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Preface to ”Pressure Perturbation Approach in

Biochemistry and Structural Biology. In memoriam of

Dr. Gaston Hui Bon Hoa”

This Special Issue is devoted to the effects of hydrostatic pressure on biological systems and the

use of these effects for exploring the structure and function of biological macromolecules and their

ensembles. Hydrostatic pressure, a fundamental thermodynamic parameter, profoundly affects the

conformation of proteins and nucleic acids and biological membrane structure. It is widely used

in protein biophysics and mechanistic enzymology as a tool for exploring protein conformational

landscapes through displacing protein conformational equilibria and affecting protein–protein and

protein–ligand interactions. Pressure perturbation spectroscopy and calorimetry complemented

by ultrasound velocity measurements are indispensable for studying protein solvation and its

role in enzyme functionality. The effects of hydrostatic pressure on proteins, nucleic acids, and

biomembranes are also critical for understanding the mechanisms of piezophilic adaptation that

allows deep-sea species (piezophiles) to survive at extreme pressures of ocean depth. In some sense,

structural consequences of evolutionary adaptation to high hydrostatic pressure may be viewed as the

effects of pressure perturbation imprinted in the structure of pressure-adapted biological systems.

Despite a plethora of experimental papers and a dozen fundamental reviews devoted to the

effects of pressure on biological systems, this important field appears to be severely underrepresented

in modern literature. This Special Issue has been launched to bring together the most important new

findings and concepts in high-pressure biosciences and promote researchers’ interest in the unique

exploratory potential of the pressure perturbation approach for biochemistry, biophysics, mechanistic

enzymology, and evolutionary biology.

We devote this Special Issue to the memory of Gaston Hui Bon Hoa, French biophysicist, our

friend and colleague, who passed away in July 2020. Gaston was one of the pioneers studying the

effects of hydrostatic pressure on proteins, nucleic acids, and their assemblies. He devoted over 40

years in his scientific career to establishing pressure perturbation approaches and applying them in

studies of protein structure and function. Gaston was internationally recognized as a leading expert

in high-pressure biophysics.

Dmitri Davydov and Christiane Jung

Editors
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On 26 July 2020, our colleague and friend Dr. Gaston Hui Bon Hoa passed away.
Gaston was an enthusiastic scientist. He was one of the pioneers studying the effects of
hydrostatic pressure on proteins, nucleic acids, and their assemblies. He devoted over
40 years of his scientific career to establishing pressure perturbation approaches and
applying them in the study of protein structure and function. We dedicate this Special
Issue to the memory of Gaston Hui Bon Hoa.

Gaston Hui Bon Hoa was born on 13 May 1934 in Ku Lang Su, China. Gaston’s family
originated from the Chinese Fujian province but had French citizenship since 1887 and
resided in Vietnam. By the end of the French presence in Indochina, most of his family
members had migrated to France. Gaston Hui Bon Hoa arrived in Paris with his parents
and brother in August 1951. Here, he attended a state school. In 1956 Gaston enrolled at
the Department of Physics at the Faculty of Science, Paris-Sorbonne University. In 1962, he
received his license (B.S.) diploma in physics and electronics from the University Paris XI
(Orsay).

Most of Gaston’s scientific carrier was associated with the Institute of Physical-
Chemical Biology (Institut de Biologie Physico-Chimique, IBPC, Paris, France). In 1965, he
joined the Department of Bio-Spectroscopy at IBPC, headed by Professor Pierre Douzou,
as a Research Fellow. In 1974 Gaston obtained his Ph.D. degree from the University Paris
XI for the study “Establishing experimental conditions for low-temperature studies of
proteins” supervised by Professor Pierre Douzou. Gaston continued his carrier under Prof.
Douzou’s mentorship as a permanent staff member of the National Institute of Health and
Medical Research (INSERM, Unité 310) (Figure 1). During a sabbatical year, 1977–1978,
Gaston visited the laboratory of Professor Irvin C. Gunsalus at the University of Illinois
Urbana-Champaign, where he became involved in studying cytochrome P450 [1,2]. This
enzyme played a central role in his research in the following years. After receiving several
promotions, in 1992, Gaston was appointed the INSERM Research Director (Directeur de
Research, DR1). After his retirement in 2000, Gaston continued his scientific work as an
Emeritus Director of Research in INSERM, Unité 779, Le Kremlin Bicêtre.

