slow dynamic equilibrium during the NMR experiments. The slow kinetics observed here are
in contrast to those observed by solution NMR in detergent micelles at higher temperatures and at pH

6.0,* but are consistent with the slow inactivation kinetics observed in electrophysiology.'®""
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Table 3.1. Summary of K* affinities at various pH conditions and temperatures for WT-KcsA and F103A

mutant. The affinities for were computed by simulating data using Hill equation (see Method).

Construct pH Temperat K* Kapparent (mM) RTIn(Kapparent)
ure (KJ/mol)

WT 3.5 273K 14 +/-1 -9.7+/-0.2

WT 3.5 293K 1.0 +/- 0.2 -16.8+/-0.5

WT 7.5 258K 0.003+/-0.001 -27.3+/-0.7

WT 7.5 270K 0.004+/-0.001 -27.9+/-0.6

WT 7.5 283K 0.005+/-0.002 -28.7+/-0.9

3.3.7 Potassium Affinity on Mutant H25R&E118A - A Control Experiment

The titration results on WT-KcsA provide a unique insight on C-type inactivation. However, even
though a very acid pH is needed to activate the channel and used for the titration study, many concerns
have been raised on it. One concern is that the low pH protonates the lipids head groups, competing with
potassium ions to lower the local [K']. It can bias the measured large affinity difference. On the other
hand, the very acid pH can accelerate the degradation of lipid bilayer by hydrolysis. The lipid bilayer in
this study is composed of DOPE and DOPS, whose pKas are 1.7/11.25 and 2.5/5.5/11.55, respectively.
(Fig. 3.10) Authentic and integral lipid bilayers have been shown of great importance for membrane
protein integrity and function. In order to address these concerns, we planned experiments in which
H25R&E118A mutant is used to proxy the pH-gate opened channel. Based on previous electrophysiology
experimental results, the pH gate of H25R/E118A mutant stays open up until to pH 9.0.*" In such way, we
can measure the potassium affinity of a channel with open pH-gate conformation at neutral pH (i.e. pH
7.5).

The spectrum for the H25R&E118A is shown in Fig. 3.11. The spectrum of the mutant can be well
overlaid with the WT-KcsA spectra, indicating that the mutant is well folded. We then conducted the
titration experiments on the mutant and the results are shown in Fig. 3.12. The apparent K" affinity is
around 80mM, which is 20,000 folds higher than the affinity for WT-KcsA sample at the same pH. This
result confirms our hypothesis that the huge potassium affinity difference is caused by the specific
coupling effect to the pH gate, instead of other environmental effects, such as the acidic pH we applied in

the study.
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Figure 3.11 3¢c-"3c DARR spectrum is shown for the H25R&E118A mutant sample at pH 7.5 and at 50
uM [K']. The spectrum can highly overlay with that of WT-KcsA, indicating that the structure is well folded.
From the marker peaks labeled in the spectrum, the selectivity filter at such a conditions is still in the
collapsed/K*-unbound conformation, contracting to that in WT-KcsA where the selectivity filter is in the

conductive/ K*-bound conformation.
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Figure 3.12. The titration curve of the H25R & E118A mutant at neutral pH is compared to that of WT-
KcsA at both neutral and acidic pH. The potassium affinity of this mutant is around 80mM at pH7.5,
significantly shifted from 4uM at neutral pH and 14mM at acid pH for WT-KcsA. This confirms the

observed allosteric coupling effect between the pH gate and the selectivity filter at the WT-KcsA.

However, surprisingly, the measured affinity is even looser than the affinity measured for WT-
KcsA at pH3.5 (i.e. 14mM). This shift to lose affinity leads us to hypothesize that the inactivated structure
is stabilized by a larger extent of opening at the pH gate in the mutant than that in the WT-KcsA-KcsA at
pH3.5. We reason that for the WT-KcsA, after the pH sensor residues such as H25, E118, E120 are
protonated, they can switch roles from protonated acceptors to proton donors in the hydrogen-bonding
network, which prevent the pH gate opening extensively. While the mutant is mutated to be open, the
mutation to residue to alanine might totally break the hydrogen-bonding network, not only keeping the pH
gate open but also losing the ability to prevent extensive opening. Various extents of opening at the pH
gate were observed in a series of crystal structure of KcsA with C-terminal truncated and the pH gate
mutated open; the largest opening, measured at T112 sites is about 32 A.*° However, the opening of the
pH gate for WT-KcsA at the same position is estimated to be 17-20 A based on the chemical shift

analysis 3" Furthermore, the larger opening at the pH gate is also linked to a more collapsed structure at
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the selectivity filter and less ion binding.30 However, more experimental and computational evidence are
required to validate such a hypothesis.

Another interesting observation from the titration curve for the H25R&E118A mutant is that the
transition from the bound to the unbound state is very steep comparing to those for sample at pH7.5 and
pH 3.5. We interpret this as an increasing in the cooperativity during the potassium ion binding at the
selectivity filter. However, the system is complicated in term of proton binding and potassium binding and
the coupling between them, which prevent us from drawing a clean conclusion on this observation.

It is worthy noting that similar experiments on E118A&H25R mutant were carried out in previous
Isothermal titration calorimetry (ITC) study on a sample, which was prepared in the detergent
environment. The results show that the affinity for K+ at pH is 0.13mM, close to the affinity for WT-KcsA
in their measurement.*® This is inconsistent with our results, indicating that there is little coupling between
the pH gate and the selectivity filter. We attribute this inconsistency mostly to the usage of detergent in
their experiment. Or as suggested by the author, ITC is not sensitive to structural transition from the
conductive state to the inactivated state. This experiment adds another example that the lipid bilayer is

crucial for pursing the correct thermodynamic or kinetics information from a membrane protein system.

3.3.8 Hill Coefficient and Cooperativity: Number of Proton and Potassium Binding

KcsA, as a tetramer protein, shows tremendous complexity in term of allostery and cooperativity.
In term of the proton binding, each monomer has several proton binding residues, such as E118, E120,
H25, etc.'” How many protons are essential to be bound to open the pH gate? Does the channel show
cooperativitity in the proton binding process, i.e. does proton binding to one monomer accelerates proton
binding to other monomers? These same mysteries exist in the potassium-binding site: how many
potassium ions are needed to transit the collapsed conformation to the conductive conformation and
whether there is any cooperativity in term of potassium binding? The energetics gets more complicated
as these two binding events are coupled. Therefore, these questions are extremely hard to study and the

stoichiometry is still under heated debates.
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In the voltage-gated channel, altering the number of the voltage sensing arginine residues
change the channel sensitivity to the voltage as the slope of Conductance-Voltage is flattened.* In a
recent study on KcsA by Posson et al,*" mutations on various sites at the pH gate also show that they
changed the steepness of the pH —channel open probability curves or shifted the pKa. Based on these
mutations data, they concluded that the H25 is the major proton-binding site and E118 is the secondary
proton-binding site. Even though the study is very elegant, the data per se are complicated; hence they
require some assumptions to be interpreted. The whole study was based on the inactivationless E71A
mutant, which almost abolish the coupling between the pH gate and the selectivity filter.

Here we aim to build a thermodynamic model for the WT-KcsA, including constraints from our
affinity results and previous electrophysiological study. Through building such a semi-quantitative
thermodynamics model, we hope it will be helpful to distinguish some models and provide information on
stoichiometry.

We first build our general thermodynamic model as shown in the following scheme:

K2
PK_<—> PK H_

K1 K1*a

P <«—— PH
K2/a

Figure 3.13 A thermodynamic framework used for the stoichiometry modeling.

In this thermodynamic cycle, n and m are the numbers of protons and potassium ions binding,
respectively. The ‘@’ is an allosteric coupling coefficient; in a case where there is no allosteric coupling
between the two ligand binding, a equals 1. P represents the protein; H, K represents the proton and
potassium ions, respectively. K1 and K2 are the equilibrium constants for the transitions between P (I*
state in the Figure 3.2b) and PK,, (D state in the Figure 3.2b) and PK,, and PK,H, (A state in the Figure
3.2b) respectively.

Based on the simple general frame, we can derive the following equations:

K1=[PKJ/([PT[KT") K1=1/Kas" (3.1)
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K2=[PKnH/(PKLIHT)  K2=1/Kg," (3.2)
K2/a=[PH.J/(PTTH'T") K1/a=1/Kgp," (3.3)
K1*a= [PKnHJ/(PH K™ K1*a=1/Kgqo" (3.4)

The Ky1, Ka2, Ka22, Ky12 are the apparent affinities for each of the binding reactions, which is the ligand
concentration at which the populations of bound and unbound spices are equal. We can rewrite the above

equations as fellows:

[PKm] =KT*[PTK'T" (3.5)
[PH.]=K2/a*([PT*[H"T") (3.6)
[PKmHn]= K1K2 *[PTK T H'T" (3.7)

Then we can calculate the percentage of the four components:

P% = [PY/([P]+ [PKn] + [PHn]+ [PKnHx]) (3.8)
=1/(1+ K1*[K']™ + K2/a*[H']" + KIK2*[K']"[H"]")
=1/(1+ K1*[K'T™ + K2/a*(10°")" + K1K2*[K'T"(10™")")

= Ka1™ Kg2"/( Kai™ Ko™+ K" *[K'T™ + Ky /a*(10°7)" + [K']"(10™7)")

PKm % = [PKn)/([P]+ [PKn] + [PHa]+ [PKnHx]) (3.9)
= KT K™ /(1+ KT K™ + K2/a*[H'T" + K1K2*[K'T"[H'T")
= KT KT /(1+ KT K™ + K2/a*(10PM" + K1IK2* KT (10PH)")

= [K'T™ Ka2"/( Kai™ K™+ K" K™+ Ko™ /@*(10°7)" + [K"(10")"

PH, % = [PHuJ/([P]+ [PKr] + [PHn]+ [PKnHp]) (3.10)
= K2/a*H'T" /(1+ KIK'T™ + K2/a*[H'" + KIK2* KT [H'T")
= K2/a*(10PM" /(1+ KT [K'T™ + K2/a*(10P™)" + K1K2*[K'T"(10P™)")

= Kot /2" (107" /( Kot Kea"+ Ko “ICT" + Kot 12*(1077)" + [KT(107 ™))
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PKmHn %= [PKnHJ/([P]+ [PKm] + [PHa]+ [PKnHn]) (3.11)
= KIK2* KT H'T /(1+ K1 K™ + K2/a*[H'T" + K1K2*[K'T"[H'T")
= KIK2][K'T"(10™")" /(1+ K1*[K'T™ + K2/a*(10°M)" + K1K2* K T"(10°H)")

= K10 ™) /(K" Ka™+ Ko™ KT + K" 12 (107" + [T7(10° 7))

According to the electrophysiological data on E71A mutant, where the proton binding is isolated
from the potassium binding, the fitted hill coefficient is around 4.4, indicating high cooperativity between
monomers in the proton binding.41 In our experiment on the H25R&E118A potassium titration data, where
the potassium binding is isolated from the proton binding, based the steep slope of the titration curve, we
conclude that the potassium ion binding is also highly cooperative. Therefore, we assume only the four
major species in the thermodynamic cycle are dominated; by limiting states with partial ligand binding, it
greatly simplify our analysis of the system.

In SSNMR study, in the potassium affinity measurement, we are able to measure the apparent
affinity, and based on above assumption, it is the potassium concentration when the following equation is
met:

Po (PKy, ) +Po (PKH, ) -[Po(P)+ Po (PH,)]=0 (3.12)
which leads to the following equation:

[KT"= Ko™ Kao™+ (1/2)Kai™ (107" /( Ko™+ (107 7)) (3.13)

m*pKd=-log(Ks™ Kaz"+ (1/a)Ke1™ *(10™")" J+log(Ke™+ (10 7)) (3.14)

When we use the equation (1/a) K¢ = Kg12", we acquire the following equation, in which it indicates that
the measurable pKd (i.e. —log1gKq value) is pH dependent:

pKd=-(1/m)log(Ka1" K"+ Kg12™ *(10™")" J+log(Kez™+ (107 *)") (3.15)

Based on the previous experimental ssNMR affinity data and electrophysiology pKa data, we are
able to have an estimate of values of Ky1 Kg2, K412, which are the apparent potassium affinity when the pH

gate is closed, the apparent proton affinity when the K* is bound and the selectivity filter is in the
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conductive form and the apparent potassium affinity when the pH gate is open. We applied the
constraints from following data: 1. The apparent potassium affinity measured in SSNMR for WT-KcsA at
pH 3.5, which is 14mM; at pH 3.5, based on our spectra in the titration, the pH gate stays protonated;
therefore, the apparent K, for the transition between PH, and PKH, (i.e. Ky12) is 14mM; 2. The apparent
potassium affinity measured in SSNMR for F103A at pH 7.5, which is 2 uM; (See Chapter V) we did not
use the affinity we acquired from WT-KcsA at pH7.5, as we found that at such a pH, the coupled
transition happens between the pH gate and the selectivity filter. The coupling at F103A is significantly
reduced, therefore, the apparent affinity Kyqq between transition P and PK,, can be estimated with less
systematic error. 3. The pKa value measured in electrophysiological experiments for the WT-KcsA
channel activation, which is 4.3;*" it is an estimate of the apparent affinity Kgs.

After we input these constraints, the parameters n, m, which are the stoichiometries for proton
and potassium binding were modeled. We proposed several possible stoichiometries, based on previous
experimental knowledge. In order to determine the stoichiometry, we applied two extra experimental data
that we acquired by SSNMR as criteria. The two experimental data are the potassium affinity at pH 7.5 (4
uM) and at pH 5.0 (20 uM). The pKa and pH plots for various stoichiometries are shown in Fig.3.14 and
the experiment data used as criteria are also plotted as dots. As we can see, the slope increases as the
numbers of proton ions binding increases; on the contrary, the slope decreases as the number of
potassium ions binding increases. The two best fits for the experimental data is that m:n =2:8, m:n =1:4.

Based on crystal structures, it is hypothesized that two potassium ions bound at the selectivity
filter are needed to stabilize the conductive conformation of the selectivity filter. As we mentioned above,
Posson et al identified that E118 and H25 are the two proton binding sites.*! With all this information, we
consider =2:8 as a better model for the proton and potassium ion binding. Then we will be able to plot the
populations of the four dominated species in all pH and [K'] regions, which is a great tool for sample
preparation and analysis. (Figure 3.15) However, we have limited experimental data for the n and m
fitting. We expect that more experimental data, such more potassium affinities at other pH, can provide

more validation to our conclusion.



93

~LogK

Figure 3.14 Stoichiometry modeling for the number of proton and potassium ions binding. The equation
3.15 is plotted with various m n values, which respects the number of proton ions and number of
potassium ions respectively. The various ratios are indicated in the plots. Experimental constraints from
WT-KcsA titration data are respected as dots (highlighted with dash circle) in the plot. As we can see,

when m:n =2:8 or 1:4, the experimental data are fitted best.
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Figure 3.15. The populations of various states in the thermodynamic landscape are simulated. In this
simulation, the assumption that m:n=2:8 is taken. The simulations also incorporates experimentally

determined equilibrium constants. The simulation was done in the software Mathematica. (The code is in

Appendix 4)
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3. 3 Discussion and Conclusion

We offer insights into the slow allosteric transition underlying C-type inactivation, a vital gating
mechanism in potassium channels that partly controls mean open time. This titration study, carried out in
an authentic lipid environment, allowed us to prepare and stabilize functionally critical states, presumably
closely related to the intermediates of electrophysiology experiments. Detailed information from SSNMR
such as chemical shifts, therefore helps to form a more direct connection between structure and function.

