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The Dynamics and Kinetics of Proton Related Biological Processes

By Ban-Seok Jeong

The proton plays special roles in biological systems because of its unique characteristics.
Due to its minuscule size and exorbitantly high charge density, the proton is extremely
reactive thermodynamically as well as kinetically. Because a proton can be transferred by
the Grotthuss mechanism, its diffusion rate is fast. Since water molecules can easily accept
or donate a proton, protons are readily available in an aqueous environment. Therefore,
nature has employed protons for many biological processes and energy storage as a proton
gradient is the central pillar of bioenergetics. The structure of proteins as well as the
protein-protein interactions are modulated by protons. Most enzymes show highly pH-
sensitive activity profiles. One good example is the viral infection cycle of influenza A
virus. After endocytosis, the low pH within the lysosome activates the viral membrane
protein, M2 proton channel. M2 conducts protons unidirectionally into the viral lumen with
high selectivity and is activated at acidic pH, which has been of great interest for drug
development. In this dissertation, using a laser-induced fast pH-jump, the fluorescence
change of Trp4l of M2 transmembrane domain (M2TM) was measured. A double
exponential decay was observed, where the fast phase was ascribed to protonation kinetics
(~2x10' M s 1), while the slow phase was attributed to the subsequent conformation
change (~4x10°> M's"). The conformation change of M2 was further confirmed by FRET
studies, demonstrating that M2TM makes a transition toward a more ‘open’ structure at
acidic pH. The second half of this dissertation examined excited state intramolecular proton
transfer dyes and their applications as hydrophilic, long-lived reversible photo-acids and
local hydration level sensors. A previously reported hydrophobic long-lived reversible
photo-acid was derivatized to be more hydrophilic by adding a sulfonate group. Although
synthesis was successful, the sulfonation decreased the pKa of naphthol, preventing
intramolecular proton transfer and not allowing it to be long-lived. We also studied 2,7-
DiazaTrp which was known to show distinct 500 nm fluorescence in the presence of water,
making it a good local hydration sensor. The 2,7-DizaTrp mutant of mastoparan X showed
how it interacts with a membrane by probing local hydration level change.
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Chapter 1: Introduction

1.1 The Unique Characteristics of Proton

The proton, H', has a unique niche in biological systems. The proton is the cation of
hydrogen, which is the smallest element in the universe; its radius is 78 pm. Compared to
the size of hydrogen, its bare nucleus, the proton has a size of 0.8751 fm? which is about
8.9 x 10* times smaller than that of hydrogen atom. (table 1) Considering the fact that the
size differences between other monovalent cations and their neutral atoms are about two
times, the proton exhibits an extremely big difference. (table 1) This can be explained by
the Rutherford-Bohr model of the atom, although this rudimentary model was later
replaced by the quantum mechanical model, where positively charged small nucleus is
surrounded by electrons orbiting around the nucleus. As observed from Rutherford’s
experiment, it is electrons which occupy most of the space of the atom, and the nucleus is
tiny and heavy. For an example of hydrogen, the diameter of the nucleus is about 100,000
times smaller than that of the neutral atom. Except for period 1 elements such as hydrogen
and helium, cations have at least one shell of electron cloud, which ensure their big size.

On the other hand, hydrogen, a period 1 element cation, doesn’t have an electron cloud at

ﬁé?nnglecr Name Neutral la;[;r)n Radius Cation Radius (pm)
1 Hydrogen 78 0.0008751
3 Lithium 152 78
11 Sodium 186 98
19 Potassium 227 133

Table 1.1 The Radii of Monovalent Cations and their Neutral Atoms. (Data is from the
reference 1, except the radius of proton, which is from 2014 CODATA)

& The size, or charge radius, of proton is from 2014 CODATA value. The methods employed to measure its
size are electron-proton scattering experiment and spectroscopic method, which deduces a size of nucleus
from the energy level of orbiting electron, and its accuracy is improved by introducing muonic hydrogen.



all, resulting in very small bare nucleus. Therefore, in biological systems, protons are the

only entities in which the bare nuclei of atoms exist without an electron cloud.

Because of the miniscule size of proton, its charge density is exorbitantly high: the charge
density® of a proton is approximately 1.4 x 10'° times higher than that of a sodium cation,®
and this solely originates from the size difference since they both have the same single net
positive charge. In the case of Na", positive charges of the nucleus penetrate the shielding
effect of electron clouds, but in the proton, the positive charge of the nucleus is not shielded
by any electron. Therefore, according to the hard-soft acid-base theory, the proton is
classified as a hard acid because it has a high charge density, minimal polarizability, and
acts as almost a point charge. High charge density of the proton drives its reaction
equilibrium almost completely toward complex formation with other molecules; for
example, the free energy of proton hydration reaction was calculated to be -1106.2 kJ-mol
124 Free proton is almost only observable in gaseous state in vacuum, and in most cases,

proton rapidly reacts with other molecules.

Proton is not only thermodynamically reactive, but also kinetically reactive. The fast
reaction of a proton with another molecule is first ensured by its large reaction cross section.

Even though a proton has a size of 8.751x 10 A, it has 6-7 A of reaction radius.® Proton

b Charge density (C-mm™) = ne/(4/3)nr’, where r is ionic radii, e is the electron charge, and n is the ionic
charge number.
¢ The measurement of size of ion is typically calculated from their crystal structure, which is fundamentally

different from the methods for proton size measurement. Therefore, direct comparison between the sizes of
proton and sodium ion might be irrelevant. However, the tremendous size difference between proton and
sodium ion still stays relevant.

4 There are different values reported by other study. (Vlcek, L.; Chialvo, A. A., Single-ion hydration
thermodynamics from clusters to bulk solutions: Recent insights from molecular modeling. Fluid Phase
Equilib. 2016, 407, 58-75)



can be easily attracted to negatively charged residues by coulombic interaction. Second,
there is no orientational requirement for reactions because a proton is spherical and small.
Third, a proton is small enough to show wave-like behavior for a few A (de Bloglie A =
1.49 A), where it can penetrate the potential barrier between a reactant and product. This
quantum mechanical tunneling effect can expedite reaction kinetics. Third, the diffusion
rate of a proton in aqueous solutions is much faster than for other cations; for instance, H*
diffuses 6-7 times faster than Na*. The reaction of protonation is so fast that it is categorized

in a diffusion-limited reaction, in which the rate limiting step is the diffusion process.

Such anomalously fast diffusion of protons in water was explained by the Grotthuss
mechanism, which describe proton diffusion not by mass transportation, but proton
“hopping” through the hydrogen bonding network of water molecules. In the modern view
of the Grotthuss mechanism, a hydronium ion (H3O") exists either in the form of Eigen
(H3O"(H20)3) or Zundel cation (Hs02"). (Figure 1) While Eigen suggested that a proton is
localized in a single hydronium (H3O") molecule, and further solvated by three water
molecules, Zundel proposed that a proton is shared by two water (H20) molecules. Gutman
proposed that a proton is transported by an E-Z-E mechanism, which begins from the initial
state of an Figen cation and transits to the Zundel as an intermediate, which subsequently
ends up converting to an Eigen cation centered on a next water molecule.* It was shown by
time-resolved infrared experiment that Eigen and Zundel complexes interconvert in 50 5.
A 2D-IR study observed spectral signatures of Zundel cation at 1760 cm™ and 3200 cm’!
which showed cross-peak and persists in the lifetime of 480 fs, implying stable Zundel
complex and its importance in the proton transfer process.® In the Zundel cation, a proton

is considered to be delocalized over two water molecules, penetrating small potential
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Figure 1.1 The structure of (a) Eigen cation and (b) Zundel cation.

barrier between two water molecules. This shows the wave-like behavior of proton due to
its small size, and it can be alternatively represented as a probability distribution along the

axis between two water molecules according to Born’s interpretation.

Water, a biological solvent, can be considered as a reservoir of protons. Water molecules
(H20) are dynamically interconverted to hydronium ions (H3O") or to hydroxide ions (OH")
by accepting or releasing a proton. Although this self-ionization of water is very slow (2.5
x 107 s), this reminds us that water can easily donate and accept protons to any basic or
acid group, leaving hydroxide or hydronium ions behind. Therefore, for basic proton
acceptors, protons are readily available in aqueous environments. Combined with the
Grotthuss mechanism of rapid proton transportation, the availability of protons is further

enhanced. Because of it, nature has taken full advantage of protons in biological systems.



1.2 The Roles of Proton in Biochemical System

Owing to these unique characteristics, protons play special roles in biochemical systems.?
For energy metabolism, the proton gradient, proposed by Peter Mitchell” who won the
Nobel Prize for this central concept of bioenergetics, powers cellular respiration to
synthesize ATP so that all biochemical processes can proceed. During oxidative
phosphorylation or photophosphorylation, the energy released by the oxidation of food or
harvested from light is used to pump proton across the membrane by several membrane
proteins such as NADH dehydrogenase, cytochrome C oxidase, and cytochrome b6f
complex. The resulting proton motive force across a mitochondrial or thylakoidal
membrane drives a membrane protein, ATP synthase, to produce ATP. While protons move
through a proton channel in the Fo subunit of ATP synthase, the y subunit of ATP synthase
rotates and results in an interaction between the y and P subunits, catalyzing a bond
formation between ADP and Pi to generate ATP. The bacterial flagellar motor is also
powered by a similar mechanism. On the other hand, the proton gradient can be uncoupled
to release heat by non-shivering thermogenesis in mammalian and some plant cells. For
example, thermogenin (or uncoupling protein 1) in the mitochondria of brown adipose cells
increases proton permeability across the mitochondrial membrane, resulting in conversion
of proton gradient energy to heat, although its proton conductance mechanism still remains

controversial.®

Proton can also modulate quaternary structures of proteins. By protonation or
deprotonation of ionizable protein residues, protein-protein interactions can become
stronger or weaker. For instance, the influenza virus inner capsid is formed by a self-

assembled layer of matrix 1 (M1) proteins. During a virus infection cycle, the viral lumen



is acidified, and below pH 6, the self-assembled layer of M1 is dissociated, allowing for
viral genetic material to be released to the cytosol.” Another example is amyloid B (AB)
aggregation, which is highly implicated in Alzheimer’s disease. Acidic pH is one of the
factors inducing AP plaque formation in addition to metal ions, temperature, ionic strength,

and membrane surfaces.'®

Not only that, but protons can also influence secondary and tertiary structure of proteins,
even dynamics by protonation or deprotonation of ionizable residues, leading to changes
in electrostatic interactions, salt bridges, and/or hydrogen bonds.!'"'* For instance,
hemoglobin changes its conformation to lower Oz affinity at acidic pH, caused from the
high local concentration of CO», for effective release of Oz. In hemoglobin, protonation of
His146 induces the formation of a salt bridge with Aspo4, contributing to the conformation
transition from R state to T state under acidic conditions. Poly-L-glutamic acid forms an a-
helix when carboxylic acid side chains are protonated at low pH because repulsion among
negatively charged vicinal carboxylic acid residues are reduced by protonation.'*!> The
most dramatic examples of pH-driven protein conformational changes are in viral fusion
proteins which exhibit a large conformational rearrangement under acidic conditions to
fuse viral membranes with host membranes. This large conformational change could be
induced not only by hydrogen bonding and salt bridge, but also by histidine-cation pairs
and anion-anion pairs, which repel one another under acidic pH and neutral pH,
respectively.'® Moreover, it is reported that protein dynamics could be largely changed by

pH shift even though its structural rearrangement is minimal.!7-"°

For enzymatic reactions, proton transfer steps comprise their essential parts. Acid/base

catalysis is very common, and most enzymes have acidic or basic catalytic groups at their



active site. For instance, triosephosphate isomerase (TIM), dihydrofolate reductase
(DHFR), and alcohol dehydrogenase (ADH) effectively conduct their
protonation/deprotonation process to the specific position of the substrate by optimal
positioning of acid/base sidechains at the active site. Moreover, the concentration of
protons, or pH, can also have a significant impact on enzyme catalytic activity. Most
enzymes are optimized to have the highest catalytic activity at a specific pH, which is
usually the pH of their working environment. For example, most lysosomal enzymes
exhibit highest catalytic activities at around pH 5 of the lysosome lumen, but have low or
no activities at pH 7.2 of the cytosol, which can help to prevent cell damaging during
accidental lysozyme leakage. Digestive enzymes have different pH optima depending on
their local pH; pepsin in gastric juice at pH ~1.5 and chymotrypsin in the intestines at pH
~8. This pH dependency of enzyme activity could be partially explained by conformational
changes of the enzyme in that the substrate or co-factor binding affinity could be altered.
More importantly, pH change could have direct impacts on the protonation state of
ionizable residues of the active site, H-bond network, substrate, co-factor, or binding site.
Since multiple factors are correlated, pH-dependent catalytic activity often exhibits a sharp

transition profile over a narrow pH range.

As it has been discussed, the transportation of protons and the interaction of protons with
biomolecules have tremendous impacts on many biochemical processes. Therefore, a large
body of research has focused on the kinetics and mechanism of these proton related
processes in biochemical systems to better understand how protons are transported and

how they trigger subsequent processes.



1.3 The pH jump technique as a Tool to Study Proton Related Processes

Because of such a fast protonation speed, it is difficult to study the kinetics and mechanism
of protonation and the subsequent processes using rapid-mixers that are widely used to
study chemical kinetics. The time resolution of a rapid mixer is typically limited to the
millisecond regime mainly due to the initial dead time of the mixer.?*>* While certain
designs have helped to improve the time resolution to the sub-millisecond regime; the
mixing technique is fundamentally restricted by diffusion. In order to study the mechanism
and the kinetics of these fast pH dependent processes, faster triggering is required. In other
words, in pH jump experiments, the initial triggering of pH change should be at least one
order of magnitude faster than proton related processes which are often considered as
diffusion controlled. To achieve this fast triggering, pH-jump experiments have been

performed using flash photolysis of photo-acid.

Photo-acids release protons within a few nanoseconds after laser photolysis, making them
ideal candidates for initiating pH jump experiments. Therefore, a laser induced pH-jump
can be utilized as a sharp trigger to study kinetics faster than the millisecond time scale
which rapid mixing cannot achieve. Several irreversible photo acids have been developed
and their kinetics were characterized.>>° Among them, 2-nitrobenzaldehyde (NBA) and
1-(2-nitrophenyl)ethyl sulfate (NPE-sulfate) show desirable characteristics. NBA has a
high deprotonation quantum yield of 0.5, fast deprotonation lifetime of ~10ns, but limited
solubility in water.?”-3* Compared to NBA, NPE-sulfate exhibits comparable quantum yield
of 0.5, higher water solubility, lower membrane permeability, lower pKa of byproduct, but

slower deprotonation lifetime of ~100ns.?



By using these photo acids, laser pH-jump experiments have been developed by studying
several model systems like proteins or peptides. With laser induced pH jump technique, the
kinetics of histidine ligand dissociation from the heme of partially denatured cytochrome
¢ was measured by transient absorption through the change in the soret band, demonstrating
that sub-millisecond time scale resolutions could be achieved.*! pH dependent fluorescence
and absorbance changes of GFP variants were also studied to investigate proton transfer
rate to the chromophore.'?:>? Sub-microsecond time scale kinetics of alpha-helix formation
of poly-L-glutamate were investigated by time-resolved infrared spectroscopy (TRIR).!*
15 The kinetics of acid-induced unfolding of myoglobin were observed by transient
absorbance spectroscopy.®* TRIR study of leucine zipper folding under acidic conditions

have elucidated the folding kinetics and mechanism.*

In these studies, three probes were used: UV-Vis, infrared, and fluorescence. Among these
probes, UV-Vis shows very high signal-to-noise ratio, and is restricted to samples having
a chromophore such as heme or retinal. Therefore, candidates without such ligands cannot
be studied under physiologically relevant conditions. On the other hand, infrared can be
used as a universal label-free probe for proteins and peptides, although it requires a high
concentration of sample, which means the pH jump has to be large enough to overcome
the high buffering capacity of the sample. Fluorescence, however, only needs a low
concentration of sample due to its high sensitivity. For instance, 1 uM of GFP variants have
been a subject of laser induced pH-jump experiment and sub-millisecond time scale kinetic
studies.*> However, it still requires either an intrinsic or non-intrinsic fluorophore in the
sample. Only few proteins such as GFP and luciferin-luciferase system are highly

fluorescent. Despite having a much lower quantum yield, an intrinsic fluorescence probe
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like Trp could be also used. Apart from the fact that Trp is abundant in many proteins, Trp
fluorescence is sensitive to its local environment, and it has been used intensively to study
protein structure and conformation states.’ Also, there are several unnatural amino-acids

which can be a spectroscopic probe®$-3’

and even have special functionality to sense
surrounding microenvironment®®3?. The probing method for pH-jump can be wisely

selected based on the specific requirements of the protein of interest.