The predominant part of Gaston’s scientific heritage is devoted to the effects of hydro-
static pressure on proteins and their use in the studies of protein conformational dynamics
and function. His first publication in this field, “High-pressure spectrometry at sub-zero
temperatures,” appeared in 1982 [3]. In this paper, Gaston and his co-authors describe the
high-pressure optical cell of their construction and report the results of their pioneering
study on the effects of pressure on the spin equilibrium of cytochrome P450. Since then, the
idea of using pressure to displace protein conformational equilibria and perturb protein–
solvent interactions became the keynote of Gaston’s research. Likewise, cytochrome P450

Biology 2021, 10, 778. https://doi.org/10.3390/biology10080778 https://www.mdpi.com/journal/biology1
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became the main object for Gaston’s studies for over 20 years. Gaston’s research on the
effects of hydrostatic pressure on substrate binding, equilibria of heme iron ligation, and
the protein–protein interactions of cytochromes P450 [4–13] has become a part of the golden
fund of cytochrome P450 science and has served as a prototype for pressure perturbation
studies in other laboratories. Another essential part of Gaston’s heritage is a series of
studies on cytochrome c oxidase and its interactions with cytochrome c in collaboration
with Jack Kornblatt [14–16]. During the most recent years, Gaston applied pressure per-
turbation to the studies of neuroglobin and other globins [17–19] and viroid RNA [20,21].
Regardless of the subject of Gaston’s research, his experimental approaches have always
been distinguishable by their inventive design and innovative research strategies. The list
of Gaston’s scientific publications includes over 150 experimental and review papers in
reputable scientific journals. He attended various scientific congresses as a participant and
keynote speaker (Figure 2).

Figure 1. Gaston Hui Bon Hoa at the Institute of Physico-Chemical Biology (Paris, France). Left: Laboratory of Prof.
Pierre Douzou (INSERM Unité 310). Front row: Gaston Hui Bon Hoa, Pascale Debey, Pierre Douzou. Back row: Carmelo Di
Primo, Sylvie Le Bihan. Summer 1992, Paris, France. Right: Gaston Hui Bon Hoa at his workplace, November 1996.

Besides being a prominent scientist, Gaston was distinguished by his remarkable
engineering skills. Since the experimental equipment that he needed for his innovative
studies had not yet been (and remains not to be) commercially available, he designed
and built research instruments by himself. The list of unique equipment built by Gaston
in his laboratory in Paris includes thermostatically controlled high-pressure optical cells
withstanding pressures up to 6 kbar, pressure jump and high-pressure stop-flow devices,
and photoacoustic spectrophotometer.

In the European Union Biotechnology Program projects, Gaston collaborated with
many laboratories in Germany, France, and the United Kingdom. He also coordinated two
multilateral research grants funded by the International Association for Cooperation with
Scientists from the former Soviet Union (INTAS). The list of Gaston’s collaborators includes
such scientists as Gregory A. Petsko (Wayne State University, Detroit, MI, USA), Jack
and Judith Kornblatt (Concordia University Montreal, Quebec, QC, Canada); Stephen G.
Sligar (University of Illinois, Urbana, IL, USA); Dmitri R. Davydov (Institute of Biomedical
Chemistry, Moscow, Russia); Christiane Jung (Max Delbrück Centrum for Molecular
Medicine, Berlin, Germany); and many more.
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Figure 2. Gaston Hui Bon Hoa at Scientific Meetings. Left: A photo taken during the Fifth International Conference on
High-Pressure Biosciences and Biotechnology (San Diego, CA, USA, September 2008). Right: Gaston presents his talk at the
7th Asia-Pacific Biotech Congress (Beijing, China, July 2015, Available online: https://www.youtube.com/watch?v=-4vs2
mvqSGs (accessed on 18 July 2021)).

Below we give the floor to some of Gaston’s collaborators and friends to allow them
to share their memories about this remarkable scientist.