We quantitatively probed the allosteric coupling strength for wild type channel in membranes
using these pH-dependent ion titrations. We observe a difference of three-orders-of-magnitude in K*
affinity over the typically used pH range, which indicates substantial transmembrane coupling.
Quantification of the potassium affinities of KcsA under various conditions has been the subject for
several previous studies, using different methods. Functional methods suggest that the affinity of the
selectivity filter for K" at pH 7.5 (deactivated channel) is approximately 29 .uM,“B and inactivation at pH 3.5
is associated with ion loss with an affinity around 0.9 mM.2® A different picture emerged in isothermal
titration calorimetry experiments in detergents, which showed the potassium affinity to be 0.41 mM at pH
7.5 The group of Shimada reported elegant solution NMR experiments with detergent-stabilized KcsA
showing that the potassium affinity changes from 6 mM to 50 mM between pH 3.2 and pH 6.7 at 45 °C; ¥
the pH dependence of potassium affinity in these studies is much weaker than estimates based on
functional studies. Our experiments show a pH dependence that is much larger than these previously
reported, and are more compatible with the available functional data and with the hypothesis that ion loss
is the essential step of inactivation. Namely, we demonstrate a potassium affinity of 4 yM at pH 7.5, and
14 mM at pH 3.5.

We presume the difference between the solution NMR or thermo-calorimetric affinity
measurements for KcsA and these SSNMR studies is due to our use of membrane bilayers, and conclude
that dramatically stronger allosteric coupling occurs in the bilayer. The importance of the membrane
environment for membrane protein integrity and function has been reported in numerous studies.***’case
of Yeast pyruvate kinase, in which pH modulates protonation state of various ionizable residues to

ultimately allosterically affect the reactivation rates.”
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Through this study we also stabilized the Activated state of a wild-type functional KcsA at low pH
and high [K"], with both the activation gate open (protonated pH sensor) and inactivation gate open (K"
bound in the selectivity filter). The Activated state is normally an evanescent or metastable intermediate in
functional studies of KcsA, and has been difficult to stabilize for structural characterization, requiring use
of multiple mutations and other alterations in the system. Stabilizing this species can enable structural

and dynamics studies by NMR in native bilayers.

3.4 Materials and Methods
NMR Sample Preparation 3C-°N uniformly enriched WT-KcsA and the mutant H25R&E118A-KcsA

were prepared by overexpression in Escherichia coli JM83 cells in M9 minimum media using a

2454 Both constructs have an N-

tetracycline regulated expression vector pask90, as described previously.
terminal hexa-histidine tag. The H25R&E118A mutant was a gift from Nimigean Lab at Weil Cornell
Medical School. H25R&E118A stays a tetramer as indicated by SDS gels. KcsA was reconstituted into
liposomes by reducing the detergent concentration through dialysis; the liposomes contain 9:1 ratio of
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine  (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS) by mass, and 1:1 ratio of protein:lipid by mass. To prepare samples at acidic pH values,
proteoliposomes were first dialyzed at room temperature against a 50 mM Tris, 50 mM KCI buffer at pH
7.5 with the desired potassium concentrations and then further dialyzed at 4°C against 10 mM sodium
citrate buffer at pH 3.5 with the appropriate potassium concentration. NaCl was added, to achieve a
consistent total concentration ([K'] + [Na'] ) of 50 mM to keep the ionic strength constant in the titration
series (except the sample with 80 mM [K™]). After dialysis, liposomes were centrifuged using a Sorvall
benchtop centrifuge at 4,125 rpm (3,697%g, 4°C) for 40 min. The pH values of the supernatants after
centrifugation were verified to be within 0.1 unit of the desired pH value. The proteoliposomes were then

subject to three freeze-thaw cycles to remove excess water. Finally, samples were packed into 3.2 mm

Bruker rotors for NMR measurement.

NMR Data Collection and Processing NMR spectra were collected on a Bruker Avance 750 MHz (17.6

T) spectrometer, or a Bruker Avance Ill 600 MHz (14.1 T) spectrometer with a 3.2-mm E-free probe, at
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MAS spinning frequencies of 12 kHz or 14 kHz. The Dipolar Assistant Recoupling Resonance (DARR)
pulse sequence63 was used for 13C-13C correlation experiments with a 15 ms mixing period. Sample
temperature was calibrated based on an external reference using methanol chemical shift64 to correct for
heating during MAS spinning and RF-pulsing. All spectra were measured at 0 £ 2°C if the temperature is
not otherwise specifically indicated. Carbon chemical shifts were referenced externally to the downfield
adamantane line at 40.48 ppm. All spectra were measured at 0 + 2°C if the temperature is not otherwise
specifically indicated. All spectra were processed in NMRpipe55 with -30 Hz Lorentzian and 90 Hz
Gaussian apodization; Sparky56 was used for spectral visualization and integration of cross peaks. The
populations of the bound states for each residue were quantified by integrating the bound and apo cross-
peaks of T74 (CB-CA), T75 (CB-CA, CA-CG) and V76 (CB-CG, CG2) on a 13C-13C 2D correlation (Fig.
S2). The normalized population ratios of protein were calculated by averaging the population ratios of
reporter residues T74, T75 and V76. The normalized bound state percentage was defined as
Integral(bound)/[Integral(bound)+Integral(apo)]*100% for each residue. Normalized populations were fit to

the binding expression below with Hill coefficient, n, equal to 1 (non-cooperative), where 6 is the

[K+]"

normalized population: 8 = K+ +KRa"

The reported errors are dominated by the fitting error (Kd), which is

roughly on the same scale of errors from peak integration and averaging.
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Chapter IV: Allosteric Coupling Pathway- Role of Residue F103

Portions of this chapter have been adapted from: Xu, Y., Bhate, M. P. & McDermott, A. E.
Transmembrane allosteric energetics characterization for strong coupling between proton and potassium

ion binding in the KcsA channel. Proc. Natl. Acad. Sci. U. S. A. 114, 8788-8793 (2017).
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4.1 Abstract

In the previous chapter, we show that the pH gate and the selectivity gate are strongly coupled. It is
noteworthy that the intracellular pH gate (activation gate) and the extracellular selectivity filter (inactivation
gate) are quite remote (> 30A), so elucidating the molecular pathway for communication between the
coupled domains is of great interest. The residue F103 has been shown to be critical for the coupling. In
the chapter, we aim to test the participation of F103 in the allosteric coupling by NMR thermodynamic
measurements via mutational analysis. Our results show that mutation of F103 to alanine significantly
reduces the allosteric coupling strength and increases potassium affinity at acidic pH. These results are

consistent with the observation that F103A significantly reduces inactivation in electrophysiology.

4.2 Introduction
4.2.1 Introduction to protein allosteric pathway

In the previous chapters, we provided a general introduction to allosteric coupling, which is
ubiquitously discovered in biological systems to facilitate various functions.™ In chapter Il, we mentioned
briefly the many thermodynamic models developed to provide a theoretical framework for quantitatively
analyzing the system.4 In studies of allosteric coupling systems, much effort has been spent
understanding which thermodynamic model best fits a particular system. These studies are particularly
important since fully understanding the allostery is essential to predicting protein response to external
perturbations. Another important type of study is that which pinpoints the molecular mechanism that
supports such allosteric machinery.B’6 It has been suggested that these two aspects are closely related.’
Here we provide a more detailed introduction to the allosteric thermodynamics models and the associated
molecular machinery, which is normally named the allosteric pathway.5

The understanding of allosteric systems has been greatly advanced with the development of
techniques to probe the structures and dynamics of minor species. Two general mechanisms were
initially proposed to explain the coupling effect: one is the induced fit model, in which the binding of
ligands at one site induces a new conformation that changes the affinity at another site for a same or
different type of ligand. In another model, the binding event only shifts the populations of a set of
conformations to favor one of the conformations®. In contrast to induced fit model, there is no new

conformation generated, but only populations get changed; since different conformation have different



104

functional activities, function can get tuned accordingly. Recent studies reveal a new type of allosteric
coupling model, named dynamic allosteric coupling, in which no conformation changes are required for
functional activities, but the ligand binding changes the dynamic properties of the protein, thus triggering
the coupling.9 Examples of dynamic allosteric coupling have already been found in several systems.m'12
All of these thermodynamic models can be extended to a more general description of the protein as a
conformational ensemble with population weighted by its free energy; the external perturbation will
change the population distribution to favor some biological events. 3

One of the main challenges is to figure out the molecular pathway that is responsible for the
propagation of the signal from perturbation site to the distal active site. In the thermodynamic description
of allostery, of course, direct contacts between residues are not necessary for ligand binding to influence
the energetics of the various conformations®. The energetic contribution can be due to entropy, enthalpy,
or a combination of both which influences the conformational ensemble after ligand binding. In some
cases in dynamic allosteric coupling, it is not always possible to figure out a pathway because the
coupling is actually driven entropically, and none of the residues is specifically important for the allosteric
coupling.14

However, there are many cases- especially those described in terms of the induced fit model of
allostery- in which a molecular pathway can be elucidated, and changes in the conformations or dyanmics
of specific amino acids are found to be responsible for the allostery, perhaps through altered steric
contacts. One important example is of course the salt bridges in hemoglobin whose structure is altered
upon binding of oxygen, which definitively contributes to the allostery in that system. 1

Different methods have been developed to probe allosteric coupling pathway, such as sequence
analysis16, which relies on the philosophy of coevolution theory of important residues; random mutation
methods, which combined with functional assays that provide direct evidence.” NMR has also been
applied by covariance analysis on the chemical shift changes and successfully applied to the case of
Abelson tyrosine kinase. % n Chapter V we introduce another approach for NMR detection of allostery
participants.

In this chapter, we will focus on a single residue in the allosteric pathway and demonstrate its

influence upon the thermodynamic cycle constructed in Chapter lll.
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4.2.2 Allosteric coupling pathways in KcsA

In the Chapter lll, we have confirmed that the pH gate in KcsA is tightly allosterically coupled to
the selectivity filter, propose that this contributes to the phenomenon of C-type inactivation, and describe
the thermodynamic relationship between the states involved in inactivation. It is also of great interest to
elucidate the molecular pathway for communication between the coupled domains, since the selectivity
filter and the pH gate are respectively located at the extra-membrane and intra-membrane surfaces. The
identification of such residues can significantly strengthen the mechanistic picture of the allosteric
coupling.

F103 has been previously suggested as a possibly important allosteric residue.’® F103 is located
at the hinge region of the protein, distal to both the selectivity filter and the pH gate. Prior evidence from
crystallography and molecular simulations suggested that steric interactions between T74 at the base of
the selectivity filter, F103 in the TM2 “hinge” (second transmembrane helix hinge), and 1100 from a

neighboring monomer are involved in the allosteric coupling.19'21

Experimental support for this role
consisted of changes in inactivation upon mutation of F103A. Here we provide a direct experimental test
of the quantitative contribution of F103A to allosteric coupling. The quantitative contribution of F103 to the
allosteric coupling was probed by using a mutant, F103A. We speculated that if the F103A mutant
“loosens” this network, the energetic coupling between the pH gate and the selectivity filter will become

much weaker, rendering K" affinity at the selectivity filter relatively insensitive to environmental pH, and in

particular we predicted that it would not release K* at low pH.

4.3 Results

4.3.1. F103A Stays as Tetramer in the Liposome

F103A-KcsA was expressed in JM83 E Coli system with a good yield. From the electrophoresis
experiment, it showed that the F103A mutant is not as stable as the WT-KcsA, since there is a noticeable
increase in the intensity of monomer band.(Figure 4.1a) However, a more gentle measurement by FPLC
indicated that the majority of protein sample is in the tetramer state even in detergent.(Figure 4.1b) As it
was known that the lipid environment could stabilize the tetramer feature of KcsA, thus we hypothesized

that the F103A mutant stays as tetramer in liposomes. This hypothesis was confirmed by our SSNMR
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measurement of the mutant, which shows an overall homologous structure to the WT channel. (Figure

4.2)

a Chromatogram

Figure 4.1 F103A is not stable as WT-KcsA, but stays as a tetramer. (a) From the SDS-page, we can see
that there is signicant increase on the band for momomer in the F103A. (b) From the chomotography
result, the peak where the F103A comes out matches the position calibrated as peaks for a tetramer
using a WT-KcsA.

4.3.2. Electrophysiology Study Confirmed that F103A is Less Inactivated.

Perozo et al studied the single channel recording and macroscopic behaviors of the F103A
mutant and shows that the inactivation in F103A is significantly reduced and the open probability in the
single channel recording experiment is much higher than WT.% More interestingly, they found that F103A
could rescue the enhanced inactivation behavior of an E71H mutant in the double mutant. In order to
confirm the functions of our mutant samples, we carried out similar single channel recording experiments
on the F103A mutant. As shown in Figure 4.3, the open probability of F103A is much higher than the one
of WT-KcsA, which confirms that the mutant we made is functional and behaved as indicated in the

literature. °
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Figure 4.2. Comparison of 2D homonuclear 3¢ spectra of wild-type KcsA vs. F103A shows that the
chemical shift changes displayed in F103A are specific to the hinge residues. As illustrated by this

overlay, the great majority of peaks in the wild-type channel are identical to the peaks in F103A. Specific

F103A

WT-KcsA

Single channel recording measurement were conducted on F103A mutant and WT-KcsA. In F103A, the
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channel is mostly conducting with occasional closing; while in the WT-KcsA, the channel is mostly closed

with occasional conducting.

4.3.3. Allosteric Coupling Strength is Reduced in F103A.

In Chapter Ill, we measured the allosteric coupling strength in the WT sample . This enables us to
study the effect of mutations on the allosteric coupling. Therefore, we measured the potassium affinities
of F103A at both pH 7.5 and 3.5 to investigate how much the allosteric coupling strength is changed by
the single mutation.

As we mentioned above, the F103A mutant displayed high quality NMR spectra, which are highly
overlaid with those of the WT samples. Many marker peaks for conformational changes identified in the
WT samples are still useful in the F103A mutant. However, the energetics of the transition between the
bound and unbound conformation are greatly changed. As seen in Figure 4.3, while WT-KcsA shows
almost equal populations of the K™-bound and K*-unbound conformations at pH 3.5 10mM K", in the
F103A mutant the selectivity filter stays mostly K*-bound, indicating that the mutant has a tighter affinity
for potassium ions at low pH. This implies that the activation gate, where protons bind, has been partially

decoupled from the selectivity filter, which therefore retains a high potassium affinity even at lowered pH.
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Figure 4.4. Spectra of WT-KcsA (blue) are compared with those of the F103A mutant (orange), exhibiting
marker peaks in the selectivity filter. Superscripts refer to the K™ apo and bound states respectively. The
chemical shift values for WT and F103A are nearly identical in both the bound and apo states, which
simplifies our analysis (no reassignment needed) and indicates that F103A minimally perturbs the
structure (see Supplementary Fig.4 for the full overlay). In contrast, the relative populations of the states
change significantly between F103A (pH3.5 10mM K”, 9% apo) and wild type (pH3.5 10mM K*, 57%

apo).