Despite pH jump being a very useful technique, it requires a user to overcome many
technical difficulties. To obtain a high magnitude of pH jump, the pump pulse should be
intense and focused, a high concentration of photo acid should be used, and sample
concentration should be kept as low as possible. However, high power pump lasers can
induce unwanted reactions such as heme deligation, and S-S bond breakage. Also, in many
cases, intensely focused laser could damage the sample, and even the cuvette window.
Furthermore, because of the poor solubility of NBA, it is hard to obtain photo acid
concentrations high enough to induce a big pH jump. Also, at high concentrations, the
photo-acid solution absorbs very heavily, aggravating the inner filter effect problem. In
some cases, photo acid or byproduct interacts with the sample and may also perturb the
structure. Since photolysis of irreversible photo acid require a fresh sample for every

measurement, repetition of single shot experiments requires a large amount of sample.

Keeping these issues in mind, in this dissertation, pH-jump technique was developed and

utility of the technique was demonstrated with Influenza A matrix 2 (AM?2) proton channel.
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1.4 Influenza A M2 Proton Channel as a Model System

Influenza A matrix 2 (AM2) proton channel is one of the most widely studied membrane
channel proteins because it has been a promising target for anti-influenza drug

t40

development™ and it’s the smallest ion channel with high selectivity and pH-dependent

conductance. Its structure has been thoroughly investigated by X-ray crystallography*! -2,
solution NMR*-6, solid-state NMR*7->!, IR3*%% and EPR>¢%° spectroscopy. AM2 proton
channel is homotetrameric and composed of three components: a N-terminal ectodomain
(residue 1-24), a single transmembrane alpha helix domain (residue 25-46), and a C-
terminal cytoplasmic tail (residue 47-97). Among them, the transmembrane domain (TM)
is sufficient for most of its functions: channel formation, selective proton transportation,
and drug binding (Figure 1).°*2 In the TM domain, it is known that the H37XXXWa41 motif
plays a crucial role on its function. Histidine is essential for high proton selectivity of at
least 10° over other biological monovalent cations such as potassium and sodium ions.
H37G and H37E mutants of M2 don’t exhibit proton selectivity and pH dependent
conductance.®*** It has been widely accepted that the Trp, enclosing the N-terminal exit of
TM domain, acts as a gate and prevents the backward flow of protons. W41A, W41C, and
W41F mutants of M2 lost its unidirectional conductance.®> The highest resolution of AM2
structure is a 1.65 A resolution crystal structure of AM2 TM domain in micelle at pH 6.5
(BLBW).*! At the pore entrance, four Valz7 residues form the entry gate which is 2 A wide,
restricting the entry of water molecules into the pore. Since pore size is smaller than a water
molecule, it is believed that water molecules would enter pore through backbone

breathing.*! 47> 667 Without the valine neck, proton conductance rate of V27A is 2-fold

faster than that of WT.° Below the valine neck, water molecules are highly ordered and
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form ice-like state because most of pore lining residues are hydrophobic. At His37 and Trp
41, the water network is blocked, not allowing proton conductance thorough the Grotthuss
mechanism. At the cytoplasmic exit, Asp44 and Arg45 forms the exit cluster which

facilitates proton transfer and stabilizes the indole side chain.®®

During the influenza viral infection cycle, influenza virus particles are bound to the mucous
membrane by interactions among hemagglutinin and sialic acid on the cell surface. In turn,
the viral particles enter the cell by endocytosis. While the endosome matures to a lysosome,
pH becomes acidic by V-type ATPase. Acidic pH triggers two membrane proteins of
influenza; a) hemagglutinin fuses the viral membrane with the host lysosomal membrane
to release cargo from the virus lumen. b) M2 proton channel is activated by acidic pH and
subsequently conducts protons into the viral lumen to disassemble the M1 protein inner

capsid. Finally, ribonuleoprotein (RNP) complex is liberated into host cytosol.

The mechanism of proton transport and pH dependent gating of M2 proton channel has
been investigated. From three structures at pH 5, 6.5, and 7.5-8 (figure 2), it was suggested
that pH dependent conformational change occurs due to protonation of histidine.*! From
an NMR study, the pKa values for histidine tetrad of M2 proton channel were estimated to
be 8.0, 8.0, 6.3, <5.0%, although there is a significant amount of debate surrounding the
numbers: Hong and co-workers recently reported different set of pKa values of 7.6, 6.8, 4.9,
and 4.27° and Chou and colleagues obtained doubly degenerated pKa values of 4.52, and
7.637°. In general, it is believed that at physiological condition, two histidines are
protonated and two positively charged residues in low dielectric environment are stabilized
by hydrogen bonding with water molecules. As the pH is lowered, the 3rd histidine of M2

proton channel is protonated, resulting in repulsion among positive charges, which
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subsequently induces dilatation of C-terminal ends (Figure 2).***% 577! In this activated
form, the indole side chains of Trp tetramer near C-terminal ends, which was initially
tightly packed at high pH, is now loosened and made more accessible to water molecules.”*
> Moreover, in NMR studies, peak broadening was observed at low pH indicating more
dynamic structure of the activated form.*® Now, it is generally accepted that Hiss7 is
repeatedly protonated and deprotonated altering between 2+ and 3+ states during proton
transportation. This proton shuttle mechanism can be supported by slow proton conduction
rate of M2 (100~1000 H/s), and high deuterium isotope effect.”’ 7% Also, the shuttle
mechanism can explain leveling off of conductance rate at below pH 6.°% 77 Furthermore,

computational simulation studies are in agreement with this mechanism.’8-%

However, these mechanisms are inferred from steady state measurements with very limited
kinetic evidence under a physiologically relevant proton gradient. Therefore, many details
of proposed mechanisms are unclear, and with controversies looming large about the role
of histidine, Val neck, and protein backbone.®® In this dissertation, a rapid laser induced pH
jump technique was used to observe Trp fluorescence decay after a rapid pH drop in order
to elucidate the kinetics and the mechanism of M2 proton channel activation. Moreover,
the conformational rearrangement of M2 proton channel is further verified by Forster

resonance energy transfer (FRET) experiment.

1.5 Excited-State Intramolecular Proton Transfer (ESIPT)

Proton transfer can be triggered by electronic excitation, called excited-state proton transfer

(ESPT). Typically, an aromatic compound with ionizable residue such as hydroxyl group
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can undergo ESPT. In most cases, intramolecular charge transfer (ICT) drives pKa shift of
the ionizable residue; excited state electron density nearby the ionizable residue is smaller
than ground state electron density, thus, a proton is released, and the resulting anion state
can be stabilized. In the case of pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, HPTS),
the pKa decreases from 7.4 in the ground state to 0.4 in the excited state.®! This large pKa
shift induces rapid proton transportation in picoseconds time scale. This rapid ESPT
process has been utilized for several experimental tools. When its proton is transported to
another ionizable residue in the same molecule, it is called excited-state intramolecular

proton transfer (ESIPT).

First, reversible photo-acids have taken advantage of fast proton release from ESPT. After
excitation, the photo-acid, such as naphthol derivatives or pyranine, releases a proton to
nearby water molecule in hydrogen bond with its hydroxyl group, triggering proton transfer
process. After relaxation of excited state back to the ground state, the released proton is
recombined. This reversible photo-acid was used to measure the kinetics of proton transfer

process under various conditions and environments.’

Second, ESIPT dye has been used to probe microenvironment around the dye. While photo-
acid transfer its proton to a water molecule, ESIPT dye transports its proton not only to a
water, but also to another ionizable residue in the same molecule. When ESIPT dye is
excited, there are two species; normal excited state (N*) and ESIPT phototautomer (T*)
product, resulting in dual emission. Such dual emission is highly sensitive to its
microenvironment because a decrease of polarity and hydrogen bond donor ability of
microenvironment can preferentially inhibit ESIPT process, which suppresses T* species

generation. From ratio between N* and T* species, one can probe a polarity and hydration
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level of the microenvironment. Owing to these unique characteristics of ESIPT dye,
protein-protein, protein-DNA, and protein-membrane interactions were studied with

ESIPT dyes as a sensor.

Both approaches were used in the research presented in this dissertation: a) water-soluble
long-lived reversible photo-acid was designed and synthesized to improve the pH-jump
technique, and b) 2,7-DiazaTryptophan was introduced to peptides as local environment

Sensor.

1.6 Dissertation outline

Specific Aim 1: to study proton transportation and channel activation mechanism of

m2 proton channel by laser pH-jump.

Hypothesis: The influenza A M2 proton channel is activated by its conformational change,

C-terminal dilation, after His37 tetrad protonation.

Laser-induced pH-jump technique was adapted to study activation and proton
transportation mechanism of M2TM. pH-dependence Trp41 fluorescence change of
M2TM is attributed to both His37 protonation and channel hydration. After rapid
acidification in 10 ns, double exponential decay of Trp fluorescence was observed: fast
phase was ascribed to His37 protonation, and slow phase was attributed to subsequent
conformation change increasing channel hydration level. (Chapter 2) In order to directly
observe channel conformation change, FRET pair was labeled either N- or C-terminus end

of M2TM. FRET experiments indeed demonstrated channel opening at acidic pH. (Chapter
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3)

Specific Aim 2: to improve laser pH-jump technique by synthesizing new generation

photo-acid.

Hypothesis: By adding sulfonate functional group to the long-lived reversible photoacid,
1-(2-Nitro-ethyl)-naphthalen-2-ol, solubility can be improved while all other properties are

conserved.

In order to improve laser pH-jump experiment, the long-lived reversible photo-acids have
been synthesized. Among them, 1-(2-Nitro-ethyl)-naphthalen-2-ol showed desirable
characteristics for excellent candidate for kinetics measurement but extremely low water
solubility impeded its application. To overcome this disadvantage, hydrophilic long-lived
reversible photo-acid was designed to add a sulfonate group to 6-position of 2-naphthol
ring. While synthesis was successful, ApKa between naphthol and a-carbon of nitro-group
became negligible, thus, no driving force for intramolecular proton transfer which

stabilizes its anion state. (Chapter 4)

Specific Aim 3: to investigate local hydration level change of mastoparan X during

membrane insertion.

Hypothesis: 2,7-diazaTrp substitution of Trp3 of mastoparan X may be sensitive to its

folding, interaction with membrane, and eventually pore formation processes.

Mastoparan X (MX) is one of antimicrobial peptides (AMP), which binds to the negatively
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charged surface of bacterial membrane and disrupts it. There have been many studies, but
the mechanism of membrane disruption by AMPs is not yet clearly elucidated. 2,7-
DiazaTryptophan is an unnatural amino acid, which undergoes ESIPT from N1 proton to
N7 position only when aprotic solvent catalyzes it. N7 protonated species shows unique
emission centered at 500 nm. By incorporating 2,7-diazaTrp to protein, local hydration
level can be probed. 2,7-diazaTrp mutant of MX is used to study its interaction with

membrane and specific membrane disruption mechanism. (Chapter 5)
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Chapter 2: Proton Transport Mechanism of M2 Proton Channel Studied

by Laser Induced pH-jump

[Reproduced with permission from Jeong, B.-S., Dyer R. B. (2017) Proton Transport Mech-
anism of M2 Proton Channel Studied by Laser Induced pH-jump, J Am Chem Soc 139

(19) 6621-6628. http://doi.org/ 10.1021/jacs.7b00617 Copyright 2017 American Chemical

Society]

2.1 Abstract

The M2 proton transport channel of the influenza virus A is an important model system be-
cause it conducts protons with high selectivity and uni-directionally when activated at low
pH, despite the relative simplicity of its structure. Although it has been studied extensively,
the molecular details of the pH-dependent gating and proton conductance mechanisms are
incompletely understood. We report direct observation of the M2 proton channel activation
process using a laser induced pH-jump coupled with tryptophan fluorescence as a probe.
Biphasic Kkinetics is observed, with the fast phase corresponding to the His37 protonation,
and the slow phase associated with the subsequent conformation change. Unusually fast
His37 protonation was observed (2.0 x 10'° M s1), implying the existence of proton col-
lecting antennae for expedited proton transport. The conformation change (4 x 10%s™) was
about two orders of magnitude slower than protonation at endosomal pH, suggesting that a

transporter model is likely not feasible.
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2.2 Introduction

Protein mediated proton transport through active pumps or passive channels plays a crucial
role in many biological processes, including oxidative phosphorylation, photophosphoryla-
tion, viral replication, and enzyme catalysis. The structure and function of proton pumps and
channels have been the subjects of intensive studies aimed at a better understanding of pro-
ton transfer mechanisms.>? The M2 proton channel of the influenza virus has been one of
the most widely studied proton channels because of its relative simplicity and promise as a
target for anti-influenza drug development. M2 is an ideal model system because it forms a
minimalistic ion channel with interesting characteristics such as pH-dependent gating, high

selectivity,? and unidirectional conductance®.

After endocytosis of a viral particle, the homotetrameric M2 proton channel is activated un-
der lysosomal acidic pH, switching on proton conductance and acidifying the viral lumen to
release viral ribonucleoproteins into the host cell cytosol.® The gating and proton conduct-
ance mechanisms that control these processes have been investigated extensively.®® It is
generally accepted that the His37 tetrad in the transmembrane domain is repeatedly proto-
nated and deprotonated, likely alternating between the 2" and 3* states during the proton
translocation cycle. This so-called proton shuttle mechanism of M2 proton channel is sup-
ported by the slow proton conduction rate (10~1000 H/s), rectification, and the large deu-
terium isotope effect.58° The shuttle mechanism also explains the leveling off of the con-

ductance rate below pH 6.1

The conformational switch model postulates that protonation of His37 plays a central role in

the gating of M2 proton channel.® In this model, the M2 proton channel forms a tightly
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packed tetramer structure under basic to neutral pH conditions with the His37 tetrad postu-
lated to be in protonation states between 0 and +2. Positively charged residues may be stabi-
lized in the relatively low dielectric environment of the channel interior by hydrogen bond-
ing with water molecules and cation-n interactions (Figure 1a). As the pH is lowered to its
endosomal value, the remaining histidines of the His37 tetrad are protonated, increasing the
repulsion among the positively charged imidazolium cations, which subsequently induces
dilation of the C-terminal ends of the M2 structure (Figure 1b).581218 |n this activated form
at acidic pH, the indole side chains of the Trp41 tetramer located near the C-termini, which
were initially packed tightly at high pH, are loosened and more dynamic, and the channel
becomes more accessible to water molecules.”*2! A pH-dependent channel conformation
change is supported by high-resolution structures at various pH values that exhibit a more
dilated C-terminus at lower pH®, which is in agreement with molecular dynamics (MD)
simulations.?? Moreover, NMR studies have observed peak broadening at low pH, indicating
increased conformational fluctuations of the activated form.!>82% A detailed model of the
channel opening and acid activation mechanism has been proposed based on multiscale re-
active molecular dynamics and QM/MM calculations of the explicit proton transport behav-
ior, including proton shuttling and charge delocalization on the His37 tetrad and pore water
molecules.?*? This model accurately fits the available experimental data for the conduct-

ance and deprotonation rates.

While this model is supported by equilibrium data from various techniques, the interconver-
sion between opened (activated, Figure 1b) and closed (inactivated, Figure 1a) confor-
mations of the C-terminus has not been observed directly. Furthermore, there are still many

gaps to be filled to complete the proton conductance mechanism of M2 proton channel. In
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particular, it is still unclear whether proton conductance is transporter-like, in which the M2
proton channel alternates between closed and opened conformers during each proton
transport cycle.?® The rate of His37 protonation and conformational interconversion between
the activated and inactivated forms need to be measured to resolve this question. However,
most studies of M2 function have been conducted under equilibrium conditions at constant
pH, and pre-steady-state kinetics experiments have not been possible, primarily because the
kinetics of the pH dependent processes are too fast. Specifically, protonation of the His37
tetrad along with the M2 proton channel activation occurs in the sub-millisecond time re-

gime, which is inaccessible by conventional rapid mixers.