Gregory A. Petsko

He was one of the nicest human beings I ever knew. He was also a brilliant experi-
mentalist, with some of the best hands I have ever seen and a keen instinct for doing just
the right experiment.

When you are a young scientist, it is impossible to overstate the importance of your
intellectual growth and self-esteem that come about when an older scientist takes an
interest in you, teaches you, and encourages your own ideas. During my time in Prof.
Pierre Douzou’s lab as an EMBO fellow in 1973, I benefited from just such interest not only
from Pierre but also from Gaston. I had been a protein crystallography graduate student,
so much of what I know about studying proteins in solution, including enzyme kinetics,
I learned at the bench from Gaston. He probably never had a more willing—and more
inept—pupil. However, a more patient, generous, and able teacher one could not have
asked for.

We were trying to measure enzyme reactions in aqueous–organic media at subzero
temperatures so that we could trap kinetically significant intermediates and characterize
them spectroscopically [22]. My dream, which he shared, was that, ultimately, I could use
these same techniques, pioneered by him and Pierre, to accumulate such intermediates in
enzyme crystals so that their structures could be determined at atomic resolution. That
dream was fully realized twenty-seven years later, when Steve Sligar, Dagmar Ringe,
Ilme Schlichting, and I successfully determined the three-dimensional structures of every
kinetically significant intermediate in the very enzyme Gaston had taught me about those
many years before, cytochrome P450.

The past never ceases to call to us, and if we heed that call, it can summon up bad
memories as well as good ones. I have nothing but the best memories of my time in Paris,
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my time before striking out on my own as a scientist, and my time with Gaston Hui Bon
Hoa. My life is so much better for having known him.

Stephen G. Sligar

In science, it is the interpersonal connections that define opportunities and career
paths. When I was a graduate student in physics at the University of Illinois, wandering
into the Biochemistry Department led me to meet I. C. Gunsalus or Gunny. A giant in
microbiology and biochemistry, he was a close friend with Marianne Grunberg-Manago
and Pierre Douzou at the Institute de Biologie Physico Chimique (IBPC). Thus, when I was
a tenured professor, I sought Gunny’s advice as to where to spend a sabbatical year—and
his suggestion was Paris, IPBC, and Pierre’s laboratory.

Through some magic of these greats, I received a Fullbright Fellowship in 1989 to
support the move of our family to Paris. After arriving, I learned my de jour mentor
was a most energetic Gaston Hui Bon Hoa. What a great time scientifically and a most
memorable personal life experience. Never, to this day, have I met anyone with such
boundless energy and enthusiasm for doing experiments. Gaston would always prefer to
do another experiment than write anything up for publication. His filing cabinets were
full of so much data that, at any point, if one wanted a manuscript, you just went to the
cabinet, pulled out a folder, and started writing. The IBPC was such a motivating place that
we returned for several summers after the sabbatical. We formed partnerships with Jack
and Judy Kornblatt, Dimitri Davydov, Christiane Jung, and others. This family spawned
many discoveries. One memorable idea was hatched at a group wine event on the top
floor of the IBPC. We were discussing water under pressure and then the osmotic forces
that can act to desolvate. One problem facing molecular biologists was the “star” activity
of restriction endonucleases. A list of solutions to avoid to prevent the loss of 6-base pair
recognition was at the back of every catalog. After a lot of wine, it occurred to us that
these were all osmolytes. Several pioneering papers ensued, showing that osmotic pressure
indeed removed bridging hydrogen bonding water between protein and the outer base
pairs that could be reversed by applying hydrostatic pressure!

Gaston was unique and a source of motivation and companionship that is missed by
all. He continued doing experiments after IBPC, working with Mike Marden, and thinking
of new ways to advance biophysics through careful measurement. A real pioneer!

Jack A. Kornblatt

How do I remember our love affair with IBPC, Pierre Douzou, and most especially,
with Gaston Hui Bon Hoa? It was in June 1982 when I and Judy, my wife, arrived in Paris
from Cap d′Ail after a month at a French-language school. It was cold and raining heavily.
We were wet and tired when we eventually came to our apartment and went back down to
the bar on the rez de chaussee, where we tried to calm down with a large brandy each. A
very inauspicious beginning to a wonderful year!