Quantitative analysis of full titration experiments on F103A at both pH 7.5 and pH 3.5 showed
that, the mutant channel F103A indeed exhibits much weaker allosteric coupling. As seen in Figure 5.5,
the K" affinity of the F103A (Kapparent = 2 £ 1 uM) is comparable to that of WT-KcsA at a neutral pH, while
at acidic pH, the affinity is much tighter (Kapparent = 0.32 £ 0.10mM), which indicates a significantly reduced
allosteric coupling strength (Fig. 4.5) (a=160; contrasted with 3,500 for WT-KcsA under the same
conditions) (see Chapter Il for the definition of a). These results are interesting in light of
electrophysiology studies on mutant E71H-F103A, where the mutant channel shows significant
conductance despite the presence of the strongly inactivating mutation E71H." We note that these data

provide strong additional support for the hypothesis that ion loss is a key step of the inactivation process:
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F103A is expected to be virtually inactivation-less from prior studies, whereas our new NMR results on

F103A indicate it does not release K* ions upon activation.

a b

CC) 1004 KapparentzuM — 'é
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c 80 -
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Figure 4.5. F103 is a critical residue in the allosteric pathway. (a) The potassium ion titration curves of
mutant F103A are compared at neutral and acidic pH, with those for the wild-type channel to contrast the
affinity and coupling changes. (b) The allosteric coupling strength is significantly weaker for mutant F103A

as compared to WT-KcsA.

4.3.4. Chemical shift changes indicate local structure contact with F103

Even though NMR chemical shifts of F103A show high overlay with those in WT-KcsA in both the bound
and unbound conformations, (Fig. 4.2), we did observe perturbations for specific residues, such as 1100,
which is proximal to F103. As mentioned above, 1100 is also suspected to be important in the coupling

212 We speculate that the dramatic chemical shift perturbation is caused by the change in

network.
environment of 1100. In F103A mutant, the strong interaction between 1100 and F103 during channel
activation is absent (Figs. 4.6 c-h). The side chain CG of T74 is also sensitive to the mutation F103A: in
WT-KcsA, CG shows a large chemical shift change in the transition from bound to apo state; in contrast,
in F103A, the CG chemical shift does not change even though the backbone shows the same structural

transition (Figs. 4.6¢c-h). These observations are consistent with the hypothesis that steric contacts occur

between the aromatic ring of F103 and the T74 sidechain during inactivation.
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Figure 4.6. Specific chemical shift perturbations are observed for the F103A mutant. (a) Specific chemical
shift perturbations are observed for the F103A mutant, as compared with the WT-KcsA, underscoring the
important interactions between F103 and 1100 and with T74. Peaks in spectrum are 1100 (CB-CG1, CB-
CG1 CB-CD), respectively. In WT-KcsA, 1100 shows a perturbation in the peaks associated with the
bound, putatively Activated state: the peaks are missing or broadened due to dynamics or heterogeneity.
Similarly, the bound state peaks for 1100 in F103A mutant, where allostery has been reduced, are also
missing; but the apo state peaks shows significant chemical shift change, especially at CB. (b) Similarly
T74 sidechain correlations show changes in the apo state (putative Inactivated state) between the wild
type and the F103A mutant. (c-f) Crystal structure analysis reveals that the steric contact between T74,
1100 and A103 is reduced in the F103A mutant compared to WT-KcsA. Steric contact between F103 (red)
and 1100 (magenta) occurs between monomers in the tetrameric structure. Contact between F103 (red)
and T74/T75 (blue) particularly in the apo state can be seen for the WT sample in both the bound state (c,
PDB 3FB5) and in the apo state (d, PDB 3F5W). Our data is consistent with a model in which the clash is
largest for the Activated state. This steric clash is relieved when the bulky F103 sidechain is mutated to

alanine (e, f, made with Pymol).
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4.3.5. Temperature Effect on K" Affinity Change: Dissecting Coupling Energetics.

One great advantage of NMR study of biological system is the ease of applying a wide range of
temperatures to the system so that the thermodynamics of processes can be further dissected. Here,
we measured ion affinities at various temperatures for neutral WT-KcsA, pH 3.5 WT-KcsA, and the
F103A in order to dissect the energetics of inactivation into enthalpic and entropic contributions. The

results are shown in the Table 5.1.

Table 5.1. Summary of K” affinities at various pH conditions and temperatures for WT-KcsA and F103A

mutant. The affinities for were computed by simulating data using Hill equation.

Construct pH Temperat K* Kapparent (mM)
ure
WT 3.5 273K 14 +/-1
WT 3.5 293K 1.0 +/- 0.2
WT 7.5 258K 0.003+/-0.001
WT 7.5 270K 0.004+/-0.001
WT 7.5 283K 0.005+/-0.002
F103A 7.5 273K 0.002+/-0.001
F103A 7.5 290K 0.0006+/-0.0005
F103A 3.5 273K 0.035+/-0.015

To calculate the enthalpy (AH) and entropy (AS) of the transitions, we use the Van’t Hoff
equation (Equation 5.1). This is based on the assumption that the heat capacity C, is small, which

means that AH is essentially temperature insensitive and the AS is also treated as constant.

AH AS (5.1)

Taking the date from the table 5.1, a plot of In(Ky) against inverse temperature (1/T) is shown in
Figure 5.7. The slope of the plot yields AH/R; the intercept yields -AS/R. The results of these
calculations at neutral and acidic pH are shown below in Figure 5.8C. AH,eura= -12 £3 KJ.moI'1;
ASheura= 0.06 £0.01 KJ.K".mol™; AH,g¢ic= 885 KJ.mol™"; AS.ciic= 0.36+0.02 KJ.K'.mol” The AHpeural,

F103a= 47 8 KJ.mol™"; ASeural F10sa= 0.28 +0.02 KJ.K".mol".
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Figure 4.7. The temperature effect on the transition from apo to bound state at both neutral and acidic pH.
For the neutral pH, the temperature is increased form 258K to 283K, and for acidic pH sample, the
temperature is increased from 273K to 293k. The affinities estimated in Table S1 are used for the plots.
Based on the slope and interception of the fitting, we estimated the enthalpy AHpeyra= -12 £3 KJ.mol™
and entropy AS,eutra=0.06 +0.01 KJ.K" .mol" at the neutral pH transition process; and the enthalpy
AHgcgic= 885 KJ.mol" and entropy ASgggic= 0.361£0.02 KJ.K".mol™. (See Supplementary Data
processing). For the F103A mutant at neutral pH, the measurement was done on the pH 7.5 F103A

sample; the result shows: AHpeural F10sa= 47 +8 KJ.mol™"; ASpeural, F1o3a= 0.28 +0.02 KJ.K™'.mol ™.

These results can be used to once again estimate the strength of the allosteric coupling.
Previously we estimated the allosteric coupling from comparing the Kqq at the two pHs. We can also
estimate the allosteric coupling strength from the enthalpy and entropy at the two pHs by assuming that
AAG=AAH-TAAS. Using this equation, the allosteric coupling strength at 273K is -18.1 £ 16 KJ.mol'and
at T= 293K, AAG=AAH-TAAS = -11.1 £ 17 KJ.mol™". These results show consistency to the calculated
allosteric coupling strength through comparison of the Kp (-19 + 2 KJ.moI'1)4. It also implies the
coupling energy decreases as temperature increases.

At neutral pH, the system is highly coupled because the pH gate can adopt a variety of
conformations based on the ambient potassium, as demonstrated by chemical shift measurements by

Wylie and coworkers. Either lowering the pH or mutating F103A essentially isolates the potassium binding
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transition; at acidic pH, because the pH gate is forced open, and for F103A because the coupling is
weakened. We see that ion binding at the selectivity filter and the associated structural changes have an
unfavorable enthalpy (Figure 58a, red pointer), as seen in the positive AH value for both WT-KcsA at pH
3.5 and F103A mutant where it is assumed that the pH gate is kept isolated (Fig. 5.8¢c). However, when
potassium binding is coupled to the pH gate opening the net reaction is enthalpically driven, as seen by
the negative AH value in the WT-KcsA at neutral pH. (Fig. 5.8c).

Dissecting the various contributions to AH quantitatively is not possible. Here we offer a number
of speculative contributions to the observed enthalpy and entropy changes based on former knowledge of
KcsA. First we consider the observed positive enthalpy of potassium binding, breaking it down into
isolated events. We can assume that the isolated K* binding event at the selectivity filter has a negative
enthalpy due to the binding energetics. This is accompanied by a global structural change at the
selectivity filters whose energetics are unknown. However, a third event occurring along with K* binding is
the release of bound waters at the back of the selectivity filter, based on computational modeling and X-

22,23

ray crystallography. Hydrogen bonds between waters and residues Y78 and D80 would be

24,25

broken, presumably at a huge enthalpic cost (AH,,,> 0).(Fig.5.8b). Thus, we observe based on the

AH3 5 that the overall binding transition is not enthalpy-favorable but is driven mainly by entropy (Fig.
5.8c). The entropy change comes from two parts; the first part is associated with freeing bound water

22,23

molecules (AS;;>0). The second part is associated with the increasing dynamics at residues at the

out month and the selectivity filter (ASp, > 0). °

However, as mentioned previously, when it occurs in a coupled reaction (Fig. 5.8a, blue pointers),
there is an additional contribution from the pH gate, which turns the whole process into enthalpy-
favorable. The coupled process of deprotonation and channel closing at neutral pH might be expected to
gain free energy by reforming the hydrogen bond network at the activation gate and/or by releasing
potential steric clashes in the hinge areas (AH,,,<0); but it might involve an entropy cost because the C-

27-29

terminal helix may become restrained (AS;pp<0). In this sense, our measured data show a consistent

picture with former knowledge gained from various studies.
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Figure 4.8. Thermodynamic analysis of structural transitions at neutral and acidic pH. (a,b) Schematic
graph shows various contributions to the AH and AS in different transitions. We assume an isolated
transition at selectivity filter at acidic pH (red pointer); a coupled transition between selectivity filter and pH
gate at neutral pH (Blue pointers). The (a to A, b to B) show shared transitions at selectivity filter. The (C
to c) process shows an extra coupled transition at neutral pH. For simplicity of analysis, we assume the
same AH and AS values for transitions at selectivity filter at neutral (AH1pH7.5, AS1pH7,5) and acidic
PH((AHpH3 5, ASphas). (€) shows the distinctive values of AH and —T*AS (T assumed as 273K) at neutral
(blue) and acidic (red) pH for wild-type, which is consistent to the analysis in (b) and indicates different
structural transitions at neutral and acidic pH. The thermodynamic values for F103A mutant at neutral pH
(yellow), are closer to those for WT at acidic pH due to weaker allosteric coupling in F103A, in which the

transition is localized to the selectivity filter (a to A, b to B), similar to in wild-type at acidic pH.

While the above analysis overlooked the contribution from the lipids, the similarity of the F103A
energetics to the low pH energetics indicates that our analysis is likely still valid. As mentioned above, we
consider both F103A and the low pH condition to be “uncoupled” with respect to potassium binding.
Based on our results and others,” replacement of bulky F103 for alanine greatly disrupts the coupling
between the pH gate and the selectivity. Therefore, the structural transition at the selectivity filter in
F103A at neutral pH is presumably close to that for WT-KcsA at pH3.5 (Fig. 5.8a, red pointer), even
though their conformations at the pH gate are different. The measured AS,p, and AH,p, for the F103A at
pH 7.5 are closer to those of WT-KcsA at pH 3.5 rather than at pH 7.5 (Figure 5.8c), indicating that the

contribution from the lipids is not significant and our analysis above are probably valid.

4.5. Methods

Sample preparation ¥C-°N uniformly enriched mutant F103A-KcsA were prepared by overexpression in
Escherichia coli JM83 cells in M9 minimum media using a tetracycline regulated expression vector

pask90, as described previously.3°‘31

The KcsA-F103A mutant was prepared using a QuikChange
Lighting Site-Directed Mutagenesis kit (Agilent Technologies) and verified by gene sequencing
(Genewiz). F103A-KcsA is less stable as a tetramer compared to WT-KcsA-KcsA, as indicated by SDS

gels, but stay as tetramer revealed by size-exclusion chromatography. The reconstitution protocol and
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dialysis protocol for preparing samples for specific potassium ion concentration and pH are the same as

indicated in the last chapter.

Electrophysiology F103A and WT KcsA purified protein was reconstituted into liposomes (3:1
POPE/POPG) at a concentration of 1 ug per mg of lipid, and stored at —-80°C, as described previously.32
The protocol is attached in the Appendix 5. Liposomes, thawed on the day of use and sonicated briefly,
were applied to artificial lipid bilayers made of 3:1 POPE:POPG dissolved in decane at a concentration of
10mg/ml. The lipid bilayers are formed over a 100 um diameter hole in a transparency partition separating
2 aqueous chambers in a horizontal lipid bilayer setup, as described.* The trans recording chamber
contained a buffer solution with 10 mM succinate, pH 4.0, 100 mM KCI, and the cis chamber (where
liposomes are applied) contained a buffer solution with 10 mM HEPES, pH 7.0, 100 mM KCI. Current
traces were recorded under voltage-clamp at +100 mV with an Axopatch 200B amplifier (Molecular

devices), sampled at 20 kHz.

NMR measurements The NMR measurement is the same as we did in the chapter I, which is not further
discussed here. For the various temperature experiments, we waited around 20mins for the sample
temperature to reach equilibrium with the set VT temperature. The real sample temperatures were

adjusted by methanol proton NMR calibration.®
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Chapter V: Coupled Clusters of Allostery Participants: Identification
by Chemical Shift

Portions of this chapter have been adapted from: Xu, Y., Zhang, D., Rogwaski, R., Nimigean, C. M.,

McDermott, A. E. Coupled Clusters of Allostery Participants: Identification by Chemical Shift. Submitted.
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5.1 Abstract

Allosteric coupling underlies most cell signaling processes, and allosteric interactions represent an
exciting avenue for development of new diagnostics and therapeutics. Nevertheless, a general method for
identifying allosteric mechanisms has been elusive, and it remains difficult to predict the involvement of
specific residues due to the complexity of long-range phenomena. Here we introduce a new NMR method
to identify residues involved in allosteric coupling between two ligands binding sites in a protein: Chemical
shift detection of Allostery Participants (CAP). Functional networks responding to each ligand are defined
through correlated NMR perturbations. In addition, allostery participants, residues that play a role in the
coupling between the binding sites, are identified. Such residues show responses to both binding events,
although one or both events is distal, and therefore exhibit multiple functional states with distinct chemical
shifts. We use the NMR shift responses to identify sites that depend on both binding events and are thus
viewed as candidates for transmitting information between functional units. This strategy was applied to
the prototypical ion channel, KcsA, analyzing proton and potassium binding networks and residues critical
for their mutual coupling. The vital role of one such identified amino acid was validated through site-
specific mutagenesis, electrophysiology functional studies, and with NMR-detected thermodynamic
analysis of allosteric coupling. This strategy for identifying allostery participants is likely to have

applications for many other systems.
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5.2 Introduction

Allostery refers to changes in a protein due to perturbations at a remote site, including structural or
dynamic alterations.’ Frequently the change is elicited by binding of a ligand, and is manifest in terms of a
consequent change in the affinity of another ligand binding to a different region of the protein. Allostery is
a ubiquitous and efficient mechanism for communication in biology. In examples as diverse as enzyme
regulationz, transmembrane cell signalling3, and gene expression regulation4, the binding of one ligand to
a protein changes the affinity of other ligands binding at separate binding sites, and controls
“‘downstream” events.