We have developed a new approach to study pH induced protein conformational dynamics
that employs a rapid laser-induced pH-jump to trigger M2 activation, coupled with time-
resolved tryptophan (Trp) fluorescence spectroscopy to probe the protein response. The pH
jump is accomplished by photolysis of a photo-acid, which releases free H* in a few tens of
nanoseconds.?”-?® Similar approaches have been used to measure sub-millisecond time scale
kinetics of protonation and subsequent processes, such as proton transfer processes in GFP
variants®®3!, a-helix formation in poly-L-glutamate®?23, histidine ligand dissociation from
the heme of partially denatured cytochrome c¢*, acid-induced unfolding of myoglobin®®, and
leuicine zipper folding®. In the present study, native Trp fluorescence was utilized as a
probe to reveal the proton transfer and channel activation mechanism without perturbing the
structure or dynamics of the system. This approach is technically challenging and represents
the first instance of using Trp fluorescence as a nonperturbing probe for laser pH-jump ex-

periments.
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Figure 2.1 pH dependence of the equilibrium structure of the M2TM tetramer. (a) M2TM
structure from ssSNMR spectroscopy at pH 6.5 (PDB ID 2L0J). (b) 3.5 A X-ray structure of
M2TM at pH 5.3 (PDB ID 3C9J). Pore lining residues and aspartic acid side chains are
shown as sticks. The pore radius profile indicated with blue shading was calculated using
the HOLE program.®” (c) pH dependence of Trp fluorescence intensity and (d) of Trp fluo-
rescence barycenter for the M2TM tetramer reconstituted in a DPPC bicelle. Solid red lines

are fits to the Hill equation.
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Using this approach, we detect the His37 protonation and the subsequent response of M2
proton channel on the sub-millisecond time scale. The Trp fluorescence decays in response
to the rapid pH-jump, in two well separated kinetics phases. The fast phase is attributed to
the protonation of His37 based on its pH dependence, and the slow phase is assigned to the
subsequent conformation change, specifically C-terminus dilation, confirming previous pos-
tulations from equilibrium studies. The His37 protonation kinetics is comparable to that of a
surface exposed ionizable residue, implying the presence of proton-collecting antenna resi-
dues near the channel orifice. The rate of conformational change of M2 proton channel after
protonation of the His37 tetrad is about two orders of magnitude slower than the protonation
rate at lysosomal pH, which is difficult to reconcile with a transporter-like mechanism. In-
stead, we propose that each proton transport cycle does not necessarily require a conforma-

tional change once M2 is activated.

2.3 Experimental Section

Peptide synthesis. Influenza A Udorn strain M2 proton channel transmembrane domain
(M2TM) (Ser22 to Leud6: SSDPLVVAASIIGILHLILWILDRL) was synthesized via stand-
ard 9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase chemistry in a microwave pep-
tide synthesizer (CEM). Fmoc-PAL-PS resin (Applied Biosystems, Foster City, CA) was
used to form a peptide amide. Peptide cleavage was performed using a cocktail of 90% tri-
fluoroacetic acid (TFA), 5% thioanisole, 3% ethanedithiol, and 2% anisole for 180 min. The
resulting mixture was filtered and precipitated in ice-cold ether. The peptide was purified by

reverse phase-HPLC on a C-3 preparative column with a linear gradient of buffer A (0.1%
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TFA in H20) and buffer B (60% isopropyl alcohol, 30% acetonitrile, 10% H20, 0.1%
TFA).%® The peptide eluted at 65% of buffer B. The purified peptide was verified by MALDI

mass spectroscopy and then lyophilized.

Sample preparation. All detergents and lipids were purchased from Avanti Polar Lipids.
The concentration of M2TM in ethanol was calculated from its UV-Vis absorption spectrum
using e280 = 5,850 M*.cm™.3® M2TM tetramers were reconstituted in bicelles by co-
dissolving 273 ug of M2TM peptide (0.1 umol) in ethanol with 24.1 mg of 1,2-diheptanoyl-
sn-glycero-3-phosphocholine (DHPC) (50 umol) and 7.3 mg of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) (10 upmol) in chloroform. The peptide to lipid ratio
(M2TM:DPPC) was 1:100 (mol:mol) to ensure that M2TM tetramer was sufficiently formed
in the lipid bilayer.*%4! After thorough mixing, the lipid cake was prepared by drying under a
N2 stream and then under high vacuum for 2 hours. The lipid cake was hydrated by adding 1
ml of buffer solution and then repeating multiple freeze/thaw cycles. In every freeze and
thaw cycle, the solution was thoroughly sonicated, and the cycle was repeated at least 10
times until the solution became clear. Drug binding is a well-established indicator of the
formation of the functional tetramer; for our conditions amantadine binding to the M2 te-
tramer was verified by circular dichroism (CD) and fluorescence titrations (Figs. S5, S6,
S7).

1-(2-nitrophenyl)ethyl sulfate (NPE-sulfate) was synthesized as previously described.*? The
concentration of NPE-sulfate was calculated from its UV-Vis absorption spectrum using €3ss
= 500 M*-cm™. To prepare CO: free water, deionized water was boiled for 10 min and
cooled down under an Ar atmosphere. For the pH jump experiment, a bicelle sample con-

taining 0.8 mM NPE-sulfate, 10 uM M2TM, 1 mM DPPC, 5 mM DHPC and 100 mM NaCl
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was prepared and its pH was adjusted by NaOH under a N2 stream. For steady state meas-
urements, samples in the pH range 3.0-7.5 were prepared in 100 mM citrate-phosphate buff-

er, and samples in the pH range 7.5-9.0 were prepared in 100 mM Tris buffer.

Laser induced pH jump probed with time-resolved Trp fluorescence. A schematic of
the pH jump experiment is shown in Figure S1. A 3™ harmonic pulse (355 nm, 10 ns, maxi-

mum power: ~ 50 mJ) from a Q-switched Nd:YAG laser (Quanta-ray GCR 1V, Spectra

Physics) was passed through a quartz cuvette (2 mm x 10 mm) along the 2 mm path to

photolyze the photoacid. The probe beam (283 nm) was obtained by frequency tripling the
849 nm output of a mode-locked femtosecond Ti:Sapphire laser (Mira 900, Coherent).
Pump and probe beams were made colinear using a dielectric mirror (CVI Melles Griot) to
reflect the 355 nm pump and transmit the 283 nm probe to ensure they are completely over-
lapped in the sample. The pump beam diameter was about 3 mm and the probe beam illumi-
nated the center of the activated volume. The fluorescence signal was measured orthogonal-
ly to the pump beam. The fluorescence emission was filtered by long-pass filters to reject
light at wavelengths below 300 nm, and then detected by a gated PMT (Hamamatsu,
H11526). In order to minimize stray light, two polarizers were installed in a cross-oriented
configuration. A delay generator (DG535, Stanford Research System) controlled the timing
of the gating signal. A photodiode detected the pump laser pulse as a timing signal for trig-
gering data acquisition by a digitizing oscilloscope (Lecroy wavesurfer 62MXS-B, 600
MHz, 10 Gs/s). Under ideal conditions with minimal scattering, the time resolution is lim-
ited by the laser pulse width (10 ns) and the detector response (similar timescale), but with a

large scattering peak and the necessity to gate the detector off/on, the actual time resolution
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is limited to ~ 2.5 ps. During the pH jump experiment, the sample is illuminated by the
probe beam only during data acquisition by using a shutter (Uniblitz), and the sample cu-
vette was flushed with nitrogen to prevent CO2 uptake. A temperature-controlled cuvette
holder regulated the sample temperature. The concentration of NPE-sulfate was limited to
0.8 mM because it absorbs the 280 nm probe beam intensively. Because Trp fluorescence is
weak and single-shot experiments produce a low signal to noise ratio (SNR), a probe beam
power of ~3 mW was used to increase the SNR. Baseline correction was accomplished by
subtracting spectra measured without the pump beam. The initial pH was kept below pH 8.0
to avoid a high concentration of OH", which rapidly scavenges H* released from the photo-
acid. The time constant of protonation of WK dipeptide measured with this setup agrees

with that of diffusion-limited protonation of pH indicator molecules.

Steady state fluorescence measurements. All fluorescence spectra were measured by ex-
citing Trp at 280 nm using a Fluoromax (Jovin Yvon Horiba) dual fluorometer. The spectral

barycenter (Anc) was calculated according to the equation:

nn A
oo =

2.4 Results and Discussion

Tryptophan fluorescence detects protonation of His37 tetrad of M2TM in DPPC bi-
celles. The transmembrane domain of M2 proton channel (residues 25-46, M2TM) was used
in this study because it represents a minimal but sufficient model that exhibits most of the
functions of full length M2, including homotetrameric channel formation, selective proton

transport, gating, vectorial conductance, and drug binding.383%4 M2TM proton channel ex-
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hibits a high proton selectivity of at least 10° over other biological monovalent cations such
as potassium or sodium ions.® His37 is essential for this high selectivity as well as acid acti-
vation of M2TM proton channel. M2TM proton conductance is also unidirectional, from N-
terminus to C-terminus. This rectification likely originates from Trp4l enclosing the N-
terminal exit of the TM domain, which acts as a gate that prevents backward flow of pro-
tons.#?® M2TM was reconstituted as the homotetramer in DPPC:DHPC bicelles with g
(DPPC:DHPC) = 0.2 and a diameter of about 4 nm**4, to minimize light scattering from the
membrane. Previous work has demonstrated that M2 proton channel can be reconstituted in

bicelles with its native conformation and activity.*®

The Trp fluorescence of M2TM in DPPC bicelles exhibits a pH dependence as shown in
Figure 1, in agreement with previous studies.*’*® As the pH is made acidic, the fluorescence
intensity decreases (Fig. 1c) and its barycenter (Anc) is red-shifted (Fig. 1d) due to protona-
tion of the His37 tetrad and the associated conformational rearrangement. The fluorescence
intensity is a sensitive probe of the protonation state of His37 because protonated imidazole
is an efficient quencher of Trp fluorescence, therefore its interaction with Trp4l causes a
decrease in the fluorescence quantum yield.*® Trp41 and His37 are located one helical turn
away from one another and form a stabilizing cation-n intra-monomer interaction when
His37 is protonated.®® This effect is additive as the His37 is progressively protonated to
form multiple cation-n interactions. The fluorescence barycenter is sensitive to the degree of
hydration of Trp, with increasing hydration causing it to red shift. At pH 8, the Aoc of M2TM
was 345.1 nm whereas at pH 5 it was 346.4 nm, indicating the Trps of M2TM in the lipid

bilayer are more hydrated at acidic pH. This observation is consistent with the postulated C-
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terminal dilation of M2TM (Fig. 1b), which alters the accessibility of Trp to water mole-

cules as indicated by Stern-Volmer fluorescence titration*®>! and ssNMR experiments.!®

Since the Trp fluorescence reports on both the progressive protonation of the His37 tetrad
and on the channel opening once the more fully protonated states are populated, we ex-
pected to observe multiple steps in the titration from pH 8 to 5. However, both the intensity
and barycenter profiles were adequately fit to a single transition as shown in Figure 1. Each
titration curve was fit with the Hill equation in an attempt to account for multiple proton
binding steps and to assess possible cooperativity, yielding a pKa value of 6.68 + 0.03 and a
Hill coefficient of 1.1 £ 0.1 for fluorescence intensity (Fig. 1c), and a pKa value of 6.51 +
0.03 and Hill coefficient of 1.2 + 0.1 for the barycenter (Fig. 1d). The inability to resolve
multiple steps may be due to significant overlap of the transitions, combined with the lack
of specificity of the fluorescence changes. Above pH 8 and below pH 5.5 the pH profile
does not reach a stable baseline, most likely due to the decreased stability of the tetramer
above and below the physiological pH range,***® making it difficult to fit the data to a multi-
state model. Nevertheless, the different apparent pKa values observed for the fluorescence
intensity and barycenter suggests the transition is not a simple 2-state process. Furthermore
the protonation and channel opening processes are cleanly separated in time as shown be-
low, making it possible to distinguish the protonation steps and their pKa values in the pH

jump Kinetics experiments.

M2TM proton channel dynamics triggered by a laser pH-jump. Pulsed laser excitation
of NPE-sulfate results in photochemical release of a proton and thus a jump to lower pH in
~100 ns; the transient fluorescence response is measured by continuous excitation of Trp at

280 nm and integrating the fluorescence signal as a function of time using a fast PMT detec-
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tor. No change in Trp fluorescence was observed for control experiments with M2TM sam-
ple containing no NPE-sulfate, confirming that the transient fluorescence decrease is due to
the pH jump and not a bleach of the Trp absorption by the intense pump pulse. Figure 2a
shows the transient Trp fluorescence signal in response to the laser pH jump from pH 8.0 to
6.0 for M2TM reconstituted in DPPC bicelles. The fluorescence transient was fit to a double
exponential function in this case, although jumps to higher final pH values were well fit by a

single exponential.

The fast phase (k1) showed a A[H'] dependence (Fig. 2b), indicating this process is the bi-
molecular protonation of His37. In contrast, the slow phase (kz2) did not exhibit any A[H"]
dependence within the noise of the measurement (Fig. S8) and the rate was about two orders
of magnitude slower than the fast phase. Hence, k2 is ascribed to a conformational change
subsequent to His37 protonation that increases the accessibility of the tryptophans to water,
further quenching the fluorescence. A schematic representation of these processes is shown
in Figure 2c. The protonation rate constant, ke = (2.0 + 0.4) x 10%° M st and deprotonation
rate constant kq = (1 + 2) x 10* sTwere obtained by fitting the [H*] dependent transients to a
pseudo first order kinetics model (Figure 2b). Considering the previously measured rate of
protonation of a solvent exposed His is 5 x 10° M s, in agreement with the prediction of
the Debye-Smouluchowski equation for the protonation of an uncharged residue on a pro-
tein surface,! a protonation Kinetic constant of His37 that is comparable to that of a surface
exposed carboxylate residue might seem unreasonable. The problem is exacerbated by the
location of His37, buried in a pore with a constricted diameter, since histidine in this less
accessible environment might be expected to exhibit slower protonation Kinetics compared

to an exposed histidine residue.
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Unusually rapid proton transfer from bulk solution to a protonatable residue inside a protein
has been observed previously for other proton channels and enzymes.®? For example, the
rate of proton transfer from bulk solution to the catalytic center of cytochrome ¢ oxidase
from Rhodobacter sphaeroides (CcO) was estimated to be 10'° M*-s at pH 6.5 based on
the steady state O2 reduction rate, and increased to ~7 x 10! M- s at pH 9, assuming that
protonation is the rate limiting step.>>* Protonation kinetics of E286 near the catalytic cen-
ter was measured by a flow-flash experiment at pH 9.8, from which a rate of greater than 2
x 10 M1 s was determined for proton transfer through the D-pathway.> Kinetics of pro-
ton-coupled electron transfer in CcO triggered by CO photolysis at pH 9.5 showed a proton
transport rate of ~2 x 103 M1 s through the K-pathway.*® For bacterial reaction centers at
pH 8, a proton transport rate of ~1.5 x 10" M- s was calculated from the steady state
turnover rate.>® A fast protonation rate of 4 x 10* M- st was measured for a protonatable
residue in a Ca®* channel.>” The proton conductance rate of the CFo, proton channel of H*-
ATPase, was 2 x 10° st in the range of pH 5.6 to 8.0, which corresponds to a proton transfer
rate in the range of 8 x 10% to 2 x 10 M- 5.5 Finally, the high catalytic activity (7000 s
1y of [FeFe]-hydrogenase from Desulfovibrio desulfurican at pH 8 requires a rapid proton

uptake rate of ~1.5 x 10*2 M- §71,%9
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Figure 2.2 M2TM dynamics triggered by a laser induced pH-jump. (a) Time-dependent
Trp fluorescence emission signal of a solution containing NPE-sulfate (0.8 mM) and M2TM
reconstituted in a DPPC bicelle following a pH jump from pH 8.0 to 6.0, initiated with a
355 nm laser pulse. The data represent an average of 10 laser shots and were fit to a double
exponential decay (red curve). (b) Dependence of the rate constant ki of M2TM as a func-
tion of A[H*] at 25 °C. The red line is a linear fit to the data. (c) Schematic representation of

the proton transfer pathway and proton channel activation process.
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All of these examples exhibit protonation rates exceeding the diffusion-limited rate constant
of proton transfer in aqueous solution (2~6 x 10° M™% s1). Protonated groups acting as a
proton reservoir might facilitate the enhanced proton transport rates in some of these sys-
tems. For example, in CcO protonated E286 acts as a primary proton donor for both the
pumping and chemical steps in O2 reduction. Proton antennas on the protein surface have
been suggested as another explanation for enhanced proton transport rates. lonizable resi-
dues near the entrance of the proton transfer pathway can effectively capture protons from
bulk solution and then rapidly funnel them toward the channel orifice.®® This idea has been
tested for CcO by replacing ionizable residues near the entrance of proton transfer pathway

with non-ionizable residues, which slows down the proton relay.>661-63

We speculate that the higher than diffusion limited protonation rate of the His37 tetrad in
M2TM is due in part to such a proton collecting antenna. Both influenza A and B M2 proton
channels have negatively charged residues near the channel entrance which are highly con-
served among different strains, specifically Asp21 and Asp24 for influenza A, and Glu3 for
influenza B M2 proton channel. Because M2TM tetramer has only Asp24, a total of four
aspartic acid carboxylate side chains in the ectodomain form a possible proton-collecting
antenna as shown in Figure 3a. Each negatively charged carboxylate has a coulomb cage, in
which electrostatic interaction between positively charged proton and negatively charged
residue is stronger than the thermal energy (ksT). Due to their close proximity, their cou-
lomb cages can merge and widen the proton capturing surface network, enhancing proton
harvesting from bulk aqueous phase (Fig. 3b). Because the four aspartic acids work collec-

tively, the apparent kinetic constant of protonation can exceed that of diffusion limited pro-
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tonation rate of a single aspartic acid. We emphasize that this model is testable by mutation

of Asp24 to a nonionizable residue.