I went on up the street to IBPC and was introduced to Gaston Hui Bon Hoa, with
whom I would work that year and during the summers in subsequent years. I had come
to do low-temperature studies on the cytochrome c oxidase. However, Pierre explained
that Gaston had just finished building a high-pressure optical cell (la bombe) that could
be interfaced with a spectrophotometer or fluorometer. I put the oxidase into Gaston’s “la
bombe” and was hooked. The world’s most exciting data poured out. The influence of
high hydrostatic pressure on the oxidase was phenomenal. It allowed the catching and
trapping of the intermediates with very large volume changes and helped us point out the
energy transduction mechanism. All throughout this, Gaston guided my hands.

Later, when Steve Sligar came into the lab, he brought the beautiful structure of
cytochrome P450cam. After staring at it for days, it finally occurred to me that osmolytes
worked by reducing the activity of water and that it might be one of the reasons why
they aid camphor in gaining access to a water-filled pocket. This realization launched me
to finally complete the description of the energy transduction and catalytic cycles of the
oxidase. The papers wrote themselves.
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Very recently (2008), the team at Cornell developed high-pressure SAXS. Were Gaston
with us today, he would be incredibly excited. “I have to try it out on P450cam”, he would
have said. He was a man with boundless enthusiasm and energy, and he happily shared it.

At the beginning of this overlong appreciation, I used the term love affair. It was just
that. Additionally, by the way, 20 years later, I finally got to do the low-temperature work
that I had initially planned!

Christiane Jung

During my research stay in the laboratory of Professor Irvin C. Gunsalus at the
University of Illinois at Urbana-Champaign in 1982, I heard that there was a talented
scientist in the INSERM laboratory of Professor Pierre Douzou at the Institute de Biology
Physico-Chimique (IBPC) in Paris who was setting-up subzero-temperature and high-
hydrostatic pressure equipment for studying the conformational behavior of cytochrome
P450. His name was Gaston Hui Bon Hoa. I met Gaston personally for the first time in
1991 during my two-month stay as a visiting scientist in the laboratory of Professor Pierre
Douzou. I was impressed by the enthusiasm with which Gaston built the experimental
equipment. Our studies focused on cytochrome P450—the enzyme I had been working
on since 1973 in Professor Klaus Ruckpaul’s group at the Academy of Sciences in Berlin
and which remained the main object of studies in my own laboratory at the Max Delbrück
Centrum for Molecular Medicine in Berlin later [11]. The high-pressure approach used by
Gaston encouraged me to keep working together. During another seven-month stay in
Gaston’s laboratory in 1993, we worked together with B. Canny and J.C. Chervin from the
Université Pierre et Marie Curie Paris, Laboratoire de Physique des Milieux Condensés, to
design a high-pressure cell with sapphire anvils, which we later used in Berlin for FTIR
spectroscopic investigations on the carbon monoxide complex of cytochromes P450 [23].
Gaston visited my laboratory in Berlin several times as a participant in the EU project
BIO2-942060. Looking back, I have to say that without Gaston, I would not have been able
to establish high-pressure technology on my own.

In addition to being an inspiring scientist, Gaston was a good friend and, as I realized,
a great family man. I fondly remember a trip with his family in 1991 to the Pont de
Normandie near Le Havre and Honfleur, a beautiful little French port town in Normandy
near the Seine estuary in the English Channel. In addition, I had the pleasure of attending
his 80th birthday party in Paris seven years ago. I will always remember Gaston.