Many experimental studies have focused on elucidating the molecular mechanism by which the
perturbation is propagated within or between the functional units>®, for example by identifying changes in
the close contacts between specific residues that are responsible for allostery. It has been emphasized
that there may not be a single set of conformational changes that is crucial for the coupling network;
rather, ligand binding may cause numerous changes in the protein's conformational and dynamic
ensemble which result in changes in thermodynamics and affinity at distant sites.”® Nevertheless, in most
allosteric systems there are key residues whose participation is important to the underlying mechanism; in
some cases these sites have particular medical relevance.’ Identifying these key residues, which can be
quite distant from either of the binding sites, is of great interest for a mechanistic understanding of
allostery, protein engineering and drug design. In combination with experimental strategies,
computational methods such as molecular dynamics simulations to identify the correlation motions of
residues can further clarify the atomistic mechanism by which these residues participate in aIIosterys’m’”.

A number of methods show promise for identifying the key residues involved in allostery. For
example, sequence analysis can identify evolutionary residues pairs as allostery candidates.” Another
approach makes use of graph theory to calculate the optimal residue connections for the allosteric
network.”” A new algorithm called contact networks through alternate conformation transitions
(CONTACT) used experimental X-ray data to identify contact networks of conformationally heterogenous
residues in dihydrofolate reductase and proline isomerase cyclophilin A."™ Double-mutation cycle methods

15,16

aim to identify the cooperative residue pairs. These experiments provide powerful insights, but (even
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despite the ease of mutagenesis nowadays) these approaches can be challenging and time intensive.
Overall, both theoretical and experimental identification of pathway residues remains challenging.

NMR has proven to be a particularly powerful tool for the analysis of allostery. The study of
protein dynamics via NMR provides a unique tool to characterize entropy driven allostery, dissecting the

7,17-25

contribution of dynamics to the coupling energy. NMR titration studies can quantitatively measure

the energetics of the allosteric transition.”*%

Moreover, analysis of chemical shift perturbations in various
states of the protein provides a global snapshot of the various residues affected by a given perturbation,
presumably reporting on the allosteric nature of the transition. However, chemical shifts are sensitive to a
variety of effects, so methods are needed to dissect those resides whose chemical shift perturbation is
specifically due to allosteric coupling. Melacini et al advanced previous chemical shift analysis by
introducing CHEmical Shift Covariance Analysis (CHESCA), which combines Singular Value
Decomposition (SVD) and hierarchical analysis to identify allosterically coupled residues.”? CHESCA
specifically highlights long-range effects of ligand binding that are similar for a large number of ligands.
Residues were clustered based on the covariance of chemical shift changes, invoking the assumption
that residues belonging to the same functional unit show correlated behavior in terms of NMR shifts.

We demonstrate here a method based on NMR shifts to identify players in allostery for systems
with two ligand-binding events, which we call Chemical shift detection of Allostery Participants (CAP). We
hypothesize that if a residue contributes to allostery, the local environment is strongly dependent on both
binding events, and therefore its NMR resonance frequency will depend on the combination of ligands
present, exhibiting three or four distinct local environments as the two ligands are varied in an appropriate
range (when the kinetics of the system are in slow exchange). Established NMR methods can be used to
identify residues directly involved in binding of a ligand and those that are coupled to the binding of a

30-32

specific binding even if they are quite distant . Many prior NMR studies of allostery explore the

complex set of long-range effects from single ligand binding sites.” 3%

A residue might serve as a simple
reporter, showing two possible environments, depending on occupation of one of the binding sites but
being independent of occupation of the other. We consider here a system where two separate ligand-

binding events can be observed, and could be allosterically coupled. In this case, residues can be divided

into four groups (see Figure 5.1a): Sites that respond to binding of the first ligand, which form a network



125

including sites distant from the actual ligand binding site (I); analogously, sites that respond to the binding
of the second ligand (ll); sites that are not sensitive to either ligand binding event (lll); and sites that are
responsive to the combination of occupation of the two ligand binding sites (IV). The latter are considered
to be energetically coupled to both binding events and are strong candidates for playing key roles in
mediating the allosteric coupling between the two sites, making them critical to function. We name them
‘Allostery Participants’. In a strongly allosteric protein, a handful of residues are expected to show
“multistate” behavior (three or more possible chemical shifts) depending on the combination of binding of
ligands.

We demonstrate these methods on the ion channel KcsA reconstituted in liposomes. KcsA is a
64kD tetrameric pH-gated bacterial potassium channel (Figure 5.1¢,d). KcsA channels, once activated by
very low pH, exhibit inactivation, a process where ion channel activity decreases even if the activation

35-42

stimulus (in this case exposure to low pH) persists. Inactivation in KcsA has properties similar to the

35,43

C-type inactivation described in Shaker channels™ . Inactivation is common in many potassium

channels and it has consequences for channel open times and for refractory periods in action potentials,44
including channels control of heartbeat.**™’

Many functional and structural studies indicated that the allosteric coupling between the proton
binding sites (termed the activation gate or pH sensor) and the potassium binding sites underlies

inactivation®°:38394142

.(Figure 5.1c) We recently characterized this allosteric system by solid state nuclear
magnetic resonance (SSNMR) and found that protonation of the intracellular pH-sensor (which opens the
intracellular activation gate) allosterically reduces the K™ affinity by more than three orders of magnitude
at the selectivity filter, which we hypothesized to be the basis for inactivation.”® Previous NMR studies
have shown that the pKas of the proton binding residues are also dependent on the conformations of the

38,39

selectivity filter. Crystal structures of KcsA channel constructs with open intracellular gates also show

a correlation between the extent of opening at the pH gate and both ion occupancy and structural

4849 NMR data further indicate that the inactivation-induced release of K+

changes at the selective filter.
ions from the KcsA selectivity filter is in slow exchange on the NMR timescale,” namely the conformation
changes associated with binding or release of K* and H" have rate constants slower than the difference in

NMR resonance frequencies (slower than a few milliseconds).
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Figure 5.1. The rationale of applying CAP analysis to KcsA. (a) In an allosteric protein with two ligand
binding sites, we categorize the residues into the following groups: networks of residues sensitive to
binding each ligand (Group | for ligand A and Group Il for ligand B), spectator residues that are not
sensitive to either ligand binding (Group Ill) and residues that are sensitive to both ligands, and can report
the combination of ligands bound (Group 1V). CAP analysis is designed to experimentally cluster the NMR
preorders for a protein into these four groups. (b) A typical four-states allosteric coupling system with two
ligand binding are illustrated in the case of KcsA. P represents the apo protein, and H* and K" are the
ligands. Electrophysiological terminologies are indicated for the four conditions. The blue dash line
indicates the inactivation process, which has a rate in a range of 1071 s™"; the red dash line indicates the
recovery process, which has a rate in a range of 10102 s™. The activation is a transition from D to A,
which has a rate in a range of 10"-10% ™. 48(c) Crystal structure (PDB: 1K4C) of the model system, the

KcsA potassium channel is displayed, which, based on previous studies, we classified into potassium
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binding sites (marine), proton binding sites (orange), KcsA scaffold (light blue), and “allostery
participants”, where responses are based on the combination of ligands binding (red). (d) With CAP
analysis, we can assign individual residues or sites into groups. The results of CAP analysis are
highlighted in the crystal structure of KcsA. Residues belonging to different groups are color-coded:
Spectator (light blue); Two State pH Markers (orange); Two State K+ Binding Markers (marine); Residues
that are apparently sensitive to other aspects of the environment (green); Allosteric Participants (Red).

Residues mentioned in the paper are also highlighted.

NMR markers of binding of potassium ions and protons in KcsA were identified in our recent
studies.”® The proton and potassium binding units are remote (> 30A) and the residues involved in the
process of transmitting the information between units were not well characterized in our recent studies.
KcsA is thus an ideal model to illustrate the CAP method for studying allostery in systems of two coupled
remote binding sites. Here, we apply CAP to KcsA in liposome preparations,51 and identified residues that
are likely to play a role in allosteric coupling. We subsequently studied the effect of mutations in these
residues on function using complementary biophysical methods. Future applications to allosteric
transmembrane proteins in native-like environments, such as GPCRs or membrane transporters, are

expected to be also powerful.

5.3 Results

5.3.1 Identifying Residues That Serve as Markers

To cluster the residues of KcsA into four groups, we obtained spectra of our protein in four limiting
conditions with respect to ligand binding, using saturating conditions of ligand (the four conditions shown
in Figure 1b). Specifically, for KcsA the apo state prepared with 0.1uM K" at pH 7.5 (referred to as a
Deeply Inactivated state, I*), the K'-bound state with 50 mM K" at pH 7.5 (referred to as the resting or
Deactivated state, D), the H'-bound state with 0.5 mM K" at pH 3.5 (the Inactivated state, 1), and the
doubly ligated K” and H" bound state with 100 mM K" at pH 3.5 (the Activated state, A). The conditions for
preparing these samples were selected based on our previously measured affinity (Ky) values for K™ at pH
7.5 and pH 3.5. The chemical shift assignments for these samples were made based on Dipolar Assistant
Rotation Resonance (DARR)52 Carbon-Carbon homonuclear experiment with various mixing times and

hetronuclear Nitrogen-Carbon Double Cross polarization (SPECIFIC-CP) experiments38 (see Methods).
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The KcsA residues that respond to a single ligand are expected to exhibit two alternative
chemical shift values in slow exchange, whose intensities track the presence or binding of their
corresponding ligands. Comparing chemical shifts among this set of spectra in the four sample conditions
shows that many sites in the protein exhibit two chemical shifts whose intensities depend on a single
ligand. Many of these residues are found in the selectivity filter, which is the potassium binding site, or the
pH gate, and were used in prior work to study K" affinity (Figure 5.2). It is notable that residues quite
distant from the potassium and proton binding site sometimes exhibit two state behavior (Appendix 2,
Figure 5.1d). Some of the remote reporters that respond to potassium ion binding are located for example
behind the selectivity filter, such as E71 and D80; some are located in the outer month of the N terminal
site such as Y81, 160; other residue such as 138 is located in transmembrane helix, embedding into the
lipid bilayer. Interestingly, these residues did not show a clear physical contact network, but are spread
out all over the protein. It is worth noting that atoms within the same residue can have different chemical
shift response to torsion or steric interactions, so they do not always reflect the same trends (Appendix
2).53 We discuss details of the assignment to the two networks more below. Numerous other sites in
KcsA were observed to have chemical shifts that were invariant with respect to ligand concentrations,

confirming that the basic fold of the protein is not affected by K* or pH over a broad range (Appendix 2).

Bound State Unbound State neutral pH low pH
24 22 20 18 o 20 186 184 182 180 178 176 186 184 182 180 178 176 174
a Ep~ ==y b
28 28
¢ 32 32
30 - V7GCB ca1P 30 34 34
A
E118 CG-CD o o 36
an L, 30 36 A‘ E118CG-CD/E120CG-CD
38 £120 CG-CD 38
34 34 .
40 40
mpH 3.5,10mM K*, 20°C 15 pH 3.5, 500uM K* pH 7.5,50mM K* iK'} pH 3.5,10mM K*
m g m
pH 7.5, 50uM K* C (pp ) B pH 7.5, 0.2uM K* (pp )

Figure 5.2. Representative residues assignments for proton and potassium ion binding. In the panel a, we
showed the peaks for V76 CB-CG1, which are potassium ion binding makers. They display chemical shift
perturbation in response to ambient [K'] change. In the panel b, we showed peaks for E118/E120 CGG-
CD, which are proton ion binding makers. They display chemical shift perturbation in response to the pH

change.
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Here we explore the observation that a handful of residues exhibit multiple (more than two)
chemical shifts, whose intensities reflect the combinations of ligand occupancies (Figure 5.3a). Some of
these involve the residue's sidechain, while the backbone atoms exhibit two-state behavior. Examples
include T74 and T75, in which the CG sidechain displays three different chemical shifts (Figure 5.3b), but
the CA and CB only display two chemical shifts each (Figure 5.3a). We reason that the sidechain atoms
have more flexibility, or are in more direct contact with other residues in the networks of both binding
pockets.

Multistate behavior can manifest as a change in chemical shift, as illustrated by T74 and T75, or
can manifest as a change in dynamics, illustrated by the behavior of residue 1100 (Figure 5.3b).38
Allostery has been shown to involve changes in the dynamic behavior of various states, along with

7,22,54

structural changes for many systems. NMR is very sensitive to protein dynamics on timescales from

%% For 1100, we observed two sets of chemical shifts for the CB-CG2 correlation

picosecond to seconds.
in the Apo, Deactivated and Inactivated states; in the Activated state (protonated/K™ binding state), the
peak corresponding to 1100 is missing, suggesting a greatly reduced transverse relaxation time or
inefficient magnetization transfer due to short rotating frame relaxation or interference with dipolar
evolution. Another possibility is that the peaks can be significantly broadened and weakened due to
structural inhomogeneity of [100. In either case, it is reasonable to assume that the structure or dynamics
of 1100 in the Activated state is distinctive from the other states. These residues- namely T74 and T75, as
well as 1100, are likely involved in the allosteric coupling between the two binding sites in that the
combination of the binding of the two ligands is important rather than one ligand or the other. Importantly,
the role of 1100 in mediating the coupling has already been proposed and examined by various
methods,”” and is thought to act via contacts to F103. The sidechains of T74 and T75 are similarly

located between the proton and potassium ion binding sites, which further supports their potential roles

for connecting the two networks (Figure 5.3c).
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Figure 5.3. NMR markers are shown for various states or ligand concentrations. (a) Two typical “two-
state” NMR markers for K+ binding are illustrated, namely T74 (blue circle) and T75 (blue dash circle)
backbone CA CB correlations. (b) Two cases of multi-state “allostery participants” are shown. In the first
row, marker 100 CB-CG2 in various conditions is shown and labeled by a red dashed line circle. In low
pH and high [K'], the peak for 1100 is not detected. We surmise that this may be due to dynamics or
heterogeneous conformations. In any event, the appearance of the peak depends on the combination of
ligands present, and not specific on one or the other. In the second row, two multiple-state markers are
shown, the sidechain CG of T74 (red circle) and T75 (red dash circle), displaying three distinctive
chemical shifts for the four spectra of KcsA in various conditions. (b) The Allosteric Participants T74, T75,
1100, F103 are highlighted in a crystal structure (PDB: 1K4C), indicating the plausible locations

connecting two binding sites in KcsA.