There is growing evidence that protons can diffuse through the membrane-water interface
with a faster diffusion rate than in bulk aqueous solution. A more rapid protonation rate of
the pH indicator fluorescein on membrane surfaces has been observed experimentally com-
pared to that in bulk solution, although the mechanism is not clearly understood.®4%¢ Also,
the NPE-sulfate photo-acid used in the present work can interact with lipid headgroups, and
it is adsorbed on a phosphatidylcholine (PC) membrane surface with an adsorption constant
of ~ 100 M (Figure S2). Interaction with the membrane increases the concentration of pho-
to-acid as well as released protons near the membrane surface compared to the bulk. Cou-

pled to enhanced interfacial proton diffusion, this may expedite proton transport to M2TM.

Figure 2.3 Electrostatic properties of the N-terminal region of M2TM tetramer (PDB
ID 2L0J). (a) Side view and (b) top view of potential isocontour surfaces, shown at +1 kT/e
(blue) and -1 kT/e (red). Electrostatic potential was computed using the Adaptive Poisson
Boltzmann Solver (APBS) software package®® for an ionic strength of 100 mM and fixing

the charge of the N-terminus at zero.
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After rapid initial protonation of the aspartic acid groups at the channel entry, the protons
must dissociate to enter the channel. Considering the Asp pKa of ~4, the deprotonation rate
would be about 10° s, meaning proton dissociation occurs within 1 ps. Following dissocia-
tion, protons are likely transported to the His37 tetrad within the pore through water wires
that are formed by fluidic water molecules hydrating the pore.”® Before protons enter the
channel they pass through the Val27 neck, which is narrow enough to break the water wire
and therefore might slow down proton entry into the pore to some extent. However, MD
simulations suggest that the impact of the Val27 neck may not be significant because it dy-
namically interconverts between open and closed states with lifetimes in the nanosecond
regime. The fast interconversion may allow water molecules to form transient hydrogen
bonding network to facilitate proton transport through the Val27 neck.?®"%72 The proton free
energy profile (PMF) calculated by multiscale reactive molecular dynamics combined with
QM/MM shows a relatively low 4.7 kcal/mol barrier from the viral exterior to the Val27 in
the unprotonated state, which could be partially compensated by the proton gradient.?® The
PMF also shows a barrier from Val27 to His37 that might be due to electrostatic repulsion
between the positively charged His37 and the incoming proton, hindering proton transfer.
Hence, the overall protonation rate of His37 is faster than those of ionizable residues inside
a pore without proton-collecting antenna residues, but in the range of the diffusion-limited
rate due to the Val27 neck. This protonation rate is also in agreement with the rapid NH N

exchange rate of His37 (10°s) measured by ssNMR at pH 5.2.73

We assign the slow kinetics phase to a conformation change of the channel, specifically C-
terminus dilation subsequent to His37 protonation. Opening of the channel produces a more

hydrated environment that further quenches the Trp fluorescence. The rate of channel open-
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ing was calculated as k2= (4 + 2) x 10° s from k22", Compared to ki, it is about two orders
of magnitude slower, suggesting that the interconversion between activated and inactivated
conformers might not occur during proton conductance. The proton conductance rate of M2
proton channel has been reported in the range of 10 — 1000 s*. Because the conformation
change can be completed within a single conductance cycle at the upper limit of this range,
the transporter model cannot be completely ruled out. The reverse transition from the open
to closed conformation is likely faster compared to the forward one, because membrane ex-
erts lateral pressure in the direction of the closed state. Since the protonation rate is much
faster than any conformational rearrangement of channel backbones, however, it is more
likely that deprotonated His37 would be re-protonated before the conformation change pro-
ceeds. This may explain why a large-amplitude motion between activated and inactivated
conformations has not been observed by NMR under equilibrium conditions. However, the
transporter model might still be feasible under certain conditions for which the proton entry
rate is significantly slowed. It was proposed that the Val27 valve is blocked in the activated
form, which might provide enough time for the channel to return to its closed form.? In
counterpoint, MD simulations’?> and more rigorous multiscale reactive molecular dynamics
combined with QM/MM calculations?* suggested that Val27 is not completely closed even
when three or four His37 are protonated. The simulations are consistent with NMR experi-
ments that reveal a highly dynamic structure of the activated channel that allows the Val27

valve to fluctuate between open and closed configurations.

The rate-limiting step for proton conductance is thought to be proton dissociation from
His37. Considering the protonation rate of (4 + 2) x 10° M5! and the pKa ~6.5 of His37,

it follows that the deprotonation rate is ~10* s, which is one to three orders of magnitude
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faster than the reported conductance rate. This disparity can be rationalized by futile cycles,
in which protons are dissociated back in the direction of the channel entrance instead of out
the channel exit. It could also be explained by the role of the Trp41 gate, since the calculated
free energy barrier is highly asymmetric with a significantly higher barrier for His37 depro-
tonation.?*® The conductance is increased when Trp41 is mutated to Cys, Gly, Ala, or Phe,

indicating that Trp41 slows down proton transport from His37 to the viral lumen.*

Resolution of multiple His37 tetrad protonation steps. In contrast with steady-state ex-
periments, the pH jump measurements resolve the individual contributions of the protona-
tion and conformation change steps to the fluorescence intensity change, since they are well
separated in time. The fast phase originates from protonation of the His37 tetrad, and only a
single lifetime was observed for this process, although multiple protonation steps occur.
Since the protonation rates are all similar to one another, different deprotonation rates would
be necessary to produce different pKa values for the various His37 of the tetrad. The slow
phase corresponds to the conformation change, and thus it occurs only after protonation of

the third His37, but not before.

Figure 2.4 Kinetic resolution of multi-step protonation of M2TM. (a) Reaction scheme
for progressive protonation and conformational change of M2TM. (b) Fluorescence ampli-
tude change of k12 (circles) and k2P (squares) for M2TM in DPPC bicelles measured by
pH jumps from an initial pH 7.5, as a function of final pH at 25 °C. (c) Steady-state pH de-
pendent M2TM fluorescence intensity change (squares) along with the fit (red line) based
on the polyprotic model shown in (a), with fluorescence intensities of 100% for O state, 95%
for +1 state, 90% for +2 state, 75% for +3 state, and 70% for +4 state. The fraction of each
protonation state of M2TM (dashed lines) was also calculated from the pKa values obtained

from this model.
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We built a polyprotic model (Fig. 4a) to describe the equilibrium pH dependence of the Trp
fluorescence, based on the kinetic resolution of the protonation and conformational change
steps and a few reasonable assumptions. The amplitude change of both fast and slow phases
as a function of final pH represents the population change of each protonation state. The
M2TM tetramer can adopt multiple protonation states of the His37 tetrad, from 0 to 4™ (Fig.
4a). After a pH jump, the population distribution of these protonation states is shifted to
more highly protonated states. The amplitudes of the fast and slow kinetic phases as a func-
tion of final pH are plotted in Figure 4b. A rough estimate of the maximum signal change as
a percent of the total fluorescence intensity for each kinetics phase was obtained from the
fits, giving 20+£3% for the fast phase and 10+3% for the slow phase. Because the fast phase
corresponds to a convolution of all four protonation steps of the His37 tetrad, if we assume
the protonation of each His37 contributes equally to the Trp fluorescence quenching, then
each step reduces the total fluorescence intensity by 5%. If we also assume that the confor-
mation change occurs only for the transition from the 2* to 3* state (consistent with simula-
tions), the additional 10% decrement of the fluorescence intensity in the slow phase can be
attributed to this transition. As a result, the relative fluorescence intensity was modeled as
100% for the O state, 95% for the 1" state, 90% for the 2" state, 75% for the 3" state, and
70% for the 4" state. Finally, we assumed that protonation steps 1 and 2 (pKaz), and steps 3
and 4 (pKaz) are cooperative, because the change in fluorescence intensity occurred in such

a narrow range (pH 7.5~6), and cooperativity was observed in other studies of M2.2>

We tested whether this polyprotic model fits the equilibrium pH-dependent fluorescence da-
ta (Fig. 4c). The model has two adjustable parameters, pKa1 and pKaz. The fitting procedure

calculates the population of each state, from which its weighted contribution to the total flu-
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orescence intensity is determined based on the model described above (see Supporting In-
formation for fit equations). The procedure is iterated to produce the best fit to the observed
fluorescence intensities (red curve in Fig. 4c), yielding pKa1 = 6.38 + 0.03 and pKaz = 7.30
+0.03. This model fits that data well and is more physically realistic than the overly simpli-
fied monoprotic model we used at first (Fig. 1c). The pKa values are relatively high com-
pared to previously reported values, but this is likely due to different membrane environ-
ments. A wide range of pKa values has been reported for the His37 tetrad of M2TM, which
has been rationalized in terms of the various conditions employed in these studies.? It is
possible that our experiments in DPPC bicelles shift the pKa values up due to the lack of

cholesterol in the membrane preparations.

The pKa1 values obtained by fitting the amplitudes of the slow and fast kinetics phases (Fig
4b) were 6.56 £0.09 and 6.48 + 0.04, respectively; pKaz was fixed at 7.3 for this calculation,
based on its value derived from the steady state pH-dependent fluorescence data. The pKa:
values determined from equilibrium (6.38) and kinetics (6.48) experiments are close and
likely the same within error considering the noise level of the single shot kinetics experi-
ments. However, we note that the pKa values determined from the kinetics experiment are
not necessarily the same as those measured at equilibrium. During the pH jump experiment,
protonation occurs before the conformation change, whereas, during a steady-state experi-
ment, one can only measure properties of M2 channels that have already completed the con-
formation change. Therefore, it is possible that the kinetics experiment observes the pKa of
M2TM before activation, which could be different from that of the activated form populated

in steady-state measurements.
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2.5 Conclusions

A laser induced pH-jump coupled with time-resolved Trp fluorescence spectroscopy was
used to measure the rapid protonation of His37 of M2TM and a subsequent conformational
change that perturbs the micro-environment around Trp41l. An unusually fast protonation
rate for His37 (kp = 1.6 + 0.4 x 10'° M! %) in the pore of M2 proton channel was observed,
implying a role of the Asp24 residues in the N-terminal domain of M2TM (and Asp 21 for
full-length M2 proton channel) as proton-collecting antenna residues. Protonation of the
His37 tetrad induces opening of the C-terminal end of the channel and exposure of Trp41l to
water, with a rate of (4 + 2) x 10® s, This temporal decoupling of the protonation step from
the conformational change suggests that the transporter-like mechanism is probably not fea-
sible. Instead, we propose that each proton transport cycle does not require a further con-
formational change after the activation of M2 by the channel opening, in agreement with
QM/MM simulations.?® Because M2 proton channel is sensitive to the environment, future
experiments with different membrane compositions would be required to elucidate the spe-
cific impacts of the membrane structure and dynamics. Also, the addition of the C-terminal
amphipathic helices to M2TM could affect its conformational dynamics. Finally, many other
protein systems are amenable to this approach, such as ATP synthase, uncoupling protein,
and hemagglutinin, all of which undergo functional conformational transitions induced by a
change in pH. The laser pH-jump technique coupled with time resolved Trp fluorescence
spectroscopy provides a powerful new methodology to study proton transport processes in

general without perturbing their structure and function.
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2.6 Appendix

1. Laser pH-jump Setup. The M2 Trp fluorescence decay kinetics triggered by a rapid
laser pH-jump were measured with the instrument shown schematically in Figure S1. The
pump-probe experiment uses a 7 ns pulse at 355 nm from a Q-switched Nd:YAG laser to
produce the pH jump and a 290 nm quasi-continuous (76 MHz) probe beam generated by

frequency tripling a fs mode-locked Ti:Sapphire laser.

Shutter
L3 Sample
Mira 900 283 nm [TT] Photo-
HG / . — Dum
Ti:Sapphire laser - . . L 1 Slit diode P
Dichroic i — L4 E
1 i _—— 15 I:
Verdi V12 i ——— LP300 . .
diode laser 355 nm ! LP290 !
‘ | Pol i
i Delay | i
i Gated - (I}enerator Ti i
pnd I O e
L1 A S CEEEEES r--4 Oscilloscopel+ !
PHS | ; i
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laser (1064nm) iy A . i
. | ‘omputer |-

Figure 2.S1. Schematic of the pump-probe laser pH jump setup. (HG: harmonic generator.

PHS: Prism Harmonic Separator, Pol: Polarizer, PMT: photomultiplier)

Trp fluorescence is a highly useful probe of protein dynamics in general, but many technical
difficulties must be overcome in order to couple it to a pH jump experiment. The first prob-
lem is the overlap of the Trp fluorescence (centered near 350 nm) with the laser wavelength

required to excite the photo acid (355 nm Nd:YAG third harmonic). Rejecting stray light
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from scattering of the 355 nm pump beam is a tricky problem because of its spectral overlap
with the Trp fluorescence. The usual approach of using a filter to block the 355 nm pump
laser is not suitable in this case because it significantly reduces the Trp fluorescence signal
as well. Instead, we reduced stray pump light by collecting the fluorescence light orthogonal
to the pump axis, and installing two UV polarizers in a cross-polarized configuration before
the detector. The crossed polarizers preferentially reject the scattered 355 nm pump pulse
compared to the fluorescence, because its polarization is essentially unchanged whereas the
fluorescence is depolarized. In addition, using a gated PMT the detector was gated off dur-
ing pump illumination and then gated on at some later time for detection of the fluores-
cence. Finally, most photo acids, including NBA and its photochemical byproduct, absorb
intensely at the 280 nm Trp excitation wavelength. This high absorbance causes a very se-
vere inner-filter effect. Therefore, the NBA concentration must be limited such that it does
not to block the 280 nm probe beam, thereby restricting the maximum possible change of

pH that is feasible with this approach to about 2 pH units.
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2. pH-jump with Trp fluorescence pH indicator

The pH-jump setup was calibrated by generating a pH jump in the presence of a Trp fluo-
rescence pH indicator, whose Trp fluorescence is pH dependent. Dipeptide L-Trp-L-Lys
was selected as a Trp fluorescence pH indicator, because of its high quantum yield and pH

sensitivity around pH 6~9. (Figure 2.52).

2.0x10°%

1.5x10° -

1.0x10°

Fluorescence Intensity

Figure 2.52. The fluorescence titration curve of L-Trp-L-Lys (WK) dipeptide.t

A pH jump was conducted with 10 uM of WK dipeptide in 1 mM NPE-sulfate photoacid
solution at pH 8.5 (Figure S3). Protonation of the His was finished within a few s, thus the
complete process was resolved by the pH-jump instrument. This result demonstrated that it
is possible to measure fast protonation kinetics triggered by laser pH jump and detected with
Trp fluorescence as a probe. The apparent kinetics constants were plotted against A[H'] and

the protonation rate of (3.8 + 0.3) x 10'° M's* was calculated by linear fitting (Fig. 2.S3).
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Figure 2.S3. pH jump with fluorescence detection of WK dipeptide. (a) Changes in the flu-
orescence emission (black line) of solution containing NPE-sulfate (1 mM) and WK (10
uM) after pH jump. The fitting with a single exponential curve (red curve). (b) The appar-

ent Kinetics constants as a function of A[H™] at 25 °C.

3. Isothermal titration calorimetry (ITC)

Depending on the property of the photo acid, it can either partition into the membrane or
adsorb on the surface of the membrane, altering the local concentration of photo acid at the
membrane interface.? In order to measure the binding affinity of the NPE-sulfate photo acid
to the membrane, isothermal titration calorimetry (ITC) was performed using a MicroCal
VP-ITC (MicroCal LLC, Northampton, MA). 20 ul aliquots of a 20 mM POPC SUV solu-
tion was titrated into 0.25 mM NPE-sulfate solution in the calorimeter cell. The heat of ves-
icle dilution was also measured as a control and subtracted from the photo acid data. The

result was fit by equation (1).°
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(The symbols C;, CI™ denote lipid concentration and initial solute concentration, respective-

ly. For more details, see reference 3.)
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Figure 2.54. Membrane adsorption thermodynamics of NPE-sulfate measured by ITC.