5.3.2 Identifying Networks by Chemical Shift Correlation

We hypothesize that residues in same functional units will experience correlated population

changes as ligands are titrated. Given the strong allosteric coupling, in some regimes the binding of one
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ligand will induce binding or release of the other, leading to an apparent correlation of the two networks.
In other words, for some experimental conditions a straightforward titration of one variable (K" for
example) can lead to changes in binding in the other (H") binding site. Thus reporters from both networks
will appear although only one ligand has been added to the sample. For example, E118 and E120

change chemical shifts between the high and low potassium spectra at neutral pH;38'39

however, they are
known to be the proton binding markers.”® Such a correlation will occur only in a restricted concentration
regime. To separate the two events, and distinguish residues that belong to one reporter network from
those in the other network, we made use of our prior titration data to select a variety of conditions where
the binding of the ligands can be separately controlled by concentrations. For example, in KcsA, one K*
titration was done at pH3.5, where the pH sensor remains protonated throughout the K titration, allowing
us to uniquely identify K* binding markers. Titrations did at pH 5 or 7.5 reflect simultaneous changes in
both pockets, preventing us from unambiguously distinguishing the network of K* markers from H*
markers. We have limited data at pH 9 where the pH sensor is expected to be deprotonated throughout
the K" titration.

Titrations were detected using Carbon-Carbon 2D spectra of KcsA, in which the populations for
various states can be monitored at a large number of sites by integrating the corresponding peaks since
the exchange process is slow (consistent with the millisecond to second time scale of the inactivation and

recovery process as measured by electrophysiology"&59

and the exchange rate estimated by NMR as
<500 /328). The assignments of the residues were verified by other 2D or 3D homo- or hetero- nuclear
correlation. Various residues show different magnitudes of chemical shift change in term of ppm (0.5 -
2ppm) that are useful in this analysis and are enumerated in Appendix 2.

As demonstrated by previous NMR studies,?*%

correlation analysis is a useful tool to evaluate
the relationship between two residues. Here we monitored the population shifts of individual sites as we
titrated ligands through the system and then evaluated the Pearson correlation efficient for residue pairs

(as discussed further in the Methods section):

E(XY) — E(X)E(Y) (5.1)

C X,Y) =
oy VEX?) — (EX)*E(Y?) — (E(Y))?
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, where X, Y represents an array of population percentage of bound state (peaks dominate in high [K+]
condition) in a series of titration points of the two residues for correlation analysis. From the coefficients,
we conducted the covariance matrix of population changes in response to the ligands (Figure 5.4a-d).

Our results show that numerous residues are highly correlated: at pH 7.5, we observed a global
network, which includes residues in the potassium binding sites such at V76, T75, T74 and flanking
residues like 160, E71, D80, L81, Y82 and proton binding residues E118/120. (Figure 5.4a, 5.4b) As
mentioned above, near these conditions a coupled binding event occurs. By contrast, the decoupled
transition at pH 3.5 involves only potassium binding. Many residues exhibit correlated shifts and serve as
potassium-binding markers, including residues in the binding site and quite distal residues. (Figure 5.4c)
The proton-binding residues E118 remain protonated throughout the titration at pH 3.5 as is indicated by
the NMR spectra. (Figure 5.4c, 5.4d) By comparison with the globally coupled network identified at pH7.5,
we identified the residues belonging to the proton binding functionality.

We also identified 138 and E51 as residues that show chemical shift changes but the population
changes do not show a strong covariance with other two state marker sites in response to [K'] change.
(Figure 5.4a, 5.4c) The chemical shift change is more likely to be caused by other environmental factors,

which have not been clarified here.
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Figure 5.4. Chemical shift correlation analysis reveals that residues in KcsA are clustered into networks
for K and proton binding. The covariance of population change of the two state residues (as [K+] is
changed) is illustrated in correlation analysis results displayed as a heat map for pH 7.5 (a) and pH 3.5
(c). As an illustration of the correlation, a cross section at V76 is expanded to show chemical shift
correlation analysis for V76 vs. other residues at both neutral (diamond, b) and acidic pH (rectangle, d). A
network of potassium binding sites is revealed at pH 3.5 (a condition where potassium binding is
decoupled from proton binding in the titration). The network is dispersed throughout the protein and
includes 160, E71, T74, T75, V76, D80, L81, Y82, and A92. The correlation network at pH7.5 also
includes E118 because at this pH potassium binding is coupled to proton binding in the titration. E118
shows a negative correlation at neutral pH, due to allosteric coupling, indicating that E118 is a protonation

marker for the activation gate. For 138 and E51, we observe very low or no correlation to other residues
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such as V76 at both pHs, indicating that the observed chemical shift changes for these residues are likely

to be unrelated to these ligands. (For additional correlation plots see Appendix 6)

5.3.3 Functional Tests of Putative Allostery Participants Identified by CAP

We next identified the “allostery participants” sites where the chemical shift serves as a marker for the
combination of binding states. Such sites exhibit more than two chemical shifts for four distinct
combinations of “gates” or binding states. We propose that they are potentially involved in energetic
coupling between the two binding sites. We sought corroborative evidences for the role of putative
residues identified through their NMR shift behaviors. We examine the functional behavior of site-specific
mutations involving the putative coupling participants, and compared with wild type. 1100 and F103 have
previously been suggested as possibly important allosteric coupling residues (Figure 5.1c).35’57
Mutagenesis, molecular simulation and our recent NMR study have provided strong evidence for the
participation of F103 and 1100.%5%

T74 is another possible important allostry participant in allosteric coupling, as suggested by this
CAP analysis (Figure 5.3a); it has been previously suspected to interact with F103, [100 during

inactivation,“g'57

but without direct evidence. Its involvement is also difficult to detect simply by comparing
crystal structures of various states (Figure 5.5). The observation of “multistate behavior” of the NMR
peaks for T74 CG sidechain, and its sensitivity to the combination of binding states, led us to propose that
the sidechain of T74 is important for propagating allostery. To test this hypothesis, we mutated T74 to a
serine, to remove the CG methyl group of the threonine and characterized the allosteric coupling by NMR,
namely the potassium affinity changes as a function of pH. The mutant shows great titrimetric stability and
displays high quality spectroscopic data, indicating that the mutant is well folded. (Figure 5.6) As shown in
Figure 5.7a, the affinity for K" in T74S KcsA decreased only 4 fold upon switching from pH 5 to pH 3.5
(red), while for WT KcsA the K" affinity decreased 250 folds for the same pH change (purple). Thus the
T74S mutation dramatically reduced the pH sensitivity of the K* affinity, indicating that the allosteric

coupling network is significantly reduced. This result suggests that channel opening is less coupled to

inactivation at the selectivity filter.
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Figure 5.5. We calculated the Ch1 torsion angle of T74 side chain distribution in a molecular dynamics
simulation. The details of the simulation can be found in the reference. The distribution is shown in bar
plot and fitted with the blue curve. We also calculated the Ch1 torsion angle of T74 side chain for the
crystal structures in various states. In 1K4C and 1K4D, the pH gate is closed. In the other structures
represented here, the pH gate is open to various degrees, and the inter-subunit Ca—Ca distances at
position T112 (the residue near the bundle crossing) are shown together with the PDB codes (when the
pH gate is closed, the distance is 12 A). These structures are hypothesized to represent inactivated
states. No correlation was found between the Ch1 torsion angles and the functional states. In the crystal
structure overlay, minimal differences between the T74 side chain conformations can be seen.
Therefore, the importance of the T74 sidechain is difficult to glean from crystal structures. This could be

caused by the limited resolutions of some of the structures.

To investigate the impact of the T74S mutation on channel activity, we further analyzed this
mutant using single channel recordings in lipid bilayers. As shown in Figure 5.7b-c, T74S shows long
opening and high open probability. In contrast, WT shows brief openings and a low open probability of
1.44/-1.0% (Figure 5.7b, d). The low open probability of WT-KcsA is consistent with previous

48,61

electrophysiological data and is a manifestation of activation-coupled inactivation. These results
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confirm that removing the methyl group of T74 in the T74S mutant leads to partially breaking this
communication pathway, and to an essentially inactivation-less channel variant. It is remarkable that such

a simple chemical change could lead to a large effect in thermodynamics and function.
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Figure 5.6. T74S and WT-KcsA bands on SDS page gel show that T74S and WT-KcsA are both stable
tetramers in a denaturing gel. KcsA is a 64kDa protein (as the tetramer) and the bands appear near the
level of the 70KDa marker. (b) Overlay of CC2D DARR spectra for T74S and WT shows that T74S is well
folded. The majority of the peaks in the T74S spectra do not show perturbation. The missing peak at

chemical shift (61.15, 69.78) confirms its assignment as T74 residues.
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Figure 5.7. Mutation of T74 to serine indicates that the sidechain is a crucial player for propagating
allosteric interaction and C-type inactivation. (a) This NMR titration study shows that the pH effect on the
K" affinity (i.e. coupling strength) of the T74S mutant is much weaker than that of WT. A prior titration
study on WT shows that the affinity of K* is around 250-fold weaker at pH 3.5 than that at pH 5.0. (i.e.
16uM vs. 4mM, the purple symbols in the plot, taken from reference 26). The titration study on T74S in
this study shows that the affinity for K™ is only 4-fold weaker at pH 3.5 than that at pH 5.0. (i.e. 1uM vs.
4uM, the red symbols) The extremely high affinities for K™ at both pH values leads us to suspect that
T74S is not only a coupling mutant but also an affinity mutant similar to E71A.36(b) The opening
probability of T74S and WT-KcsA are 0.89+/-0.12 and 0.014+/-0.010, respectively. The values are
mean+/- SD from 9 and 3 experiments for T74S and WT-KcsA, respectively. (c,d) Representative single
channel traces for the T74S mutant and WT-KcsA at +100 mV. The much higher open probability of T74S

than WT is interpreted to mean that the loss of a methyl group has led to failure of inactivation.

5.4 Discussion and Conclusion

We introduced a method, CAP, for analyzing an allosteric protein with two coupled ligand binding
sites. NMR chemical shift analysis was used to cluster the protein into distinct networks of reporters
(Figure 5.1a) and specifically highlight allostery participants who depend on the combinations of binding
events at the two binding sites. We used ligand concentrations as a perturbation, based on our prior

knowledge of the system, to fine tune our analysis of the clusters.
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We paid specific attention to the residues showing multistate behavior in their chemical shifts,
reasoning that these residues could be important allosteric participants. A number of the putative partners
in allosteric coupling that resulted from the studies could then be confirmed by functional analysis, giving
strong support for the power of this kind of analysis. For example the electrophysiology and NMR
characterization of T74S mutation in KcsA demonstrated the crucial role of T74 sidechain in allosteric
coupling, as predicted from the CAP analysis. The critical role of 1100 in allosteric coupling has been
confirmed by previous electrophysiology and molecular dynamic simulations,”’ providing another example
of correct prediction from this CAP analysis.

Using statistical analysis in CAP distinguishes likely function-related chemical shift perturbations
from non-specific effects, as illustrated in the case of 138 and E51 in KcsA. It further clusters the residual
sites into groups according to function. For example, E71 in KcsA is located behind the selective filter and
it was proposed to be critical for C-type inactivation. It was hypothesized that E71 becomes protonated at
low pH, breaks the E71-D80 hydrogen-bonding network, which causes inactivation. Instead, here we
show that E71 is only a potassium binding marker, which is consistent with previous results showing that
this residue remains protonated throughout the entire pH range.62

We propose that CAP type analysis may have broader utility for studying allostery in other
systems, where the detailed experiments can be modified based on systems. We provide an
experimental workflow for carrying out CAP (Figure 5.8). The time scale of protein activities has a
fundamental influence on the NMR spectra and the details of utility of this approach. In KcsA, the
conversion between states is slow in comparison to difference in chemical shift; therefore we can observe
individual peaks for each conformation and calculate their populations. For cases where the motion is in
fast exchange, and a single averaged peaks is observed, a modified analysis may be required, and
development of experiments and analysis techniques such as relaxation dispersion experiments may
allow extraction of information on populations and chemical shift changes. Efficient assignment of
proteins in various conditions, such as strategic isotope labeling and advanced spectrometers and

methodologies will be important for future applications.
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a. Measure fingerprint spectra such as HN HSQC for solution NMR, CC DARR or CN
DCP for SSNMR in four sample conditions.
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Figure 5.8. The procedure of carrying out CAP analysis is shown. The various shapes (i.e. circle, triangle
etc) represent chemical shift peaks for different residues or sites. Particularly, in step ¢, when the titration
studies are carried out to distinguish different networks for ligand binding, we proposed two choices as
shown. In the KcsA analysis, the second choice was chosen. In different choices, the correlation plots are
different, which are shown in the first and second examples in step d. The purple star represents a two-
state marker where chemical shifts are caused by other environmental factors. Its correlation to another
two-state markers is displayed in the forth example in d. This procedure provides an overall guidance for

how to implement CAP analysis, however modifications can be made based on the studied systems.

CAP can be compared to a number of other methods for analyzing allosteric couplings. For
example, using a method mentioned above, CHESCA, residues can be clustered into groups for ligand
binding and allostery based on their chemical shift change (essentially population change) in response to

2383 A somewhat similar analysis was obtained for a barrel enzyme by

a library of agonist and antagonist.
introducing Ala-to-Gly mutations at various sites and clustering the results based on responses to the
mutations.®* In another study of an allosteric system, mutations were specifically introduced at the
catalytic site, which causing chemical shift change at the hidden allosteric sites due to the reciprocal
interactions between an allosteric site and its coupled orthosteric site.®® We add to these prior analyses
the emphasis on correlated or joint responses to two different binding sites, and the multiple
environments that result, which connect NMR analysis to one of the essential energetic and functional
features of allostery. We expect that multiple NMR lines from allostry participants will likely be observed in
many other systems. One recent example has been observed in GTPase atlastin: residue F151 displays
multiple conformation states in the crystal structures collected in various states and is reasoned to be the
connecting residue between the active and the nucleotide binding sites.®® Such a “multiple-states”
behavior takes advantage of the inherent plasticity of proteins in their response to multiple external
stressors. Clearly not every allosteric participant will be detected in an analysis like CAP, but we propose
that this analysis could produce a useful set of hypotheses for functional testing.

Although allostery in KcsA has been studied in the past, this method has added to the description
of the coupling. An activation-coupled inactivation explanation for the functional behavior of KcsA has

recently gained significant support from numerous biophysical studies Here CAP analysis allowed us to

cluster residues into groups, to obtain a better understanding of molecular underpinnings of the coupling
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(Figure 5.1d). Remarkably, we observed a high overlap between the residues identified as energetically
or structurally connected to both binding events, and those residues whose mutants show functional
changes in allosteric coupling strength, demonstrating the power of CAP analysis as a tool for detecting

allosteric participants.

5.5 Materials and Methods:

Protein sample preparation:KcsA protein expression and purification protocols, and reconstitution into
bilayers (DOPE:DOPS=9:1) for NMR are as described in previous references.® To adjust pH and [K'],
the proteoliposomes were first dialyzed against pH 7.5 buffer with appropriate [K'] (2-3 changes), then
further dialyzed at 4°C against 10 mM sodium citrate buffer at pH 3.5 with the appropriate [K"] until the pH
reached equilibrium, typically 5 hours. The pH of the supernatant was confirmed to be within 0.1 unit of
the desired value. For all dialysis buffers, the total ion concentration ([K'] +[Na‘]) was maintained at
50mM, except the 80 mM [K+] sample at pH3.5. The samples were centrifuged to form hydrated pellets
and packed in 3.2 mm Bruker rotors for NMR experiments after 3 rounds of free-thaw cycles to remove
extra buffer solution.

The plasmid for the T74S mutant was made using gene synthesis and its sequence was verified
by Genewiz. On Coomassie-stained SDS gels, the mutant shows a similar band with WT-KcsA around 70

kDa (Figures 5.6), which indicates the mutant maintains the characteristic tetrameric structure.

NMR experiments Approximately 10mg 3C-°N KcsA samples were used for each NMR experiment.
NMR spectra were collected on a Bruker 750MHz or 600MHz spectrometer and spinning rates of 12kHz
or 14kHz were applied to avoid sidebands overlap with regions of interest. For protein assignment,
Dipolar Assistant Recoupling Resonance (DARR) with various mixing times (15ms, 50ms, 100ms, and
200ms) and NCOCX, NCACX, DREAM® were applied. Typical 90 pulse lengths are ~2.5 us for proton,
~5 us for carbon and ~8 us for nitrogen. We used 95-100 kHz decoupling using TPPM® in proton channel
during acquisition. For titration curves, DARR (15ms mixing time) was used, with a calibrated sample
temperature at 0 £ 2°C. Carbon chemical shifts were referenced externally to the downfield Adamantane

line at 40.48 ppm and nitrogen chemical shift are referenced accordingly by calculation. The spectra were
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processed in NMRpipe with -30 Hz Lorentzian and 90 Hz Gaussian apodization; Sparky69 was used for

spectral visualization and integration of cross peaks.

Electrophysiology T74S and WT KcsA purified protein was reconstituted into liposomes (3:1
POPE/POPG) at a concentration of 1 ug per mg of lipid, and stored at -80°C, as described previously.34
Liposomes, thawed on the day of use and sonicated briefly, were applied to artificial lipid bilayers made of
3:1 POPE: POPG dissolved in decane at a concentration of 10mg/ml. The lipid bilayers are formed over a
100 um diameter hole in a transparency partition separating 2 aqueous chambers in a horizontal lipid
bilayer setup, as described®. The trans recording chamber contained a buffer solution with 10 mM
succinate, pH 4.0, 100 mM KCI, and the cis chamber (where liposomes are applied) contained a buffer
solution with 10 mM HEPES, pH 7.0, 100 mM KCI. Current traces were recorded under voltage-clamp at
+100 mV with an Axopatch 200B amplifier (Molecular devices), sampled at 20 kHz. The data were further
filtered offline at 2 kHz processed and analyzed using Clampex and Clampfit v10 (Molecular Devices).
Single-channel current amplitudes were measured by hand from recordings lasting longer than 15
seconds, and open probabilities (NPo) were determined from 9 traces for T74S mutant and 3 traces for
WT-KcsA with the Single-Channel Search module from Clampfit. Single-channel open probabilities (Po)
for T74S mutant were then determined by dividing the NPo to the total number of channels. For WT-
KcsA, due to the low opening probability, the total number of channels is difficult to determine; therefore,

only the NPo is reported in the manuscript.

Data processing The normalized population ratios were used for potassium affinity measurement and
correlation analysis. The Ky values were measured in Igor Pro (WaveMetrics) by fitting to the titration

k"
K" +Kq

curve using the following equation: 6 = , 0 is the normalized bound state population ratio and the

Hill coefficient n is fixed to be 1. Pearson correlations analysis was calculated in Mathematica (Wolfram)

E(XY)—-E(X)E(Y)
VEX2)-EX))Z/EX?)-(EX)?’

using the following formula: Conv(X,Y) = X, Y is the bound state population

percentages for two different residues or protonation percentage for E118 /E120 residue; E in the

equation represents the expectation value. The values are used to plot the heat map covariance plot in
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Figure 2. The linear fitting is done in Igor Pro (WaveMetrics). The error reported in the paper mainly
comes from the fitting as well as the population integration and averaging between several marker peaks.

The crystal structures presented in the paper were prepared with Pymol (Schrodinger).
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Chapter VI

Multinuclear SSNMR Characterization of Inorganic Superatoms
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6.1 Abstract

CoeSeg(PEt3)s “superatom” clusters show promise as single molecule magnets.1'2 The magnetic
properties can be tuned by means of choice of ligand, oxidation state and temperature, and show distinct
behavior compared to either single atoms or bulk materials. Moreover, the “superatom” can serve as a
building block to synthesize novel hierarchical solids with distinctive properties.3’4. Details of the
molecular structure, dynamics and especially electron spin state and distribution of these superatoms
remain of interest. We characterized three examples of these clusters using Solid State Nuclear Magnetic
Resonance (SSNMR), which provides a unique and sensitive probe of electronic environment. Here we
use chemical shifts of the *>Co nuclei in the neutral and oxidized clusters and *'P atoms in the associated

ligands to probe oxidation state and magnetic susceptibility.
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6.2. Introduction

6.2.1 Introduction to superatoms

Metal clusters have attracted tremendous attention in recent years due to their special size,
electronic, magnetic and thermodynamic properties, which are distinct from those found in either atoms or
the bulk materials.”™ Many efforts have been made to combine different clusters as superatoms to build
molecular cluster compounds, which display new and interesting properties and can be potentially applied
for building electronics, energy storage devices, and other novel materials.>” The use of clusters as
superatoms is inspired by the concept that the clusters can behave as individual atoms and thus mimic
the chemistry typically exhibited by single elements.’ One of the main advantages over conventional bulk
materials is the tunabliity of the chemical and physical properties of these building blocks, which allows
for fine tuning the properties of new materials.”"°

Recently Roy and others have successfully synthesized a series of molecular cluster compounds.
These cluster compounds are the structural analogues of traditional binary ionic compounds, such as
NaCl, CsCl. In these materials, metal chalcogenide clusters, composed of an inorganic core and a
passivating ligand shell, assemble with other clusters, such as FegO4pz12Cls (pz = pyrazolate, C3HzN;™)
and fullerenes to form cluster compounds through charge transfer or designed molecular recognition.7
Importantly, unlike traditional atomic solids, where the atoms (or ions) are spherical and chemically
immutable, superatoms can be flexibly modified with different ligands to tune the crystal packing within
the molecular cluster compound. o1

These superatoms and their cluster compounds have been identified with many intriguing
properties. For example, they studied the electrical resistivity of various cluster compounds, such as
[CreTeg (PEt3)el[Ceol2 , [COsSes(PEt3)e][Ceol. @as a function of temperature.3 The electric conductivity
properties can be tuned by inserting redoxactive molecules into the lattices to change the carrier
density.12 Single molecule junction measurement on the CogSes superatom showed that the conductivity
of the cluster is dependent on the charge state of the cluster, which can be controlled by the external

voltage, making it a potential material for preparing transistors." They also discovered that the cluster

compounds potentially have unique thermal transport behavior due to the complex vibrational landscape
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caused by the diverse inter- and intra- superatom interaction.” The atomically precise hierarchical
structure of inorganic molecular clusters, which could potentially tune the interaction between the large
magnetic moments possessed by the superatoms, produces long-range cooperative magnetic
properties.7‘15 As shown in the case of [NigTeg(PEt;3)s]-[Cso], superconducting quantum interference device
(SQUID) magnetometry showed the magnetic motifs of the NigTes cores spontaneously couple and
stabilize a ferromagnetic ground state at a temperature around 4K

Even though great success has been achieved from a material-synthesis perspectives, there is
need for more tools to fully characterize of these superatoms and probe the structure, dynamics, and
functions. Single crystal X-ray diffraction (SCXRD) has been the routine technique to provide structural
information on those superatoms and the cluster compounds. Even though information on atomic
electron environment can be estimated from the measured bond length and angle, the information is
generally averaged due to sample rotation and is limited by the resolution of the crystals. The details of
the structural, dynamic (in terms of ligand mobility), and electronic makeup of the superatoms is crucial
for characterizing and predicting the behavior of these superatoms and molecular cluster compounds.
Specifically, the surface ligands have been shown to be of great importance to the stability of the clusters,
and also an integral part for electronic properties.16 The ligands are also the key to “tuning” the clusters;

the study of ligands is critical to the success to build new and functional cluster compounds.7’g'15’16 Th

e
relationship between ligand properties and functional properties of the cluster compounds is poorly

understood. Therefore, it is necessary to develop methods to characterize these properties.

6.2.2 NMR study on materials
NMR, especially Solid State Nuclear Magnetic Resonance (SSNMR), has proven to be an

excellent tool for probing site-specific information, providing structural and dynamic information in various
systems including organic/inorganic materials, colloidal nanoparticles and metal-organic frameworks.'®#
The isotropic chemical shift, chemical shift anisotropy and gaudroplar coupling constants are very
sensitive to the local electronic environment. The dipolar coupling and the J-Coupling can be used to

generate constraints for structural determination. The relaxation rate can provide local information on

magnetic properties such as paramagnetism vs. diamagnetism as well as the local dynamics. Here we
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focused our study on a series of CogSeg(PEt;)s clusters and mixtures with Cgo to demonstrate application
of SSNMR study to superatoms and their cluster compounds, with the assistance from software to

simulate NMR spectra and theoretical calculations.

6.3 Results and Discussions

6.3.1 NMR characterization of CosSeg(PEt;)e

CoeSeg(PEt3)s “superatom” clusters (Figure 6.1a) were characterized using SSNMR. The cluster
core was characterized by *Co and ""Se NMR and the surficial ligands were studied by mainly ¥p as
well as °C and 'H NMR. We have recorded *'P NMR of the neutral, +1 and +2 CogSes(PEts)s
“superatom” clusters as well as *Co NMR of the neutral cluster and used chemical shifts and relaxation
properties to probe oxidation state and magnetic susceptibility. These data in aggregate lead us to

conclude that the neutral cluster is diamagnetic, while both the +1 and +2 clusters are paramagnetic.

6.3.3.1 The neutral cluster is diamagnetic

The *'P CPMAS SSNMR spectrum of the ligands in the neutral cluster (figure 6.1b) is split into 8
J-coupled peaks due to the coupling of *'P to the **Co nucleus (a quadrupolar nucleus with spin S=7/2).23
Two different multiplets, with distinct chemical shifts and J-coupling values are detected (coupling values
of 640Hz and 702Hz). The interpretation that the splittings are due to coupling to *Co was confirmed by
performing decoupling of *Co during detection. In this experiment, the splittings were absent and two
broad peaks were observed in the Co decoupled ¥p spectrum (shown in the inset of figure1b). This
experiment confirms our interpretation of the multiplet structure as arising from coupling to *Co.

*Co WURST-QCPMG experiments24 of the neutral cluster revealed a broad *Co spectrum (ca.
10* ppm), with a number of unique spectra features (Fig. 6.1c). The spectral shape manifests features of
a quadrupolar tensor coupled to a CSA tensor. The relatively narrow lines of this spectrum, the presence
of resolved J-splittings in the ¥p spectrum, and the fact that the temperature dependence of the shift is
quite small (see Figure 6.3b) all suggest that this species is diamagnetic. We are in the process of

simulating these spectra to obtain useful constraints on the structure and electronic structure.
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Figure 6.1. SSNMR characterization of the neutral superatom. (a) Structure of the superatom cluster. (b)
'H-¥P CP spectrum of *Pin the phosphiene ligands of the neutral superatom cluster. The spectrum was
taken at room temperature at 8 kHz MAS spinning. (c) WURST-QCPMG spectrum of **Co nucleus of the

neutral superatom cluster. The spectrum was taken at a static condition with 80 kHz proton decoupling.

6.3.3.2 The +1 and +2 clusters are paramagnetic

We next investigated the +1 charged cluster prepared by stoichiometric oxidation. This species is
hypothesized to share a common structure with the neutral species. The P NMR spectrum of +1
charged cluster displays an upfield chemical shift at approximately -400 ppm compared to the neutral
cluster. (Figure 6.2) These large shifts, the broad linewidths, and short T, values (<0.3 s) all suggest that
the +1 cluster is paramagnetic. The T, time is the required time for a nucleus to recover to its equilibrium

state for the next excitation; in the paramagnetic sample, due to the paramagnetic effect on nuclear spin
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relaxation, the T, time is significantly shorter compared to diamagnetic samples (usually in seconds or
minutes).

We further investigated the +2 charge cluster, which is also prepared by stoichiometric oxidation
and also hypothesized to share a common structure motif with the neutral species. The ¥P of the +2
cluster shows even more shifted chemical shifts. These large shifts, the broad linewidths, and short and

temperature dependent T1 values (<0.3 s) all suggest that the +2 cluster is also paramagnetic.

Neutral CoSe cluster,
Temp. 20C, 8kHz MAS

+1 charged CoSe cluster,
Temp. 20C, 8kHz MAS

- +2 charged CoSe cluster,
Temp. 20C, 8kHz MAS
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Figure 6.2. ¥p spectra of CogSes(PEt;)s clusters with various net charges. The spectra of the +2 (violet,
right) and +1 (blue, middle) charged clusters were taken using direct excitation MAS NMR, without proton
decoupling. The spectrum of the neutral cluster (green, left) was taken using 'H to *'P cross polarization
excitation and proton decoupling during detection. All spectra were taken using magic angle spinning at a

frequency of 8 kHz, on a 400 MHz instrument.

6.3.2 Spin state determination by SQUID and temperature dependent NMR study

SQUID susceptibility measurements also indicated that the oxidized (but not the neutral) samples
are paramagnetic. The susceptibilities suggest spin states of S=0, S=1/2 and (tentatively) S=1 for the
neutral, +1 and +2 clusters, respectively. (Figure 6.3a)

In order to further investigate the spin states in these clusters, we studied the temperature
dependence of the chemical shifts of the *'P NMR lines (Figure 6.4 and Figure 6.5); linear trends are
observed as a function of inverse temperature consistent with the statement that the +1 and +2 clusters
are paramagnetic and the neutral cluster is diamagnetic. (Figure 6.3b) The detailed temperature

dependences suggest agreement with susceptibilities obtained from SQUID suggesting spin states of
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S=0, S=1/2 and (tentatively) S=1 for the neutral, +1 and +2 clusters, respectively. (Appendix 7 for spin
state calculation) These apparent spin states are not consistent with a charge and spin trapped model for

the Co ions, and suggest significant delocalization on the cluster.
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Figure 6.3. Magnetic properties probed by SQUID and temperature-dependent SSNMR studies. (a)
Through SQUID measurements, we calculated that there is zero, one and two unparied electrons in the
neutral, +1 and +2 clusters, respectively. (b) Comparison of the temperature dependences of the ¥p
chemical shifts for CogSes(PEt;)s neutral (green, top) +1 charged (blue, middle) and +2 charged (violet,
bottom) clusters. The peak of the maximum intensity in the ¥p spectra were chosen to calculate the
chemical shift change at various temperatures for all the three clusters. By contrast the neutral cluster

shows shifts that are nearly temperature independent.
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Figure 6.5. Temperature —dependent chemical shift of the +2 charged cluster.
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6.3.3 NMR characterization of a combined-cluster mixture

After we characterized the single CogSeg at various charge states, we aimed to study the cluster
in complex with the Cgq cluster, which forms a superatomic ionic compound. It is hypothesized that there
is an electron transferring between the CogSeg and the Cgy cluster in this superatomic ionic compound,
which is analogous to ionic compound NaCl.