The best fit yielded K = 100 MY, AH = 1.4 kcal-mol?, AG = -5 kcal-mol?, AS = 12
cal-molt-K, The value of K (100 M) indicates roughly one NPE-sulfate is bound to every

11.5 lipids.
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4. Amantadine Drug Titration of M2TM in bicelles at pH 6.5

a. CD spectra
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Figure 2.S5 Amantadine titration to the 50 uM M2TM in bicelle (DH(7)PC:DPPC=5:1,
DPPC:peptide=100:1) at pH 6.5 (a) CD spectra of M2 proton channel with various concen-

tration of Amt (b) The ratio between ellipticity at 223 nm and 208 nm as a function of the

ratio of [Amt] to [M2 tetramer].
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b. Trp fluorescence spectra
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Figure 2.56 Amantadine titration to the 10 uM M2TM in bicelle (DH(7)PC:DPPC=5:1,
DPPC:peptide=100:1) at pH 6.5 (a) Trp fluorescence spectra of M2 proton channel with
various concentration of Amt (b) The fluorescence intensity as a function of the ratio of

[Amt] to [M2 tetramer].

In order to confirm that amantadine binds to M2TM with high affinity under our experi-
mental conditions, the sample was titrated with amantadine. The results showed that the ra-
tio between ellipticity at 223 nm and 208 nm* and Trp fluorescence® increase, consistent
with previous work, indicating that the drug binds to M2TM tetramer with a stoichiometry

of 1:1.
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5. pH dependence of Trp fluorescence intensity with and without Amantadine in bicelles
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Figure 2.S7 pH dependence of Trp fluorescence of the 10uM M2TM in bicelle

(DH(7)PC:DPPC=5:1, DPPC:peptide=100:1) at various pH with/without 500uM Aman-

tadine (Amt). After adding Amt, sample was incubated for 5 min. Solid red lines are fits to

the Hill equation.

Table 2.S1 Fitting parameters.

PKa n
Apo M2TM 6.67 £ 0.05 1.1+01
With 500 pM Amt 5.18 £ 0.05 25+05
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M2TM exhibited about one order lower pKa value when amantadine is bound, which is in

agreement with previous NMR study?®.

6. pH dependence of slow phase ko.
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Figure 2.58 Dependence of the rate constant k2 of M2TM as a function of A[H'] at 25 °C.

The red line is a linear fit to the data.

In Figure S8, the data points are highly scattered, implying a low correlation between k2 and
A[H"]. A linear fit had a high error range and the adjusted R? value was 0.15. While the pos-
sibility of pH dependence of k2 can not be ruled out completely given the large uncertainty,

the correlation is weak.
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7. Procedure for fitting pH-dependent fluorescence data to the polyprotic model (Fig. 4c).
The model has two adjustable parameters, pKa1 and pKaz. The fitting procedure calculates
the population of each state, from which its weighted contribution to the total fluorescence

intensity is determined based on the following equation:

07107 4075 - 107PHa - 100 0.9 1020Ker - 10727 4 .95 - 10 Par - 10K - 10 PH 4 1 10 TP 1020Kar
T 10747H 4 10737 107PKar + 10720H - 1072001 4 107PH - 10720Kar - 107PRaz 4 10-20Kar - 1020Kae 0

where F7 is the total fluorescence and Fo is a baseline offset.
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Chapter 3: pH Dependent Conformational Change of Influenza A M2

Proton Channel Revealed by FRET

3.1 Abstract

M2 proton channel of Influenza A virus is activated under acidic pH of lysosome, and
conducts proton unidirectionally into the viral lumen with high selectivity. The M2 proton
channel activation mechanism is of great interest, not only because of drug development,
but also biophysical properties. It was proposed that the protonation of the third His of
His37 tetrad induces channel conformation change, C-terminal dilation. However, there
are contradicting reports about its pH-dependent conformational dynamics. Here, FRET
was used to directly measure the distance change among M2TM C-termini in various pH.
Channel opening was observed below pH 6.5, with pKa of about 5.3. Amantadine (Amt)
binding induced a transition toward more closed channel. This result confirms a strong

correlation between activation and conformation change of M2 proton channel.
3.2 Introduction

Influenza A M2 proton channel play important roles in viral replication cycle, acidifying
viral lumen to disassemble matrix 1 inner capsid layer, which is prerequisite of the release
of viral ribonuleoprotein (RNP) complex. As a once effective drug target, it has been one
of the most researched membrane proteins. It forms a homotetrameric channel in the viral
membrane, conducting proton unidirectionally with high selectivity. Its proton
conductivity is pH-dependent; acidic pH of lysosome activates M2 proton channel to

conduct proton, but its detailed mechanism of channel activation remains controversial.
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Figure 3.1 Overlapped M2TM structures (PDB ID: 2L0J, 3LBW, 3C9J, 3BKD, 2KQT,
2RLF).

It was proposed that M2 proton channel activation is via changing its conformation at low
pH, being triggered by protonation of His37 tetrad. Positively charged imidazolium cations
electrostatically repels each other, resulting in dilated and more hydrated C-termini.*® This
can be inferred from a comparison among various protein structures (Figure 3.1), and

further supported by computational studies.®® The “activated” or “open” form was
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observed in the X-ray crystal structure obtained by the Degrado lab'?, exhibiting widely
opened C-terminus region of M2 transmembrane domain (M2TM). (Figure 3.2a) However,
there are still controversies whether it is artifact or not, especially because of the presence
of interfacial contact between crystal lattice.®® (Figure 3.2b) Later, the same group reported
similar structure in lipid cubic phase (LCP) by using synchrotron® or X-ray free electron
laser!’, proving that the previous structure is not from crystal lattice artifact. Nevertheless,
X-ray crystal structure of M2TM in LCP showed all similar backbone angle from basic

(pH 8.0), intermediate (pH 6.5) to acidic pH (pH 5.5), contradicting the hypothesis that pH-

Figure 3.2 (a) M2TM structure from 3BKD in side and axial view
(b) Full structure of 3BKD
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dependent conformational change causes M2 activation. Therefore, it is likely that the
‘open’ structure of M2TM originates from specific interaction between LCP and M2TM

peptide.

On top of that, there is no other structure at acidic pH to reconfirm “activated”
conformation. NMR technique experienced difficulty in obtaining M2TM structure at
acidic pH because NMR peaks are severely broadened at acidic pH, implying dynamic
interconversion among meta-stable conformations. Moreover, most NMR structures are
measured in lipid bilayer environment, while X-ray crystal structures are in detergent,
which can induce huge differences in membrane protein structure. Some of the structures
reported in protein data base (PDB) and their experimental conditions are summarized in

table 3.1.

Besides structural studies, various spectroscopic techniques were used to elucidate its pH-
dependent conformational change. An EPR study found a more opened structure at pH 5.6
compared to the structure at pH 7.8.® Hochstrasser and coworkers used 2D-IR
spectroscopy to study water dynamics of Gly34 in M2TM, and observed ice-like water at
pH 8.0 and more bulk liquid-like water dynamics at pH 6.2.2° And similar result was
obtained by QM/MM simulation later.?2 Mei Hong and coworkers measured H spin
diffusion from water to M2TM, and their result indicated that water and M2TM contact
area is decreased ~25% from open structure at pH 7.5 to close structure at pH 4.5.2 It was
reported that M2TM Trp fluorescence decays biexponentially after pH-jump experiment,
revealing fast kinetics ascribed to protonation of His37 and about 250 ps of slow kinetics
possibly corresponding to the subsequent conformational change.?? Fluorescence

correlation spectroscopy (FCS) was employed to study conformational dynamics of M2
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proton channel backbone, demonstrating its dynamics in the time scale of several 100 pus

in pH-dependent manner.?® However, the same group reported that hydration level and

water dynamics at Trp41 position of 5-cyanoTrp41 M2TM mutant are same at both basic

(pH 7.4) and acidic (pH 5.0) conditions by measuring both linear and non-linear IR spectra

of cyano group reporter and fluorescence lifetime of 5-cyanoTrp41l, although backbone

angle change from 24.2° at pH 7.4 to 39.7° at pH 5.0 was observed by means of polarized

PDB pH D1 D2 Condition Peptide Ref
ID (nm)  (nm)

3C9) 53 3252 3.715 X-ray, octyl-B-d- S22-1.46, G34A 1
glucopyranoside detergent,
amantadine

3BKD 7.3 3595 3.313 X-ray, octyl-B-d- S22-1.46, 133-SeMet 1
glucopyranoside detergent,

3LBW 6.5 2336 2299 X-ray, n-octylglucoside P25-L46, G34A 2
detergent

INYJ 7.0 2842 2846 SS-NMR, DMPC lipid S22-1.46 3
(C14)

2RLF 75 2407 239 S-NMR, DHPC detergent S23-K60, C50S 9
(C4), rimantadine

2KAD 75 297 297 SS-NMR, DLPC lipid S22-1.46, L40A 10
(C12), amantadine

2KQT 7.5 2416 2416 SS-NMR, DMPC lipid, S22-1.46 12
amantadine

2L.0J 75 293 288 SS-NMR, DOPC/DOPE S22-G62, C50S 13
bilayer

2H95 8.8 2572 2572 SS-NMR, DMPC bilayer L26-L43, 14

Table 3.1 Comparison of M2 proton channel structure, experimental technique, condition,
peptide length, mutation. D1 and D2 are diagonal distances between a-C of Leu46.
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ATR-FTIR.?* ssNMR study of M2TM W41F mutant observed pH-dependent two-state
transition and their interconversion rate was about 400 s, which is somewhat slower than

previous studies.?

From the past research, it is clear that there are reports that suggest contradicting results.
Partially, this can be caused from different experimental conditions: as can be seen in table
1, structural studies from either X-ray crystal or NMR technique were conducted under
different conditions such as membrane mimetic system, presence of a drug, mutation, and
peptide length, which are known to have a big impact on the structure of M2 proton
channel.?® To clarify pH-dependent conformation change of M2 proton channel, all
experimental conditions must be constant while the pH is being varied. Moreover, most
structural data was obtained at cryogenic temperature, which doesn’t take into account the
dynamic nature of M2 proton channel structure, while most spectroscopic studies were
conducted at ambient temperature, which is a more biologically relevant condition. The
dynamics of M2 proton channel conformation change measured from various
spectroscopic techniques also showed wide distribution from 400 s to 12,500 51,2223 2
To some extent, such deviation can be originated from the intrinsic sensitivity of M2 proton
channel to the environment. Even in a single report, conformational dynamics of M2 were
varied from 2,000 s to 12,500 s, depending on pH, peptide length, and cholesterol
content.2 Such sensitivity may explain the deviation among studies conducted under
different conditions of mutation, membrane composition and labeling method. On top of
that, beside these factors, the deviation can be also contributed from the diverse
spectroscopic approaches either in equilibrium condition or in pre-equilibrium state, in

which different types of dynamics might be observed.
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In the present work, under well-controlled condition, Forster resonance energy transfer
(FRET), a so-called molecular ruler, was employed to confirm pH-dependent conformation
change of M2 proton channel by measuring the distance among C-termini of M2TM
tetramer in various pH. Moreover, the effect of drug binding, known to drive channel
closure, was also studied. The result clearly demonstrates that acidic pH results in opening

of channel C-terminus while the N-terminus stay nearly unchanged.

3.3 Experimental
Materials

5-((2-Aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS) C-2 maleimide,
DABCYL plus™ C-2 maleimide were purchased from Anaspec, and used without further

purification.

Peptide Synthesis and Purification

Cysteine was added either N- or C- termini of Influenza A Udorn strain M2 proton channel
transmembrane domain (M2TM) (Ser22 to Leu46: SSDPLVVAASIIGILHLILWILDRL),
to be synthesized via standard 9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase
chemistry in a microwave peptide synthesizer (CEM). Fmoc-PAL-PS resin (Applied
Biosystems, Foster City, CA) was used to form a peptide amide. Peptide cleavage was
performed using a peptide cleavage solution comprised of 90% trifluoroacetic acid (TFA),
5% thioanisole, 3% ethanedithiol, and 2% anisole for two hours. The resulting mixture was

filtered and the filtrate was added to cold ether to precipitate out the peptide. The peptide
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was purified by reverse phase-HPLC on a C-3 preparative column with a linear gradient of
buffer A (0.1% TFA in H20) and buffer B (60% isopropyl alcohol, 30% acetonitrile, 10%
H20, 0.1% TFA).?” The peptide eluted at 65% of buffer B. The purified peptide was

verified by MALDI mass spectroscopy and then lyophilized.

Peptide Labeling

5 mg of M2TM peptide was dissolved in a 2 ml solution of 60% 2,2,2,-trifluoroethanol
(TFE), 20% DI-water, and 20% 10mM pH 7 phosphate buffer. The pH of the solution was
adjusted to be around pH 7 by adding 10mM of NaOH. Two equimolar of either EDANS
or Dabcyl Plus™ C-2 maleimide was added to the solution, and the reaction was kept under
dark for two hours. The labeled peptide was purified by reverse phase- HPLC on a C-3
preparative column with a linear gradient of buffer A (0.1% TFA in H20) and buffer B (60%
isopropyl alcohol, 30% acetonitrile, 10% H20, 0.1% TFA). The purified peptide was

verified by ESI mass spectroscopy. (Figure S1)

Sample Preparation

All detergents and lipids were purchased from Avanti Polar Lipids. The concentrations of
EDAN-M2TM and DABCYL-M2TM in ethanol were calculated from its UV-Vis
absorption spectrum using €336 = 5,900 Mt-cm™ and e4s3 = 32,000 Mt-cm™, respectively.
Different ratios of EDANS to DABCYL Plus™ labeled M2TM were prepared in ratios of
1:1,1:2. 1:4, 1:8, 8:1, 4:1, and 2:1. M2TM tetramers were reconstituted in bicelles by co-
dissolving 0.2 pumol of dye labled M2TM peptide in ethanol with 24.1 mg of 1,2-

diheptanoyl-sn-glycero-3-phosphocholine (DHPC) (50 pmol) and 7.3 mg of 1,2-
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dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (10 umol) in chloroform. The peptide
to lipid ratio (M2TM:DPPC) was 1:50 (mol:mol) to ensure that M2TM tetramer was
sufficiently formed in the lipid bilayer.?82° After thorough mixing, the lipid cake was
prepared by drying under a N2 stream and then under high vacuum for 2 hours. The lipid
cake was hydrated by adding 1 ml of buffer solution and then repeating multiple
freeze/thaw cycles. In every freeze and thaw cycle, the solution was thoroughly sonicated,
and the cycle was repeated at least 10 times until the solution became clear.

Each sample consisted of 20 uM M2TM, 5 mM DHPC, 1 mM of DPPC, 100mM NacCl,

and 100mM of phosphate, citrate, or tris buffer varying between pH 4 to 9.

Florescence Measurement

For fluorescence spectra, Jobin Yvon dual fluorometer was used. Sample was excited at
336 nm. To measure pH-dependent fluorescence intensity change, fluorescence plate
reader (Biotek Synergy HT) was used. The excitation filter was centered at 360 nm with
band width 40 nm, and emission filter was centered at 460 nm with band width 40 nm. 100

uL of samples were placed in a 96-well plate.

3.4 Results
Selection of FRET Donor-Acceptor Pair

To choose an optimal FRET pair, appropriate Forster radius (Ro) was first considered by
comparing M2 proton channel structures. (Table 1) The diagonal distances between Leu46

at the C-terminus end of M2TM tetramer range from 2.4 - 3.6 nm, thus, optimum Fdrster

radius should be about 3/+/2 = 2.12 nm range. Such a short Férster radius is very rare, so



76

only few candidates were found. On top of that, one spectral characteristic of the dye should
be its pH-independence. In other words, it should not have ionizable residue with pKa value
in the range of pH 4~9. Moreover, a hydrophilic dye should be chosen to avoid interactions
with the membrane. After all criteria were considered, EDANS-DABCYL" FRET pair (Ro
= 3.3 nm) was chosen. They didn’t show any pH-dependence in spectroscopic property.
(Figure S2) Since DABCYL" is non-fluorescent quencher, FRET efficiency was calculated

solely from EDANS fluorescence.