Our first question towards this compound is what is the oxidation state of the CogSeg in the
compound. It is assumed to +1 charged as an electron is transferred to the Cg cluster. Based on our
previous results that *¥'p chemical shift of the phosphorus atom directly linked to the Co atoms is a good
indicator for cluster oxidization state, we carried out >'P direct excitation MAS experiments on the
complex. The ¥p spectrum for the complex is shown below in comparison to the previous results on the
single CogSeg at the neutral, +1 and +2 charged states. (Figure 6) It is obvious that the P chemical shift
is most similar to the +1 charged cluster, which in consistent with the hypothesis that one electron is

transferred from the CogSeg cluster to the C60 cluster.

Neutral CoSe cluster,
Temp. 20C, 8kHz MAS

+1 charged CoSe cluster,
Temp. 20C, 8kHz MAS

+2 charged CoSe cluster,
Temp. 20C, 8kHz MAS

|
Il CoSe C60 complex
Temp. -15C, 8kHz MAS

T T T T T T T T T T

-500 -700 -900 -1100 -1300-1500 -1700

31P Chemical Shift / ppm

500 300 100 ~-100 -300
Figure 6.6. SSNMR detects the of CogSeg superatom in the cluster compound. Comparison of ¥p spectra
of the CoegSeg-C60 complex to that of single clusters at various charged states indicates that the CogSeg

in the complex is in the +1 charged state.

As we showed in above, the single +1 charged cluster CogSeg cluster is paramagnetic; the ¥p
chemical shift shows temperature-dependent shift. We did the same characterization on the complex. The

result T1 measurement on the ¥P nucleus indicated that the CoeSeg is paramagnetic in the cluster
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compound, which is consistent with the broad linewidth we observed for the ¥p spectrum.(Figure 6.7) We
further characterized the temperature dependent shift for the P chemical shift to quantitatively probe the
magnetic properties of the cluster compound, which is shown in Figure 6.8. Importantly, the *¥P do show
temperature-dependent shift and the shift is quantified as shown in Figure 6.9. The slope of the chemical
shift change is similar but flatter than that of the +1 charged cluster, indicating that there is less electron
spin in the compound cluster. This result is in contract to the chemical shift change (Figure 6.6), where
¥Ip chemical shift in the compound cluster shows similar but more deshielded shift, indicating that there is
more electron density in the compound cluster. We hypothesize that such an inconsistency between the

electron density and spin density is related to the existence of Ceg
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Figure 6.7. In ¥p pulse delay experiment, the signal intensity reaches to maximum at the 0.3 second,
indicating the T4 value for the 3P nuclei is shorter than 0.3 second. This confirms that the CogSes in the
CoeSes-Cgp cluster compound is paramagnetic. The spectra were taken using magic angle spinning at a

frequency of 8 kHz, on a 400 MHz instrument.
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Figure 6.8. ¥p spectra of the CogSes-Cqo cluster compound show temperature-dependent shift. All the

spectra were taken using magic angle spinning at a frequency of 8 kHz, on a 400 MHz instrument. A
more quantitative analysis is shown in Figure 6.9.
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Figure 6.9 Comparison of the temperature dependences of the 3P chemical shifts for CoeSeg(PEt3)s Coo

culster compound(red) to that of neutral (green) +1 charged (blue) and +2 charged (violet) clusters.

Ceo, as the electron acceptor, is assumed to be in the -1 charged state and also paramagnetic. We
conducted the direct excitation experiment on 3¢ with proton decoupling to probe the Cgp. (Figure 6.10)
There peaks are observed in the spectrum; two of them are dominant and the other peak is minor and
assigned the ethyl ligand. Based on literatures, the chemical shift near 150 ppm is assigned the carbon
on the neutral Cgp and peak width is around 17Hz. The peak around 180ppm is tentatively also assigned
to Cso, Which shows chemical shift change due to the electron transferring from the CogSeg cluster.®®
Integration of these two peaks indicate that the population ratio between the neutral and reduced form is
close to 2:1.

The narrow lineshape in the c spectra leads us to suspect that the Cgg is not paramagnetic. We
estimated the T, value by the pulse-delay measurement and the results show that the 3C nuclei in C60
at both sites have a quite long T, (> 3s).(Figure 6.11) Previous T4 measurement results on the Cgo
polycrystalline indicate that the T4 value is close to 40s at around room temperature.26 Due to the lack of

data points, the estimated T, value cannot be compared with confidence. Therefore, we further studied
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temperature dependence of the 3C chemical shift. (Figure 6.12); the results show that the chemical shifts
do not display temperature dependence. It is known that Cgo tumbles extremely fast in the complex due to
its isotropic feature. We hypothesized that the NMR behavior of the Cgy, i.e. the T4 and apparent T, may
be complicated by the fast dynamics and the presence of an free electron or electron spin is not
determined. Interestingly, we do not observe chemical shift change for the 3C in the ethyl ligand, which

connects to the *'P atom.
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Figure 6.10. *c spectrum for the Cg in the CogSes-Cgo complex is displayed. There are two major peaks.
The peak at around 150ppm is assigned to Cgp, based on previous literature. The linewidth for this peak is
17Hz, indicating that the coherence time is long due to the fast tumbling of the Cgy cluster. The peak
around 180ppm is tentatively also assigned to Cgy, which shows chemical shift change due to the electron

transferring from the CogSeg cluster.
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Figure 6.11. c pulse delay experiment results are shown for the site | and site Il peaks in the 3¢
spectrum. Based on the signal intensity, the 3C at site | has a relatively short T4, but 3C at both sites

have a T, value over 3 second.
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Figure 6.12. 3c peaks of the carbon in the Cgy and in the ligand of the CogSeg cluster do not show a

temperature dependent shift.
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6.4 Experiments

SSNMR measurement

NMR experiments were performed on a Varian Infinityplus NMR console with an Oxford 9.4 T narrow
bore magnet using HXY APEX probe. The resonance frequency (v0) for ¥p is 160.64 MHz; ""Se is 75.65
MHz ; *Cois 94.09 MHz ; "*C is 99.78 MHz; 'H is 396.776 MHz. The typical central transition selective
90 pulse widths of ca. 2.4 us for carbon, 5.0 us for phosphorus, 3.0 us for proton were employed along
with pulse delays typically 3.0 s. Continuous wave 'H decoupling was applied for most MAS and static
experiments. For the acquisition of broad static *Co NMR spectra the WURST-QCPMG pulse sequences
were employed. 4.0 mm outer diameter ZrO2 air-tight rotors were used. The chemical shift is externally
referenced to the downfield carbon chemical shifts adamantane line at 40.48 ppm. Other nuclei are

referenced to carbon based on the gyromagnetic ratio.
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Future direction
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In the thesis, we did systemic measurements on the thermodynamics of the KcsA protein to illustrate the
important role of allosteric coupling in regulating the channel’s functions. There data provides useful
energetic information to understand the conversion between various states.

However, it is difficult to fully understand the whole mechanistic picture without incorporation of
dynamic study of the protein. One example is that in the activation-coupled inactivation hypothesis, we
prove that the opening of the pH gate is coupled to the selectivity filter; but the question like how the pH
gate is coupled to the selectivity filter is largely untouched and still puzzling, especially considering that
the timescales of these two coupled conformational changes happen in different timescales. One
hypothesis | come up to explain this difference is that the fast motions of the pH gate can gradually
cumulate and eventually convert the higher energetic barrier during the conformational change at the
selectivity filter. It can be analogous to a system with two coupling cogwheels with very different radius, in
which the fast rotation of the wheel with a small radius only cause a slow rotation of the wheel with a large
radius. Another similar hypothesis but in a less mechanic view is that opening the pH gate allows certain
probability of the structural transition from one conformation to the other conformation. Measurement on
the residual dynamics at various states will be of great importance to explore this question. One particular
interesting aspect is to find residual dynamics distribution over the allosteric coupling pathway to see if a
transition exists from fast to slow dynamics. Specific attention is needed on the allosteric participants we
have identified. This may help us get a better understanding of the functional behavior of T74S mutant:
the small methyl side chain dramatically changes the inactivation behavior. To fully explore this problem, |
expect that other biophysical methods such as molecular dynamic simulation can offer great assistance.

In this thesis, we measured the potassium affinity in term of the structural conformation change at
the selectivity filter. However, during the permeation process, when the selectivity filter is kept in a
conductive form, what are the affinities of potassium ion in each site in the selectivity filter? This question
is directly related to debate on the selectivity and the fast permeation rate in recent years. Based on
previous knock-on mechanism, the affinity needs be high. However, recent results from Crina lab cast
doubt on it, indicating that a slight loose affinity can accelerate the permeation rate. We have not acquired
any chemical shift evidence responding to solely ion binding instead of conformation change; hence we

are not able to measure the affinity directly. In the water—K -water-K* hypothesis, the lack of chemical
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shift change responding to the K* ion binding may be due to the likewise environment when a water is
bound. Or the fast dynamics of ion permeation simply average out the chemical shift difference. However,
we might be able to acquire the ion dynamics by directly observing the ions. *K NMR is not sensitive due
to the low receptivity of *¥K. Since Tl" is a good proxy for K, it is probably worthwhile doing 2057 NMR.

One question left in this thesis is that T74S and T74A both show a high potassium affinity in NMR
study; however, the electrophysiology result shows that their open probabilities are quite different. Even
though we do not know if the lower open probability in T74A mutant is caused by inactivation, it is
interesting to find out why the high affinity at the selectivity filter do not lead to high open probability. The
hydroxyl group in T or S has been shown to form hydrogen bonding with the back bond of the helix
residue. How this stability effort or other unknown effects lead to the low open probability is likely to
provide some unexplored information on the channel.

In the future study, it is of great importance to apply the knowledge we learned from KcsA to other
channels, such as potassium channel in other family, or sodium and calcium channels. The ability of NMR
to provide atomic resolution information makes it probably a great tool to identify the similarity and
difference of different channels. We will certainly encounter many challenges, such as the low protein
yield, the lower S/N and higher level of peak overlap due to the higher molecular weight. However,
development on NMR instruments such as DNP and fast spinning probe may provide us an opportunity to

extend more difficult systems.
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1.SIMPSON CSA and dipolar interaction simulation files

1. CSA_Static spectrum simulation
spinsys {

channels 13C

nuclei 13C

shift 1 180.6p -90p 0.64 000

}

par {

variable index 6
crystal_file repulsion16000
proton_frequency 400e6
method direct
gamma_angles 1
spin_rate 0
start_operator 11x
detect_operator I1p

np 2048

sw 1e5
verbose 1101
variable tsw  1e6/sw

}

proc pulseq {} {
global par

delay $par(tsw)
store 1

reset

acq $par(np) 1

proc main {} {
global par
set f [fsimpson]
faddlb $f 500 0
fsave $f $par(name),$par(index).fid
fzerofill $f 4096
fft $f
fsave $f $par(name),$par(index).spe

2. CSA MAS spectrum simulation
spinsys {

channels 13C

nuclei 13C

shift 1 180.6p -90p 0.64 000

}

par {

spin_rate 10000
variable index 4

np 2048
proton_frequency 400e6
start_operator 11x
detect_operator I1p
method direct
crystal_file rep2000
gamma_angles 8
sw 20000
variable tsw  1e6/sw
verbose 1101

}

proc pulseq {} {
global par

acq
for {set i 1} {$i < $par(np)} {incr i} {
delay $par(tsw)
acq
}
}

proc main {} {
global par

set f [fsimpson]

faddlb $f 30 0

fsave $f $par(name),$par(index).fid
fzerofill $f 8192

fft $f

fsave $f $par(name),$par(index).spe
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3. Dipolar interaction static spectrum simulation

spinsys {
channels 13C 1H
nuclei 13C 1H
shift 1 50p0p 0000
shift27.0p0p 0000
dipole 12-20000000

}

par {

variable index 6
crystal_file repulsion16000
proton_frequency 400e6
method direct
gamma_angles 1
spin_rate 0
start_operator 11x
detect_operator I1p

np 2048

sw 1e5
verbose 1101
variable tsw  1e6/sw

}

proc pulseq {} {
global par

delay $par(tsw)
store 1

reset

acq $par(np) 1

proc main {} {
global par
set f [fsimpson]
faddlb $f 500 0
fsave $f $par(name),$par(index).fid
fzerofill $f 4096
fft $f
fsave $f $par(name),$par(index).spe

4. Dipolar interaction MAS spectrum simulation

spinsys {
channels 13C 1H
nuclei 13C 1H
shift 1 50p0p 0000
shift27.0p0p 0000
dipole 12-20000000

}

par {
spin_rate 20000
variable index 6

np 2048
proton_frequency 400e6
start_operator 11x
detect_operator I1p
method direct
crystal_file rep2000
gamma_angles 8

sw 100000
variable tsw  1e6/sw
verbose 1101

}

proc pulseq {} {
global par

acq
for {set i 1} {$i < $par(np)} {incr i} {
delay $par(tsw)
acq
}
}

proc main {} {
global par

set f [fsimpson]

faddlb $f 30 0

fsave $f $par(name),$par(index).fid
fzerofill $f 8192

fft $f

fsave $f $par(name),$par(index).spe
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2. Chemical shift for KcsA in various states

Chemical shifts of selected marker peaks and reference peaks at various [K'] and
pH. L-H-L-K represents low pH/ low [K']; H-H-L-K represents High pH/ Low [K']; L-
H-H-K represents Low pH/ High [K']; H-H-H-K represents High pH/High [K™].