Fluorescence Spectra of FRET Labeled M2TM at pH 6.5

After reconstitution of FRET labeled M2TM of 1:1 donor-acceptor ratio in DPPC bicelle,
fluorescence spectrum was measured in pH 6.5 buffer. Compared to the free EDANS
fluorescence at the same concentration, fluorescence was highly quenched, indicating
donor-acceptor pair is in the range of Forster radius. Also, emission maxima at 495 nm was
not shifted in bicelle solution, which means that EDANS dye is in bulk water phase. When
amantadine was added, fluorescence intensity was decreased. It was reported that
amantadine binds to the M2TM pore and makes M2TM tetramer more tightly closed, thus,
the drug binding can quench more fluorescence. However, emission maxima was not
changed, indicating that EDANS dye is still in bulk water phase. Such drug binding
capability also demonstrates that M2TM forms a functional tetramer in DPPC bicelle.
When detergent was added, fluorescence was recovered to some extent. Under high
concentration of detergent, some of M2TM tetramer may become dissociated.
Fluorescence maxima was blue-shifted because EDANS is an environmentally-sensitive

fluorescence dye.
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Figure 3.3. Fluorescence spectra of FRET labeled M2TM (EDANS : DABCYL"=1:1)
in DPPC bicelle in pH 6.5 buffer.

pH-dependent FRET Efficiency Change

Because pH-dependent fluorescence spectrum of FRET labeled M2TM only shows
intensity change, not spectral shift, a fluorescence plate reader could be used to compare

fluorescence intensity more accurately with higher throughput.

Degrado et al. reported that tetramerization of M2TM in micelle is pH dependent.® To rule
out a possibility of pH dependent tetramerization, as a control experiment, M2TM N-
terminus were labeled with the FRET pair, EDANS and DABCYL*. When M2TM was
labeled at N-terminus, there was almost negligible pH-dependence (figure 4a), confirming

that M2TM forms a stable tetramer in this experimental condition. On the other hand, when
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C-terminus of M2TM was labeled, pH-dependence of fluorescence intensity was observed.

(figure 4b)
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Figure 3.4 Fluorescence intensity change of (a) N-terminus labeled M2TM, (b) C-
terminus labeled M2TM in DPPC bicelle as a function of pH.

The fluorescence intensity of free EDANS was assumed as a non-quenched donor
fluorescence intensity, and FRET efficiency was calculated. (Figure 3.5) Itis clearly shown
that FRET efficiency rapidly drops below pH 6.5, and, for r=0.125 sample, pKa 5.3 was
calculated by fitting with the Henderson-Hasselbalch equation. With amantadine, FRET
efficiency was decreased above pH 6, indicating a even more closed structure than “close”
structure of apo-M2TM. This agrees with previous reports; drug-binding induces more
tightly packed tetramer than apo-M2 proton channel, dehydrating channel, as well as
reduced backbone and sidechain dynamics.®* Below pH 6, it shows similar transition to
open structure with the similar pKa value of 5.2, and eventually merged to the same level
with Apo M2TM. Other sample with different ratio (D/A) showed similar trend, but

slightly different pKa values within experimental error range. (Figure S3)
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Figure 3.5 FRET efficiency of M2TM (D/A=0.125) as a function of pH with/without
amantadine (Amt).

3.5 Discussion

Influenza A M2 proton channel exhibits pH-dependent channel activity: at basic and
neutral pH, it is inactive, but at acidic pH, it is activated. This activation mechanism of M2
proton channel, as well as its proton conductance mechanism, have been of great interest

to many researchers.

We measured C-terminus conformation change of M2TM directly by FRET experiment. It

was clearly shown that M2TM undergo transition to more opened structure as pH becomes
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acidic. And the pKa value 5.3 of this transition was obtained by fitting. So far, various pKa

values have been reported. (Table 3.2)

pKa Technique Condition Ref
6.4,5.7 CD DPC micelle, 5.7 was estimated from 32
electrophysiology data, S22-1.46
8.2,8.2,6.3, sSNMR  DMPC/DMPG, peptide:lipid = 1:20, S22-L.46 3
<5.0
7.6,6.8,4.9, ssSNMR  VM(SM:DPPC:DPPE:Chol=28:21:21:30), 34
4.2 peptide:lipid = 1:15, S22-1L.46
7.1,5.2 ssSNMR  VM+(POPC:POPE:SM:Chol=25.6:25.6:25.6:23), %
peptide:lipid = 1:22.5, D21-E97
7.63, 4.52 sSNMR  4-Me16:0PC, peptide:lipid = 1:6 , R18-K60 36
6.9, 5.6 Fluorescence POPC:POPG:cholesterol = 4:1:2, Mixture of %
M2TM(22-46) and Azulene M2TM
5.7,4.0 UV-RR  POPE/POPS 38

Table 3.2 Reported pKa values of M2 proton channel.

In most cases, pKa 5.3 is close to the pKa of 3 His37 of tetrad, which agrees with previous
notion that 3" histidine protonation triggers channel activation.>® Moreover, recent NMR
study on W41F also reported pKa value of 5.8 for conformational transition.?> Recent FCS
study of M2 proton channel dynamics observed transition centered at pKa 6.1, which is a

higher pKa value.?
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In the case of amantadine bound form, the pKa was almost the same. Because amantadine
and rimantadine are known to bind to M2 channel pore and inhibit conductance,
protonation of His37 tetrad can be expected to be suppressed with those drugs. Indeed,
Cross and coworkers observed that its pKa value of first His37 protonation was lowered to
~5.4 with 10mM amantadine.®® And similar pKa shift to 5.2 was measured from Trp
fluorescence with amantadine (Figure 2.57).22 From these, it can be pointed out that the
drug effectively binds to M2TM at basic and neutral pH, but, at acidic pH (below pH 6),
gradually binds less tightly. Such pH-dependent binding affinity of amantadine was
previously reported by electrophysiological study of M2 proton channel conductance at
various pH with amantadine, showing binding constant of 9 £ 2 uM at pH 7.5, and 13 £ 2

UM at pH 6.2.4

Lower binding affinity of amantadine at acidic pH could be explained by the changes in
conformation and(or) structural dynamics of M2 proton channel. In basic and neutral pH,
M2 proton channel exists mostly in “closed” state, in which amantadine binds into its pore.
Hydrophobic adamantane ring of amantadine interacts with the hydrophobic pore lining
residues such as Val27 and Ala30, blocking channel entrance, while positively charged
amino group makes water-bridged hydrogen-bonds with imidazole rings of His37 and
backbone carbonyl groups of Ala30 tetrad.>® Once M2 proton channel is activated, those
interactions might be inhibited to some extents by more dynamic backbone fluctuation and
dilated structure, in which channel is more hydrated with bulk like water. However, this
does not necessarily mean that amantadine does not bind to the activated M2 proton

channel at all. For example, 3C9J PDB structure shows “open” structure even with
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amantadine bound to the channel pore at pH 5.3. Thus, the conductance inhibition

mechanism of drugs at acidic condition needs more investigations.

Careful analysis of FRET data can allow one to back-calculate the distance between donor-
acceptor pair. For calculation, specific assumptions must be made: 1) Both the acceptor
and the donor labeled peptides assemble randomly into possible tetramer combinations. 2)
All tetramers were simplified as being fourfold symmetric, to minimize the number of free
parameters. Therefore, the two adjacent monomers will have a distance of R, while the

monomer diagonal will have a distance of V2R.

First, FRET efficiency equation was derived for each possible geometry of donor and
acceptor of tetramer. (Table 3.S1). Then, probability of each donor and acceptor
combination was calculated, and the fluorescence intensity per different combination of
acceptor and donor is FI = #of donors x (1 — FRET Ef ficiency). In addition, the total

FRET efficiency is

Z;Ll=0 nPDnAn_4(1 - El[))nAn)

Total F.I.= )
h=o(4 — n)PDnAn_4(1 + EgnAn S_A)

From this information, one can correlate the FRET efficiency to the mean distance
between the donor and acceptors. Expected FRET efficiency was calculated as a function
of ratio between donor and acceptor, and then compared with the experimental data (Figure
3.6), which shows good agreement. (Figure 3.7) This supports that M2TM forms a stable

tetramer.
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Figure 3.6 pH-dependent FRET efficiency of samples in various ratio between donor and
acceptor.

The distance between the C-terminus of the M2 proton channel was calculated to be
about 4.4 nm at basic pH and 4.7 nm at acidic pH. Compared to the distance in table 3.1,
which ranges from 2.3 nm to 3.6 nm, this calculated number is much longer. This can be
explained by several points: (a) the distance was measured from a-carbon of protein
backbone. Since the dye has a linker and maleimide group, which is linked to the
Cysteine. Therefore, the distance of about 1~2 nm can be added for this. (b) M2TM
tetramer can form multiple conformations, but what we observe is only an averaged
value. (c) If M2TM is in dynamic fluctuation, we can also only measure the averaged

value.
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Figure 3.7 Simulated FRET efficiency, and probability of formation of each tetramer of
donor and acceptor combinations. Experimental data was obtained at pH 7.

3.6 Conclusion

The FRET experiment revealed that M2TM undergoes conformational transition as a
function of pH. This result supports the notion that M2 proton channel conformation
change is closely related to its activation, implying its role for proton conductance.
However, in this steady state ensemble measurement, one can only observe the averaged
value. This can be overcome by single molecule experiments, especially where individual
multiple sub-state and their population weight can be resolved. Moreover, pH-jump
experiment could elucidate its conformation change kinetics; further confirming previous

Trp fluorescence experiment. In order to conduct single molecule experiment, FRET pair
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should be improved; EDANS absorbs in the UV region and DABCYL" is non-fluorescent
quencher. Donor absorbing and fluorescing in visible light region, and fluorescent acceptor

with short Forster radius can be an ideal FRET pair.
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3.7 Appendix

(2)ESI Mass Specta
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Figure 3.S1. ESI mass spectra of M2TM-EDANS.
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(b) pH dependence of EDANS and DABCYL".
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(c) FRET Efficiency calculation
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Table 3.S1 Possible FRET geometry among donor acceptor in tetrameric configuration.
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Labeling Number FRET
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Table 3.S2 Probability of each possible combination and tis FRET efficiency



(d) Individual pH depdent FRET efficiency graph in various ratio (D/A)
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Chapter 4: Synthesis and Characterization of Water-soluble Long-lived

Reversible Photoacid and Its Application to pH-jump Experiment

4.1 Abstract

When 1-(2-Nitro-ethyl)-naphthalen-2-ol is excited, proton is released in sub-ns time scale,
and then intramolecular proton transfer from a-carbon of nitro-group to naphtholate
stabilizes its anion state. It has the desirable characteristics for the ideal candidate for
proton cage of kinetics experiments, but the extremely low water solubility impeded its
application. To address this flaw, hydrophilic long-lived reversible photo-acid was
designed to add a sulfonate group to position 6 of the 2-naphthol ring. Although synthesis
was successful, decreased pKa of naphthol prevented intramolecular proton transfer, not

allowing it to be long-lived.

4.2 Introduction

Proton plays important roles in various biochemical processes and the proton gradient is
the central concept of bioenergetics.! The structure and activity of many proteins can be
affected by proton concentration. For instance, dramatic conformation changes of viral
fusion proteins are triggered by high proton concentrations of lysosomes to fuse the viral

membrane with host membrane.?

To study mechanisms and kinetics of these processes, pH jump technique could be used,

where pH of sample is rapidly changed, and the subsequent processes are observed. Rapid
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mixers could initiate the pH jump, but few millisecond of time resolution from mixing dead
time limits this approach; proton transfer takes place in sub-millisecond timescale. Proton
transfer reaction is considered as diffusion controlled, and its diffusion rate is faster than
other cations like Na* due to the Grotthuss mechanism.? To observe this rapid process, a
sharp trigger is required, and laser pH jump technique could complete the pH change within

a few ns.*

Reversible photo-acids, naphthol derivatives or 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS), exhibit excited state proton transfer (ESPT), in which the photo-acid excited by
the pump laser pulse releases a proton in few hundreds ps, thus allowing rapid protonation
kinetics of various ionizable residues to be investigated. For example, when HPTS is
excited, its pKa9"? = 7.4 is rapidly shifted to pKa"®d = 0.4, resulting in proton release
within a few hundred ps.® Gutman et al could measure sub-millisecond timescale proton
association and dissociation kinetics of various ionizable residues not only in homogeneous
aqueous solution, but also in supramolecular structures such as protein and membrane

surface.®

However, using reversible photo-acids, pH-jump has a limitation in terms of the time
window; excited state of reversible photo-acid only persists for a few ns, and after decaying
to the ground state, released protons are recombined very rapidly from few ns to ps.
Therefore, the slow processes which occur after protonation could hardly be observed with

such a narrow spectroscopic time window.

To address this issue, irreversible photo-acids, o-nitrobenzaldehyde (o-NBA)’8 or 1-(2-
nitrophenyl)ethyl sulfate (NPE-sulfate)®°, were developed. pH-jump can last up to few

seconds before protons diffuse out to the bulk solution, thus, it allows one to observe ps or
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ms timescale processes after the pH-jump. Indeed, with irreversible photo-acid, one could
observe the kinetics of many biological processes such as alpha-helix formation of poly-

L-glutamate!'*2, leucine zipper folding®?, and acid-induced unfolding of myoglobin®“.

However, in practice, this irreversibility results in severe constraint to the spectroscopic
application, in that the pH-jump experiment with irreversible photo-acid must be a single-
shot experiment. Therefore, to improve signal-to-noise ratio (SNR), the experiment should
be repeated several times, which increases the amount of sample required for the
experiments. Also, the irreversible photo-acid cannot be applied to the spectroscopic

techniques which require many repetitions such as 2D-IR and step-scan FT-IR.

To overcome these limitations, the new concept of long-lived reversible photo-acids were
proposed. In order to combine the advantages of reversible and irreversible photo-acids,
reversibility and longer spectroscopic time window were required. There have been two
types of long-lived reversible photo-acids: merocyanine based*® and naphthol based photo-
acid®. Merocyanine type photo-acid shows excellent reversibility, but its kinetics is too
slow to be a trigger of kinetics experiments.!” On the other hand, naphthol based photo-
acid exhibits very fast kinetics of proton release in sub-ns time scale, relatively good
quantum yield of 0.3, and very low excited state pKa of 1.5, which makes this photo-acid
an extraordinary candidate for kinetics experiments, 2D-IR, and step-scan FTIR.1® When
the photo-acid is excited, a proton is released from the hydroxyl group of naphthol, and in
turn, a proton at the a-carbon of the nitro group undergoes intramolecular proton transfer
to protonate naphtholate, stabilizing anion state for few hundreds of ms. (Figure 4.1)
However, there hasn’t been any application of this long-lived reversible photo-acid to any

spectroscopic technique for about 9 years. This can be mainly explained by the fact that
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this compound is hydrophobic and its water solubility is quite low. In order to improve
solubility, a co-solvent such as methanol or DMF was used, but the presence of small
amount of cosolvent can disrupt protein and membrane structure. Also, highly hydrophobic
molecules can bind to the hydrophobic patch of protein surface and induce conformational
artifacts. More importantly, when a photo-acid is under hydrophobic environment, its
anionic state becomes unstable, resulting in faster recombination of the released proton.
This can be a severe issue with detergent and/or lipid because hydrophobic molecules

partition into them.

To address these problems fundamentally, water-soluble long-lived reversible photo-acid
was designed by adding a sulfate group. Also, hydrophilic photo-acid is membrane

impermeable, so it can be used to generate proton gradient across membrane.

Figure 4.1 Photo-cycle of naphthol based long-lived reversible photo-acid.
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4.3 Experimental

Materials. 2-hydroxy-1-naphthaldehyde, pyrrolidine, nitromethane, and sodium
borohydride were purchased from Aldrich. 5-formyl-6-hydroxynaphthalene-2-sulfonate
was synthesized as described.*® *H NMR and *C NMR were measured on a Varian INOVA
400 MHz NMR spectrometer. UV-vis and fluorescence spectra were recorded on Jobin

Yvon Dual Fluorometer. ESI Mass spectroscopy was recorded on Thermo LTQ-FTMS.

Sodium  6-hydroxy-5-(2-nitrovinyl)naphthalene-2-sulfonate. Sodium 5-formyl-6-
hydroxynaphthalene-2-sulfonate (546 mg, 1.99 mmol) and methanol (50 ml) were added
into a one-neck round bottom flask and stirred at RT. Into the solution, nitromethane (0.256
ml, 292 mg, 4.78 mmol) was added. Then, pyrrolidine (0.278 ml, 240 mg, 3.38 mmol) was
slowly added, and the color of reaction mixture was changed to yellow, and subsequently
to the dark red. Stirring was maintained for three days, and HCI was added to adjust pH to
neutral, resulting in dark yellow solution. The methanol was removed under reduced
pressure, and the resulting residue was purified by flash chromatography (SiO2) with
CH2Cl2/MeOH (70:30 v/v). Then, counter ion was exchanged from pyrrolidine to sodium
by ion-exchange column (Amberlite® IR120 Na* form) in MeOH, yielding 132 mg (21%)
of yellowish solid. *H NMR (D20, 400 MHz): § (ppm) = 6.20(d, 1H, J = 8.8 Hz), 7.01(d,
1H, J = 8.8 Hz), 7.16(d, 1H, J = 8.8 Hz), 7.37 (dd, 1H, J = 8.8, 1.6 Hz), 7.43(d, 1H, J =
13.2Hz), 7.58(d, 1H, J = 13.2 Hz), 7.58(s, 1H). 3C NMR (D20, 400 MHz): & (ppm) =

107.9, 117.9, 122.0, 123.5, 126.1, 126.5, 131.7, 133.4, 134.8, 137.1, 137.8, 158.8.
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Sodium 6-hydroxy-5-(2-nitroethyl)naphthalene-2-sulfonate (HNNS). Sodium 6-
hydroxy-5-(2-nitrovinyl)naphthalene-2-sulfonate (100 mg, 0.315 mmol) was added to
methanol (50 ml), and stirred at 0 °C. Into the solution, sodium borohydride (0.1 g, 2.6
mmol) was added in portions, and the reaction mixture was stirred until the color of reaction
mixture becomes transparent. To quench the reaction, pH was adjusted to neutral by adding
HCI solution slowly at 0 °C. Solvents are removed under reduced pressure, and the product
was purified by flash chromatography with CH2Cl2/MeOH (70:30 v/v) to obtain 78 mg
(78%) of white solid. 'H NMR (D20, 400 MHz): 5 (ppm) = 3.09 (t, 1H, J = 7.6 Hz), 4.23(t,
1H, J = 7.6 Hz), 6.67(d, 1H, J = 8.8 Hz), 7.22(d, 1H, J = 8.8 Hz), 7.46(d, 1H, J = 8.8 Hz),
7.67(d, 1H, J = 8.8 Hz), 7.84(s, 1H). 3C NMR (D20, 400 MHz): § (ppm) = 22.7, 73.9,
113.3,118.2,122.5, 122.7,126.2, 126.9, 129.7, 133.3, 136.5, 153.2. ESI-MS (negative ion

mode): expected m/z = 296.02, observed m/z = 296.02

Laser pH-jump Kinetics Experiment. The 4™ harmonics pulse (266 nm, 10 ns) from a
Q-switched Nd:YAG laser (Quanta-ray GCR IV, Spectra Physics) was focus to a horizontal
line by passing through cylindrical lens. The probe beam was 550 nm diode laser, which
passed though a 10 mm path of 2 x 10 mm cuvette, nearby the face of cuvette toward pump
beam. The transmitted probe beam intensity was measured by avalanche silicon photodiode,
and the signal was digitized by digital oscilloscope. The sample contained 10 uM of
bromocresol green (pKa = 4.9) and its pH-dependent absorbance change was probed to

study kinetics of the long-lived reversible photo-acid.
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Figure 4.2 Synthetic scheme of 6-hydroxy-5-(2-nitroethyl)naphthalene-2-sulfonate.

4.4 Result and discussion
The Synthesis of 6-hydroxy-5-(2-nitroethyl)naphthalene-2-sulfonate

The synthetic condition was optimized from previous method using L-proline as catalyst.®
The experimental conditions worked well for benzaldehyde, but not for naphthaldehyde,
where almost no product was produced. With a primary amine such as acetic
acid/ammonium acetate as a catalyst, too many side products were observed. The reaction
yield was improved by replacing ammonium acetate with pyrrolidine.'® The best yield was
obtained by further optimization of the catalyst: no acetic acid, but only pyrrolidine.
However, purification of highly polar product was difficult, lowering the final yield of the
compound. In the last step, the reduction of vinyl group was relatively straightforward
reaction with NaBH4 in MeOH/THF, but, after quenching reaction with HCI solution, the
resulting boric acid was hard to remove because both boric acid and the product are water-

soluble. This could be a potential problem because boric acid acts as a buffer, which can
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hinder pH-jump experiment at high concentration. Fortunately, pKa of boric acid is 9.24,

therefore, below pH 7.5, its impact might be negligible.
Steady-State Spectrum

The UV-Vis spectrum was very similar to that of 6-sulfonate-2-naphthol at neutral pH,
confirming the presence of sulfonate functional group.(Figure 4.3) The 1-nitroethyl
functional group doesn’t have a large effect on the absorbance spectra. Compared to non-
sulfonated 2-naphthol, the UV-Vis absorbance is blue-shifted due to electron-withdrawing
sulfonate group. Due to blue-shifted absorbance spectra, 3 harmonic of Nd:YAG (355

nm) cannot be used, but 4™ harmonic (266 nm) was used to excite the photo-acid.
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Figure 4.3 UV-Vis spectrum of 6-hydroxy-5-(2-nitroethyl)naphthalene-2-sulfonate at pH

7.0.
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pH-jump Kinetics Experiment

Compared to 1-(2-Nitro-ethyl)-naphthalen-2-ol, 6-hydroxy-5-(2-nitroethyl)naphthalene-2-
sulfonate was readily soluble in water, thus, high concentrations of the solution could be

prepared, which allows large pH-jump.

After excitation of photo-acid by 266 nm pulse, the pH of the solution was observed by
absorbance change of bromocresol green. It was expected to see rapid acidification of
solution, and then, slow proton recombination kinetics in the hundreds of ms time scale.
However, its kinetic trace showed fast recombination of the released proton. (Figure 4.4)

Its behavior is very similar to the typical reversible photo-acid like 6-sulfonated-2-naphthol.
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Figure 4.4 UV-Vis spectra of 6-hydroxy-5-(2-nitroethyl)naphthalene-2-sulfonate at pH 7.0.
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The most plausible explanation might be the pKa shift of sulfonated naphthol. Ground state
pKa of 2-naphthol is 9.45 while excited state pKa is 2.0. When it is excited, a proton is
released, and, in turn, after relaxation to the ground state, pKa of hydroxyl group returns to
9.45, which is more basic than pKa 8.78 of nearby 2-nitro-ethyl. This pKa difference is the
driving force of intramolecular proton transfer; proton transfer from acidic to basic

functional groups.

On the contrary, after sulfonation, both ground state and excited state pKa values are
decreased to 9.0 and 1.7, respectively. When naphthol relaxed back to the ground state,
pKa 9 and 8.78 might be too close to drive proton transfer between them. Smaller ApKa

might be the culprit of this fast recombination.

4.5 Conclusion

The molecular engineering of 1-(2-Nitro-ethyl)-naphthalen-2-ol, hydrophilic photo-acid
was achieved by adding sulfonate group to 6 position of 2-naphthol to confer improved
hydrophilicity. However, the designed compound, 6-hydroxy-5-(2-nitroethyl)naphthalene-
2-sulfonate, didn’t exhibit a characteristics of long-lived reversible photo-acid. An addition
of sulfonate functional group changed not only hydrophilicity, but also electron density of
naphthol ring, resulting in more acidic pKa of hydroxyl group. Negligible pKa difference
between naphthol hydroxyl group and a-carbon of nitro group effectively shuts down
intramolecular proton transfer. This demonstrated the difficulty in engineering the

molecular structure to obtain a desired property because even small adjustments can cause
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unexpected changes in different properties. Although this trial was not successful, this can

be a valuable lesson for better molecular design in the future.
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4.6 Appendix
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Figure 4.S1 'H and *C NMR spectra of sodium 6-hydroxy-5-(2-nitrovinyl)naphthalene-

2-sulfonate.
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(b) ESI mass spectra
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Figure 4.S3 ESI mass spectrum of sodium 6-hydroxy-5-(2-nitroethyl)naphthalene-2-

sulfonate.
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Chpater 5: Investigation of Interaction between Mastoparan X and Membrane by

Using 2,7-DiazaTrp as a Local Hydration Level Sensor

5.1 Abstract

Water is ubiquitous and essential for all biological systems, and it plays an indispensable
role in modulating the structures, dynamics and functions of proteins. Thus, it has been of
great interest to study water-protein interactions, and many optical probes of local
hydration level studies have been developed. 2,7-diazaTrp is one example and has the
unique advantage of a water-sensitive emission at 500 nm. 2,7-diazaTrp was incorporated
in mastoparan X (MX), an antimicrobial peptide (AMP) from wasp venom, and its
interaction with DPPC membrane was studied. From fluorescence spectra, it was observed
that MX is partially dehydrated, indicating it is bound to membrane surface but not fully
inserted. Further experiments would give more insights about the mechanism of interaction

between AMP and membrane.

5.2 Introduction

All biological processes such as protein folding, ligand binding and enzymatic reaction
take place in aqueous environments. Interactions between proteins with water molecules
have great influence for their structure, dynamics, and functions.!® Water is an integral
component of protein folding in that it drives hydrophobic collapse of protein folding core,
participates in hydrogen bonding network among amino acids, and shields electrostatic

interactions from charged residues. Especially, buried water molecules inside protein core
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plays invaluable role to stabilize protein structure by forming structurally-important
hydrogen-bonded linkages with protein backbone and side chains.* Water molecules on
protein surface, whose properties are different from the bulk water, forms about 1-1.5 nm
thickness of the first hydration shell, which contributes to the stability and dynamics of
protein structures. Their exchange rate and dynamics have been studied by NMR, and the
residence time of water range from tens of ps to several ns.® It was reported that the
translational diffusion of those surface water molecules is linked to the protein dynamics.®
On the contrary, proteins in organic solvents exhibited lack of motion and activity.® In
addition to protein structure and dynamics, water molecules also regulate enzyme catalysis.
For example, in the active site of the membrane type | matrix metalloproteinase, there are
two auxiliary water molecules; one stabilizes the key intermediate by hydrogen-bonding to
the substrate, and another facilitates the product release.” Moreover, water is involved in

protein-protein or protein-DNA interaction as an essential part.

Therefore, there have been extensive efforts to study local hydration level of proteins. One
of the strategies is to take an advantage of environmentally-sensitive dyes. The stretching
vibration of cyano (C=N) group is known to be sensitive to the microscopic environment,
and p-cyanoPhe®1? cyanoCys!!, 5-cyanoTrp'?®® and cyanate have been used to probe
local hydration levels of proteins. In the same way, the azide (N3) group has been also
utilized.**> On the other hand, excited-state intramolecular proton transfer (ESIPT) dyes
were employed as a local hydration level sensor. While ESIPT dye is in excited-state, its
proton is transported not only to water, but also to another ionizable residue in the same
molecule, resulting in a phototautomer (T*) that has distinct spectral properties. Under

steady-state excitation of ESIPT dye, there can be two species; normal excited state (N*)
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and ESIPT phototautomer (T*) product, showing dual emission. Such dual emission is
highly sensitive to its microenvironment because a decrease in polarity and hydrogen bond
donor ability of microenvironment can preferentially inhibit ESIPT process, which
suppresses T* species generation. From the ratio between N* and T* species, one can probe
a polarity and hydration level of the microenvironment. Owing to these unique
characteristics of ESIPT dye, protein local hydration level*®, protein-protein'’, and protein-

DNA interactions®® were studied with ESIPT dyes as a sensor.

However, sensors mentioned above are sensitive to, in general, the local dielectric constant
or hydrogen bond donors, not specifically to the water molecules. This is the same issue
with conventional fluorescent probe such as tryptophan and pyrene. From their quantum
yield and spectral shift, one can only indirectly infer local hydration level although there is
a possibility that other factors such as different hydrogen bonding or protonation state of

protein side chain can induce the spectral change.

Therefore, 2,7-DiazaTrp, which is exclusively sensitive to the water molecule, was
introduced as hydration level sensor.'® 2,7-DiazaTryptophan is an unnatural amino acid,
which undergoes ESIPT from N1 proton to N7 position only when an aprotic solvent such
as water or methanol catalyzes it. (Figure 5.1) The N7 protonated species shows emission
centered at 500 nm, thereby making it a unique local hydration sensor, 2,7-DiazaTrp was
incorporated into many proteins such as thromboxane Az synthase®, ribonuclease T%,
ascorbate peroxidase?!, and asparaginase isozymes?2. Moreover, protein-protein interaction
between calmodulin and Baa peptide was investigated by probing interfacial

microenvironment change with 2,7-DiazaTrp.?
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Figure 5.1 ESIPT of 2,7-Diazaindole in the presence of water.

In this report, 2,7-diazaTrp was incorporated into mastoparan X (MX), which is an
antimicrobial peptide (AMP) from wasp venom. Its interaction with membrane and the
specific membrane disruption mechanism were also elucidated. AMP has been widely used
as food preservative?* and treatments? for pneumonia, bacterial infections, hepatitis C,
and HIV. As the drug resistance of bacteria becomes more severe problems, the importance

of AMPs are growing.

In general, AMP is unstructured in an aqueous environment, but, after binding to the
bacterial membrane surface, it folds and disrupts bacterial membrane through mechanisms
that are still unclear. There are several models proposed from experimental results; (a)
barrel-stave, (b) toroidal, and (c) carpet-like model.?® In the barrel-stave model, peptides
form transmembrane pores like other membrane channel proteins. However, for short
peptides which are not long enough to form a single span membrane channel, they tend to
follow the toroidal model where they make pores by interacting with lipid headgroups,

inducing and stabilizing highly curved lipid structures so that the outer leaflet and inner
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leaflet are connected. In the carpet-like model, peptides accumulate on the surface of
membrane and disrupt interactions among lipids, loosening the lipid packing which
disrupts membrane integrity. All of these cases were experimentally observed, but, it is

difficult to allocate the appropriate model to each AMPs.

Here, we employed 2,7-(diaza) Trp as a local hydration level sensor to discriminate each
model of AMP-membrane interaction. In the case of barrel-stave model, it might be
expected to see the most dehydrated state because the peptide makes direct contact with
hydrophobic core of lipid bilayer. On the other hand, for toroidal model, peptides only
interact with lipid head group, thus, the most hydrated condition might be observed. For
carpet-like model, AMPs are located nearby the interface between lipid and bulk water,

therefore, intermediate level of hydration might be measured.

5.3 Experimental

Materials. Fmoc-osu, acetic anhydride, acetic acid and Acylase | from Aspergillus melleus
were purchased from Aldrich and used without further purification. D,L-2,7-
diazaTryptophan was synthesized as described.'® *H NMR and *C NMR were measured
on a Varian INOVA 400 MHz NMR spectrometer. UV-vis and fluorescence spectra were
recorded on Jobin Yvon Dual Fluorometer. MALDI Mass spectroscopy was recorded on

Applied Biosystem 4700.

L-(2,7-diaza)Trp. Racemic mixture, D,L-(2,7-diaza)Trp (1 g, 4.9 mmol) was dissolved in
water (100 ml), and acetic anhydride (0.75 g, 7.4 mmol) was slowly added into a one-neck

round bottom flask and stirred at RT for overnight. The solution was neutralized by adding
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1M NaOH, and 100mM pH 7.5 phosphate buffer (100 ml) was added. Then, acylase | from
Aspergillus melleus (20 mg) was added and pH was kept adjusted to pH 7.5. The reaction
mixture was stirred at 40 °C for 48h. The solvent was removed under reduced pressure, and
the resulting residue was purified by semipreparative RP-HPLC on C-18 column, eluted
with a linear gradient from 100% water:0.1% TFA to 20% acetonitrile:80% water:0.1%
TFA at a flow rate of 10 ml/min. After purification, solvent was dried under reduced
pressure, yielding the product as a white powder in 40% yield. The optical purity of L-(2,7-
diaza) Trp was further verified by chiral column (Crownpak-Cr(+)). L-(2,7-diaza)Trp was
eluted with 97% pH 1.5 perchloric acid buffer : 3% methanol. *H NMR (D20, 400 MHz):
8 (ppm) = 3.56(t, 2H, J = 6.0 Hz), 4.39(t, 1H, J = 6.0 Hz), 7.41(dt, 1H, J = 1.6, 7.2 Hz),

8.47 (d, 1H, J = 7.2 Hz), 8.66 (d, 1H, J = 7.2 Hz).

Fmoc-L-(2,7-diaza)Trp. L-(2,7-diaza)Trp (0.48 g, 2.31 mmol) was added to water (50
ml), and stirred at 0 °C. Into the solution, sodium bicarbonate (0.388 g, 4.61 mmol) was
added in portions. Then, solution of Fmoc-osu (3.47 mmol, 1.17 g) in acetone was slowly
added. The resulting mixture was allowed to warm back to room temperature and stirred
overnight. Then, water was added and the aqueous layer was extracted with hexane three
times. Aqueous layer was acidified to pH ~2, and extracted with ethyl acetate (EA) three
times. The combined EA layer was dried with sodium sulfate and concentrated under
reduced pressure. The product was purified by flash column with EA/MeOH (50:50 v/v)

to obtain the product as white solid with 91% of yield.