Residue Conditions CA CB CG/CG1 CG2 CD CcoO
A32 L-H-L-K
T™1, H-H-L-K 5553 16.37 - - -
Helix L-H-H-K 5549 16.45 - - -
H-H-H-K 55.48 16.43 - - - 177.8
L-H-L-K 66.68 37.71 29.76 1747 1444 -
138 H-H-L-K 66.68 37.69 29.68 17.4 14.23
T™M1, L-H-H-K 66.32 37.55 29.38 17.31  13.78
Helix H-H-H-K 66.44 37.81 29.49 17.26  13.94
L-H-L-K 57.85 31.82 386 - 183.7
E51 H-H-L-K 57.97 31.33 38.49 - 183.9
Helix- L-H-H-K 57.85 31.82 386 - 183.7
loop H-H-H-K 57.84 3129 38.76 183.8  176.5
L-H-L-K 50.35 1822 - - - 176.4
H-H-L-K 50.48 1826 - - - -
A54 L-H-H-K 50.22 18.07 - - -
outer H-H-H-K 50.31 18.34 - ] ] ]
loop
L-H-L-K 5358 21.06 - - -
H-H-L-K - - - - - -
A57 L-H-H-K 53.26 21.38 - - -
outer H-H-H-K 53.37 2139 - ] ] ]
loop
L-H-L-K 53.33 393 2515 - -
H-H-L-K 5342 3935 25.16 - - 174.6
L59 L-H-H-K 5326 39.28 25.07 - -
outer H-H-H-K 53.33 3947 2514 - - 174.9
loop
L-H-L-K 61.82 386 2597 18.83  13.74
H-H-L-K 6159 38.64 26.04 18.49  13.82 -
160 L-H-H-K 61.81 38.76 26.05 1823  13.83 -

outer H-H-H-K 61.7 38.74 26.06 17.99 13.8 -
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loop
L-H-L-K 58.63 71.67 2259 . 173.3
T61 H-H-L-K 58.75 7173 22.54 ] 173.3
Outer L-H-H-K 58.81 72.03 22.63 . 173.5
loop H-H-H-K 58.89 71.95 2285 - 173.3
L-H-L-K 63.95 36.36 - -
Y62 H-H-L-K 64.11 36.65 - - 173.6
Outer L-H-H-K 63.98 36.56 - . .
loop H-H-H-K 63.97 3647 - 1296 -
L-H-L-K . . 32.14 180.7 -
E71 H-H-L-K . . 32.23 180.8 -
Pore L-H-H-K . . 32.61 1825 -
helix H-H-H-K 58.29 - 32.48 1825 -
Conditions  CA CB  CGICG1 CG2 CD co
Residue
L-H-L-K 61.78 7063 2025 - 1774
T74 H-H-L-K 61.64  70.48 20.8 ; ] 176.9
Selectivit L-H-H-K 61.23  69.74 21.5 - - 176.4
y filter H-H-H-K 61.15  69.78 21.51 ] ] 176.4
L-H-L-K 62.67 69.12 22.45 - - 172.4
T75 H-H-L-K 62.57  69.23 21.02 ] ] 172.3
Selectivit L-H-H-K 63.23  69.33 21.55 - - 172.6
y filter H-H-H-K 63.16  69.36 21.67 : : 172.5
L-H-L-K 65.38  30.34 2215  20.04
V76 H-H-L-K 65.25  30.24 2272  20.13 ]
Selectivit L-H-H-K 66.14  31.89 : 20.36 ;
y filter H-H-H-K 6626  31.89 ) 20.31
L-H-L-K 61.96 38.66 - - -
Y78 H-H-L-K 61.77  38.82 ; ; ; ;
Selectivit L-H-H-K 61.81  38.56 _ . : :
y filter H-H-H-K 61.66  38.48 130.5 : 117.4  178.1
L-H-L-K 5479  37.32 - - 1763  179.3
D80 H-H-L-K 5519  37.12 ] ] 176.1  179.3
Outer L-H-H-K 5557  37.37 - - 1756  179.5
loop H-H-H-K 55.64  37.39 ] : 175.7  179.4
L-H-L-K 53.6  48.44 2727  27.18 - -
L81 H-H-L-K 53.56  48.44 27.22 - - -
outer L-H-H-K 52.96  47.74 - 27.13 - -
loop H-H-H-K 53.12  47.71 27.51 27.46 : 175.7
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L-H-L-K 5547  36.24 - - - 172.5
Y82 H-H-L-K 5547  36.41 - - 172.4
Outer L-H-H-K 55.64  34.93 : : ; 172.1
loop H-H-H-K 55.54  34.88 118.3 127.4  172.0
L-H-L-K 60.82 32.77 18.23 21.36 -
V84 H-H-L-K 60.85 32.63 18.4 21.34 - -
Outer L-H-H-K 60.86  32.62 1828  21.26 - -
loop H-H-H-K 60.65  32.58 18.28 21.36 ; 176.4
T85 L-H-L-K 60.69  72.41 22.8 - - 174.7
Loop- H-H-L-K 60.79 724 22.85 : 174.5
helix TM2 L-H-H-K 60.69 7269  22.67 . : 174.8
H-H-H-K 60.69  72.51 22.84 - : 174.6
L-H-L-K 60.21  31.57 28.51 - 4517
R89 H-H-L-K - - - - -
TM2 helix L-H-H-K 60.25 3148 2863 : 45.05 :
H-H-H-K 59.42  29.84 44.24
L-H-L-K 56.25  20.07 - - -
A92 H-H-L-K 56.2 20.24 - - - -
TM2 helix L-H-H-K 56.04 20.69 - - - -
H-H-H-K 56.08  20.63 - - : -
Residue Condition CA CB CG/CG1 CG2 CD Cco
L-H-L-K 6625 37.94 30.86 16.81  13.96 181
lle100 H-H-L-K  65.96  39.63 - 1797  13.94
TM2 helix | . HK ; ; 30.58 16.72 : _
H-H-H-K  66.13  39.42 - 18.16 - -
L-H-L-K - - 34.2 177.4 -
E118/120 H-H-L-K - - 34.5 177.4 - -
pH L-H-H-K* - - 34.09/  177.6 - -
sensor 36.1 /183
H-H-H-K 59.61 29.81  36.11 183.1 - -

*Two chemical shift values indicate that two conformations appear in the same sample.
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3. Allosteric coupling and related thermodynamic parameters
We calculated the free energy for conformational transitions at neutral and acidic pH based on the
equation 1, which relates the measured affinity (Ky), to the free energy (AG) of the transition.

AG
1/Kd =K€q=exp(_ﬁ) Eq.1

The strength of the allosteric coupling is related to the difference in the relative free energy of the

transition at neutral vs. acidic pH, as described in equation 2.
AAG = AG jeutral -AG 4cigic=RTIn(Kg(neutral))- RTIn(Ky(acidic)) Eq. 2

Based on our measurements of K™ affinities of 4+1 mM for pH 7.5 and 14+1 mM at pH 3.5, and making
the simplifying assumption that the Hill coefficient is 1 for both K* and H", the AAG representing the
allosteric coupling is -19+2 kd.mol™, at a temperature T=273K, (R is the universal gas constant). This
value represents a lower bound on the allosteric coupling strength, because we assume that the binding
involves a single K™ and a single H*. The stoichiometry of the binding reaction is debated and difficult to
measure. An equation of allosteric coupling energy for n K* binding will be:

AAG = AG jeutral -AG 4cidic=NRTIn(Kg(neutral))- nRTIn(Ky(acidic)) Eq. 3
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4. Population distribution for various states at different pH and [K*]- mathematics document

(*Dual binding thermodynamics equation®)

(* P+K-->PK Kd1; PK + H--> PKH Kd2; P+ H-->PH Pka Kd2/a; PH+K-->PHK Kd12)

P = Kd1m * Kd2*n/(Kd12m* Kd2*n + Kd2*n*(10MogK)*m +  Kd12m*(10)(-pH*n) +
(10M0gK)*m*10A(-pH*n)); PK = Kd2An*(10AlogK)"  m/(Kd1Am* Kd2An + Kd2An*(10MogK)Am +
Kd12Am*(10)A(-pH*n) + (10AlogK)"m*10A(-pH*n)); PH = Kd12%  m*(10)*(-pH*n)/(Kd1Am* Kd2"n +
Kd2An*(10MogK)Am +  Kd12Am*(10)A(-pH*n) + (10MogK)*m*10A(-pH*n)); PHK = (10AlogK)*
m*10A(-pH*n)/(Kd1Am* Kd2*n + Kd2*n*(10MogK)*m +  Kd12Am*(10)*(-pH*n) + (10MlogK)*m*10A(-

pH*N)); Kd1 = 4*10A(-6); Kd12 = 14*104(-3);

P; PH; PK; PHK; P

P

Kd2"8/(62500000000 (49 2*(-4 - 8 pH) 5*(-6 - 8 pH) + 10*( 2 logK - 8 pH) + Kd2"8/62500000000 +
10”(2 logK) Kd2"8))

PH

(49 27(-4 - 8 pH) 5"(-6 - 8 pH))/( 49 2*(-4 - 8 pH) 5(-6 - 8 pH) + 10*( 2 logK - 8 pH) +
Kd278/62500000000 + 10*(2 logK) Kd2"8)

PK

(102 logK) Kd2”8)/( 49 2*(-4 - 8 pH) 5(-6 - 8 pH) + 10*( 2 logK - 8 pH) + Kd2"8/62500000000 + 10*(2
logK) Kd2"8)

PHK

10”(2 logK - 8 pH)/( 49 2*(-4 - 8 pH) 5*(-6 - 8 pH) + 10*( 2 logK - 8 pH) + Kd2"8/62500000000 + 10%(2
logK) Kd2"8)

Manipulate[ Plot3D[{Kd2"8/(62500000000 (49 2*(-4 - 8 pH) 5(-6 - 8 pH) + 10*( 2 logK - 8 pH) +
Kd278/62500000000 + 10*(2 logK) Kd2"8)), (  10(2 logK) Kd2"8)/( 49 2*(-4 - 8 pH) 5*(-6 - 8 pH) +
10”(2 logK - 8 pH) + Kd2"8/ 62500000000 + 10*(2 logK) Kd2"8), (49 2*(-4 - 8 pH) 5*(-6 - 8 pH))/(

49 27(-4 - 8 pH) 57(-6 - 8 pH) + 107(2 logK - 8 pH) + Kd2*8/ 62500000000 + 104(2 logK) Kd2"8), 107(2
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logK - 8 pH)/( 49 2*(-4 - 8 pH) 5*(-6 - 8 pH) + 10*(2 logK - 8 pH) + Kd2"8/ 62500000000 + 10*(2
logK) Kd2”8)}, {pH, 3, 10}, {logK, -9, 0}, PlotRange -> 01.0, PlotStyle -> {Red, Green, Blue, Black]},

PlotLegends -> {P, PK, PH, PHK}, AxeslLabel -> {pH, logK, Population_ratio}], {Kd2, 10A(-7), 107(-3)}]

Populat|on_rat|00.0

-0.5
-1.0

-2

-4
logK
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5. Protein reconstitution for single channel recording experiemnts

2.

Prepare lipids: POPE/POPG 3:1 (for KcsA lipid bilayers) or E.Coli lipids for fluxes or any other desired
lipids or lipid combinations. Thaw ampules or containers in the hood. After reaching RT, transfer in
glass tubes and blow the chloroform away with nitrogen by using a Pasteur pipette instead of the
needle gizmo. Rinse with 1 volume of pentane to remove all traces of chloroform (by blowing N
again). Add 1 volume of swelling buffer and sonicate. While sonicating, add CHAPS detergent
(enough powder to reach 34 mM concentration to solubilize the lipids, and leave there until no more
chunks and clear (the solution never looks clear enough). Leave the solubilized lipids at rt for 1-2

hours before adding the protein (Voodoo step).

Make the reconstitution buffer (RB) and the sephadex beads (G-50 fine on chromatography shelf)
Swelling buffer (1 liter):
~400 MM KCI oo e 29.82¢g
-10mMMHEPES...........c.oiiien 2.38¢g
-5 mM NMG (adjusts pHto 7.6) ...... 0.976 g

pH=7.6
200 uM cAMP if needed (dilute 1:500 from 100 mM stock)
Sephadex columns (6-7 columns):
- 300 ml swelling buffer
- 20 g sephadex beads
It can be prepared the night before and left on bench overnight. If the saturated sephadex is in the
fridge, allow to reach RT, degas by applying some vacuum to the flask (~ 3 min., care should be taken
not to chill the mixture too much).
After combining the desired protein concentration with the lipid, pour the saturated beads into 20 ml
columns with stopper valves, leave the liquid go through, close the valves and then pour a little more
swelling buffer on top to prevent drying out and cracking. Add slurry until the volume reaches 20 mi

(marked on col).
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The columns should be vertical, there should be no air bubbles and the beads should be permanently

wet on top.

3. Mix lipids and protein extract in an appropriate ratio for single channels or multiple channels:

500 ul lipid

2.5 (5) ug Kcsa for single channels

Let sit for 20min.
Add mixture on the column right after drying the column top. Add approximately 5 ml swelling buffer
(1/3 of the column volume goes through before the protein-lipid complexes reach the bottom of the
column) after adding the protein-lipid mix and let it go through, no need to collect. After the above-
mentioned 5 ml of wash, collect the eluate in fractions of ~ 500 ul in borosilicate glass tubes. The
turbid eluate (1-2 middle tubes) contain the lipid-protein vesicles.
Aliquot the vesicles in small PCR tubes, 60 ul each, and rapidly freeze them in liquid N after which

they should be stored in —80.



182

6. Population correlation plots between various residues with V76
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Pairwise correlation analysis of the fractional population of the K* bound state, comparing various
residues at the acidic pH. Pearson correlations of bound state populations for different residues were
calculated for various pairs, for example, between Val76 and other residues (160, T74, T75, E71, D80,
L81, Y82, A92 etc.), wherein both bound and unbound state cross peaks can be identified. This is an
expansion of the covariance matrix at Val76 at acidic pH. (Figure 3) The table shows the correlation

coefficients and slopes of the linear fittings.
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Pairwise correlation analysis of fractional bound state population comparing different residues at neutral

pH. Similar Pearson correlations of bound state population of different residues were calculated

between V76 and other residues (160, T74, T75, E71, D80, L81, Y82, A92 etc) for neutral pH sample. At

this pH, E118 shows a negative correlation with V76.
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7. Magnetic moment and spin quantum number calculation

We characterized the temperature dependences of the chemical shift for the neutral +1
and +2 cluster. The NMR shifts in angular units (not Hz) are plotted against the inverse
temperature in the high temp limit to obtain slopes, which in this case were k~ 0 for the
neutral cluster, k=2 wt 7.4*e4 for the +1 cluster, and k= 2z 2.89*e5, for the +2 cluster.(Figure
6.3) Based on Curie’s law, the slope, k, can be used to determine the magnetic moment k=
(w /2.828)"2. By using this equation, we assume that the individual carrier of magnetic
moment does not interact with one other.

For the +1 cluster, u=sqrt(0.0743*2*3.14) * 2.828=1.92

For the +2 cluster, u=sqrt(0.289*2*3.14) * 2.828= 3.8

In Superconducting Quantum Interference Devices (SQUID) magnetic susceptibility
measurements, u was observed to be 1.8 for the +1 cluster and 2.6 for the +2 at high
temperature. The agreement between the NMR characterization and the SQUID
determination is excellent for the +1 cluster, and for the +2 cluster there is approximate
agreement and more study or discussion of errors is needed.

The spin quantum number of the unpaired electron can be calculated from the total
magnitude of the spin magnetic moment through the equation: u; = g+/S (S + 1), in which
g is the g-factor and the value is expected to be around 2 (although it has not been
measured for these specific species to the best of our knowledge). In this equation, the
contribution from orbital angular momentum is omitted.

In the following calculation, g-factor is assumed to be 2. The spin quantum numbers
S calculated from SQUID data is 0.53 for +1 cluster and 0.89 for +2 cluster. The spin
quantum numbers S calculated form NMR data is 0.58 for the +1 and 1.46 for the +2 cluster.
In the +2 cluster, the result suggests that the orbital angular momentum contribution is
important, which is expected when the ground term is triply degenerate i.e. a T state.

Based on these results, we conclude that a single unpaired electron exists in the +1
cluster and possibly two net unpaired spins are observed in the +2 cluster.