Peptide synthesis. Mastoparan X (INWKGIAAMAKKLL) was synthesized via standard
9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase chemistry in a microwave peptide

synthesizer (CEM). Fmoc-PAL-PS resin (Applied Biosystems, Foster City, CA) was used
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to form a peptide amide. Peptide cleavage was performed using a cocktail of 90%
trifluoroacetic acid (TFA), 5% thioanisole, 3% ethanedithiol, and 2% anisole for 180 min.
The resulting mixture was filtered and precipitated in ice-cold ether. The peptide was
purified by reverse phase-HPLC on a C-18 preparative column with a linear gradient of
buffer A (0.1% TFA in H20) and buffer B (0.1% TFA in acetonitrile). The purified peptide

was verified by MALDI mass spectroscopy and then lyophilized.

5.4 Results and Discussions
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Figure 5.2 Synthetic Scheme of Fmoc-L-(2,7-diaza)Trp.

Synthesis and Spectral Characterization of L-(2,7-diaza)Trp

For the first time, racemic resolution of (2,7-diaza)Trp was achieved by using Acylase
enzyme. (Figure 5.2) A large scale (> 5 g) reaction was also carried out by this enzymatic
resolution method. Aspergillus melleus acylase | could enantioselectively hydrolyze L-
acetyl-(2,7-diaza)Trp. The optical purity of L-(2,7-diaza)Trp was further confirmed by

chiral column. (Figure 5.3)
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Figure 5.3 Enantioselective separation of 2,7-diazaTrp on the chiral column.

The absorbance and fluorescence spectra of 2,7-diazaTrp were measured, and were
consistent with previously reported spectra.!® (Figure 5.4) Its fluorescence spectrum was
deconvoluted into three gaussian peaks, which correspond to N1 position, N2 position, or
N7 position protonated diazaTrp fluorescence. (Figure 5.5, Table 5.1) For deconvolution,
center wavelength of N7 species is fixed at 500 nm because it was too broad to be
accurately fitted. In MeOH, the ratio between N1 and N2 species fluorescence intensity is

increased as reported previously. (Figure 5.5, Table 5.2)

mil
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Figure 5.4 Absorbance (solid line) and Emission (dotted line) Spectrum of diAzaTrp in

MeOH (red) or pH 7 phosphate buffer (black).
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Figure 5.5 Fluorescence spectrum of DiazaTrp in (a) pH 7 buffer or (b) MeOH, and

deconvoluted fluorescence spectra of N1, N2, and N7 position protonated species.
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Aem (NM) Emission Relative FWHM
intensity (AU) emission (10 nm)
intensity

2,7-diazaTrp 333.3 177553 0.062 2.33
in pH 7 buffer

383.1 2462800 0.856 5.09

500 236742 0.082 4.66
2,7-diazaTrp 334.5 506289 0.373 2.67

in MeOH

357.1 633520 0.467 4.26

500 216129 0.159 9.62
diazaTrpMX 332.2 267517 0.074 2.26
in pH 7 buffer

374.5 2871210 0.791 5.18

500 492385 0.136 4.80
diazaTrpMX 330.0 397376 0.24 3.13

with DPPC
vesicle in pH 7 367.7 966973 0.585 5.24
buffer
500 287972 0.174 5.45

Table 5.1 Photophysical properties of deconvoluted fluorescence spectrum.
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The pH dependence was investigated to measure pKa values of N1, N2, and N7 amines on
2,7-diazalndole sidechain. (Figure 5.7) Its absorbance and fluorescence were measured in
various pH buffers, and, strikingly, its absorbance didn’t show any change. Below pH 8,
there is some change for N2 fluorescence, but overall, relative intensity ratio among N1,
N2, and N3 species stays constant. Additional experiments need to be done to explain this
result, because it is known that pKa of N7 position of 7-azalndole is about 4.6, and pKa of

7-methyl-2,7,-diazaTrp was 5.8.
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Figure 5.6 pH-dependent intensity change of N1, N2, and N7 position protonated species.
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Mastoparan X—Membrane Interaction Probed by Fluorecence Spectroscopy
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Figure 5.7 Fluorescence spectra of Trp3diazaTrp mutant of Mastoparan X in pH 7 bufffer

(black) or in ImM DPPC SUV solution with pH 7 buffer (red).
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Figure 5.8 Fluorescence spectrum of Trp3diazaTrp mutant of Mastoparan X in (a) pH 7
buffer or (b) ImM DPPC SUV solution at pH 7, and deconvoluted fluorescence spectra of

N1, N2, and N7 position protonated species.
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The fluorescence spectrum of Trp3diazaTrp mutant of Mastoparan X in pH 7 buffer
showed several differences from that of diazaTrp amino acid in pH 7 buffer (Figure 5.8);
(@) fluorescence was blue-shifted and (b) more N1 and N2 species are populated.(Table 5.1)
When it is added to 1ImM DPPC SUV solution, its fluorescence exhibited drastic changes:
(a) fluorescence was further blue-shifted: N1: 2 nm, N2: 7 nm and (b) relative fluorescence
of each species were significantly changed:.N1(0.074 to 0.24), N2(0.791 to 0.585), and
N7(0.136 to 0.176). The same kind of trend was reported from calmodulin-Baa peptide
binding titration experiment®: The N2 species only exist in bulk water and gradually
disappeared in dehydrated environments. However, in this result, only partial reduction of
N2 species was observed, indicating MX peptide is partially dehydrated. The presence of
N7 state further support that MX still experiences somewhat hydrated microenvironment.
This is in line with a previous study: MX binds on the surface of DPPC membrane under
Tm of DPPC lipid?’ or on DMPC membrane?®. Moreover, NMR study showed that MX is
parallelly bound to the zwitterionic phosphatidyl choline (PC) membrane surface, while,
in anionic lipid, is perpendicularly bound to the membrane surface.?® Therefore, MX can
be considered to be located at the interfacial space between bulk water and head group of
zwitterionic lipids. This demonstrates the utility of the unique water sensor, 2,7-DiazaTrp,

to study the protein-membrane interactions.

5.5 Conclusion

For the first time, racemic mixture of 2,7-diazaTrp was resolved to L-enantiomer by
relatively facile and inexpensive method, enzymatic resolution. Trp3 of MX was replaced

by diazaTrp and it was used to study the interaction of MX with DPPC vesicle,
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demonstrating that valuable information about its local hydration level can be easily
obtained. Further experiments can be designed to gain more information: (a) Temperature
melting experiment with DPPC can allow complete insertion of MX into membrane, thus,
the transition of hydration level can be followed. (b) Different membrane composition such
as negatively charged lipid to study its insertion angle. (c) Other AMPs such as Magainin

or Melittin would be used to study their own membrane disruption mechanism.
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5.6 Appendix
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Figure 5.51 *H NMR spectrum of L-(2,7-diaza)Trp in D20.

Figure 5.52 *H NMR spectrum of Fmoc-L-(2,7-diaza)Trp in DMSO.
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(b) MALDI Mass Spectrum
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Figure 5.S3 MALDI mass spectrum of Trp3DiazaTrp mutant of Mastoparan X peptide.
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Chapter 6: Conclusion

6.1 Summary

Proton can serve a wide variety of crucial features in the protein structures, protein-protein
interactions, and catalytic activity of enzymes owing to its special characters. The importance of
proton in biological system can be manifested by the proton gradient which plays central role in

bioenergetics.

In this dissertation, in order to study the kinetics and mechanism of proton related processes in
biochemical system, it was aimed to develop a laser pH-jump experimental technique. The novelty
of the technique in this dissertation with respect to previous work is to probe Trp fluorescence
during kinetics experiment. Even though there were several technical challenges, the fact that Trp
is natural amino acid, therefore, in many cases, further labeling is not required, and Trp
fluorescence is sensitive to its surrounding micro-environment makes it uniquely well-suited as a
probing method. As an example, in chapter 2, the kinetics and mechanism of the proton
conductance and the activation of Influenza A M2 proton channel was investigated, and it clearly
showed double exponential decay of Trp fluorescence: the fast phase was ascribed to be
protonation kinetics (~2x10*° Ms1), while the slow phase was attributed to the subsequent
structural change (~4x10° Ms1). Next, in chapter 3, the conformation change of M2 proton
channel during activation was probed by FRET experiment at various pH, where it showed a more

“open” structure at lower pH, confirming its activation mechanism.

In chapter 4, an attempt to synthesize the water-soluble version of long-lived reversible photo-acid

by adding sulfonate functional group was made. Due to the experimental restriction came from the
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irreversible photo-acid, pH-jump experiment needed to repeat single-shot experiments. Not only
waste of large quantity of samples, time and efforts, but also limited applications to step-scan FT-
IR or 2D-IR called for the improvement of pH-jump technique by introducing long-lived reversible
photo-acid, which release proton fast in sub-nanosecond time scale and recombine it slowly in
several milliseconds time regime. Previously reported long-lived reversible photo-acid, 1-(2-
Nitro-ethyl)-naphthalen-2-ol, was extremely hydrophobic, thus, not readily soluble to water,
making its application for pH-jump almost impossible. To improve its hydrophilicity, it was
designed to add a sulfate group on 7 position of 1-(2-Nitro-ethyl)-naphthalen-2-ol. The synthesis
was successful, but, decreased pKa of hydroxyl group of the product, 6-hydroxy-5-(2-
nitroethyl)naphthalene-2-sulfonate, prevented intramolecular proton transfer, not allowing it to be

long-lived.

In chapter 5, 2,7-diazaTrp was introduced to study local hydration level of proteins. 2,7-diazaTrp
undergoes ESIPT from N1 proton to N7 position when water molecule catalyzes it, emitting
around 500 nm to specifically report the presence of water molecule in surrounded micro-
environment. This unique water sensor was replaced Trp3 of mastoparan X (MX), an antimicrobial
peptide, to investigate the interaction between MX and membrane, exhibiting differences in its

local environment after membrane binding of MX.

6.2 Perspective

There have been many endeavors to elucidate proton transfer mechanisms in various environments
including aqueous solution, proteins, and interfaces.’® However, they are not fully understood yet,

not only for pure aqueous solution, but also, particularly, for complicated biological environments
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such as protein interiors and water-membrane interfaces. There are several limitations to study

proton related processes, and many technical trials are made to overcome such issues.

In most atomic resolution protein structures, protons are barely observed; for X-ray crystal
structures, it is mainly because a proton has small size and very low electron density which is
unfavorable to X-ray diffraction. Although the position of protons was resolved in several X-ray
crystal structures®, it requires sub-A of high resolution which limits its wide applications. To
resolve the position of protons in a crystal structure of a protein, neutron diffraction was utilized
since neutrons are scattered by atomic nuclei, not by low electron density of protons. And this
method was further improved by isotope exchange of deuterium®® although only few structures
were resolved by neutron diffraction, due to the limited accessibility of neutron source, compared
to the X-ray synchrotron. Cryo-electron microscopy (cryo-EM) showed rapid progress in terms of
its resolution, but, so far, the resolution is not high enough to resolve the position of protons yet.
Whereas, NMR has been a powerful tool to study protonation status and its dynamics because it
can directly measure the nuclear spin of a proton. However, although continuous improvement is

ongoing, it is difficult to study large proteins with this technique.

It is very challenging to predict precise pKa values of titratable residues located in protein interiors
because the pKa of ionizable residue inside proteins often shows large perturbation from the pKa
in aqueous environment.” pKa of titratable residue is very sensitive to its micro-environment in the
sense that ionizable residue, either in protonated or deprotonated state, is stabilized by interactions
with the local environment. There have been several computational approaches to predict pKa
value of ionizable residues inside proteins, but it is not unusual for them to show huge deviation
of predicted pKa values from the experimental value.® It is simply because there are too many

factors to be considered: local dielectric, solvent accessibility, H-bond network, neighboring
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dipole, charge, sidechain flexibility, protein backbone dynamics, possible multiple conformers and
so on. Often, the protein structure responds to the protonation of its titratable residue, resulting in
its conformational relaxation. This, in turn, shifts the pKa again, leading to even more complicated
calculations. Measuring pKa of ionizable residues in a protein is also challenging; There are
typically multiple titratable residues in one protein. Optically probing those ionizable sidechains
almost always requires labeling of a protein either by fluorescent dye or isotope labeled amino
acid. Recent progress in NMR technique opens new venue to measure pKa of ionizable residues in
protein readily and precisely. NMR became a routine technique for determining pKa values in
various proteins including M2 proton channel. (Table 3.2) Even many titratable residues in a single
protein such as eight Lys in apo calmodulin could be resolved separately to determine each pKa
values.® Along with rapidly growing number of reported pKa values of proteins, improvement of

pKa prediction method could be expedited.

The proton transfer shows fast dynamics in sub-ms time scale, thus, experimental implementations
to observe such fast kinetics is challenging. A conventional rapid-mixer has fundamental limitation
of mixing dead-time in several milliseconds. Sub-millisecond kinetics and mechanism study of
proton transfer and related processes has been available by advancement of diverse spectroscopic
techniques. 2D-IR could measure ultrafast kinetics in femtosecond time scale such as hydrogen
bonding network dynamics in aqueous environment. However, the study has been limited to the
steady-state dynamics and kinetics in equilibrium condition due to lack of proper triggering
method. With step-scan FT-IR, sub-ms timescale kinetics of bacteriorhodopsin and photosynthetic
reaction center were investigated, observing proton transfer through internal proton transfer
network as well as conformation change of protein. So far, step-scan FT-IR experiments are

restricted to small number of proteins which have intrinsic chromophore such as heme, porphyrin,



144

or retinal to trigger the processes with sharp laser pulse, although it has great potential to observe
vibrational signature of a protein and its side-chains with high time resolution up to nanosecond

time scale.

There are two types of kinetics measurement; One measures exchange Kinetics in equilibrium state,
and another measures kinetics under pre-equilibrium conditions. The later method, in other words,
the relaxation method, perturbs equilibrium and then observes the system relaxing back to the
equilibrium in time resolved manner. This relaxation method requires sharp triggering to
synchronize the response from an ensemble of molecules, and short laser pulse has been the best
triggering method for fast time resolution under microsecond regime. In order to apply relaxation
method to study proton related processes, photo-acid photolysis by short laser pulse can be a sharp
trigger to induce rapid change of pH in the sample. With reversible and irreversible photo-acid,
proton transfer kinetics or/and subsequent biological processes could be successfully measured.

(Chapter 2 & 3)

However, pH-jump technique has not been widely used to study many important proton channels
and pumps such as ATP synthase, thermogenin (uncoupling protein, UCP), and bacterial flagella
motor protein. Moreover, pH-jump has not been coupled to advanced spectroscopic techniques
such as 2D-IR and step-scan FT-IR, and, in order to access such spectroscopic technique requiring
large number of repetition, a long-lived reversible photo-acid could be a key. (Chapter 3) Combing
pH-jump to diverse probing methods can vastly expand its applicability toward more diverse
research subjects, providing more detailed information about sidechain-specific proton transfer

kinetics and mechanism of proton channel and pumps and conformational dynamics as well.

For example, ATP synthase has been thoroughly studied due to its absolute importance in

bioenergetics, and its working principle has been postulated from its atomic resolution structures.
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However, so far, sub-millisecond time scale kinetics of proton transfer and protein structure
rearrangement have not been investigated to confirm the proposed mechanism. pH-jump
experiment coupled with 2D-IR or step-scan FT-IR allows one to observe the specific step and
route for proton transfer and subsequent conformational change such as stalk rotation, as well as
ATP synthesis processes, including active site rearrangement and subsequent bond formation

between ADP and Pi.

Another instance could be thermogenin, or uncoupling protein (UCP), which located in
mitochondria of brown adipose cells and generates heat by uncopling the proton gradient. It is
known that its non-shivering thermogenesis is activated by fatty acids. There are multiple proposed
mechanisms, but details are still unknown.'® The intermediate states which cannot be observed in
steady-state can be discovered by time-resolved kinetics measurement, and it could shed light on

its working principle.

In conclusion, our understanding on the proton-related biological processes can be deepened by
observing the entire process step by step in real time. Eventually, based on the information
obtained from it, molecular movie of the process can be constructed. Better understanding about
“Protonics” as well as “Electronics” of biological system can lead us into comprehensive pictures
of many proton related processes, and ends up in improvements in our applications such as proton-
exchange membrane of fuel cells or photo-acid of photo-nanolithography, which could address

some of serious problems for humanity.
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