Dmitri R. Davydov

I first met Gaston Hui Bon Hoa at the international conference on Cytochromes P450
in Moscow in 1991. At that moment, the focus of my studies was (and remains to be)
on the catalytic mechanisms and the protein–protein interactions of cytochromes P450.
I knew very little about the effects of hydrostatic pressure on proteins and their use in
biophysical studies. Still, I knew Gaston’s name from his publications on the impact
of pressure on P450cam [7,24]. My attention was drawn to Gaston’s presentation at the
meeting. It spurred my interest in the use of pressure perturbation. I got captivated by his
enthusiasm and ideas on how pressure perturbation may be used in P450 research. Soon, I
joined his research group in the laboratory of Pierre Douzou in IBPC in Paris as an INSERM
fellow (“poste verte”). It was a wonderful time. I enjoyed the creative atmosphere in the
lab and admired Gaston’s engineering ingenuity. Besides researching pressure-induced
transitions in P450 2B4 (which I brought from my lab in Moscow) [5,25], I also participated
in Gaston’s engineering efforts. I designed data acquisition and analysis software for
high-pressure spectroscopy, which became a core of my SpectraLab software that I still use
in my research. At the end of my fellowship, we were successful in acquiring an INSERM
collaborative grant followed by an INTAS multilateral research grant. This funding allowed
us to continue our collaboration [9,26,27]. From 1993 to 1999, I enjoyed visiting Gaston’s
lab several times a year. After my move to the US, our collaboration continued [6], and
in 2002, Gaston visited me in the University of Texas Medical Branch (UTMB, Galveston,
TX) to install his high-pressure equipment, which I still use in my research. Later, we
met several times in San Diego, Paris, and other places. Owing to my collaboration with
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Gaston, pressure perturbation became an integral part of my research strategy, and the
effects of pressure on proteins became another focus of my scientific interests. I enjoyed our
collaboration and friendship a lot. Besides being a talented experimentalist and prominent
scientist, he was also a wonderful person and a good friend.

Collaboration with Gaston became momentous and life-defining for many of his
colleagues and friends. Gaston’s ingenuity and enthusiasm swept them along with him
and promoted the development of high-pressure bioscience all over the world. So, let this
Special Issue become our tribute to this impassioned pathfinder, a talented scientist, and
great friend.
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Simple Summary: Unlike temperature, pH or chemical reagent, the effect of hydrostatic pressure
on proteins is unique in that it controls selectively the equilibrium populations among different
conformational states, without practically affecting each of their structures. Because of this unique
effect of hydrostatic pressure on proteins, the application of pressure can easily manipulate the
population distribution among different conformational states of a protein to a considerable extent
at our will, creating what may be called “the magical world of pressure” or “the wonderland for
proteins”. In this paper, we have succssfully utilized the magical world of pressure in bringing the
amyloid fibrils F of wild-type hen lysozyme into the unfolded monomers U and then, upon returning
to the Anfinsen regime, back into its original, natively folded state N.

Abstract: Admitting the “Native”, “Unfolded” and “Fibril” states as the three basic generic states
of proteins in nature, each of which is characterized with its partial molar volume, here we predict
that the interconversion among these generic states N, U, F may be performed simply by making a
temporal excursion into the so called “the high-pressure regime”, created artificially by putting the
system under sufficiently high hydrostatic pressure, where we convert N to U and F to U, and then
back to “the low-pressure regime” (the “Anfinsen regime”), where we convert U back to N (U→N).
Provided that the solution conditions (temperature, pH, etc.) remain largely the same, the idea
provides a general method for choosing N, U, or F of a protein, to a great extent at will, assisted
by the proper use of the external perturbation pressure. A successful experiment is demonstrated
for the case of hen lysozyme, for which the amyloid fibril state F prepared at 1 bar is turned almost
fully back into its original native state N at 1 bar by going through the “the high-pressure regime”.
The outstanding simplicity and effectiveness of pressure in controlling the conformational state of
a protein are expected to have a wide variety of applications both in basic and applied bioscience
in the future.

Keywords: Anfinsen’s dogma; native state N; unfolded state U; fibril state F; protofibrils; hydrostatic
pressure; hen lysozyme; circular dichroism; 1H NMR spectroscopy; atomic force microscopy

1. Introduction

Thermodynamics is a fundamental branch of physics that all creatures on earth must
obey to live. The well-known Anfinsen’s dogma [1], governing the fate of a newborn
polypeptide chain “U” to fold into a unique conformation “N” in an aqueous environment
under physiological conditions, is a type of this example. Although certain proteins may
need some help from other proteins called chaperones for folding, this process is not
considered to alter the essence of Anfinsen’s dogma. As such, the “Anfinsen’s dogma”
may possibly have prevailed on the earthy atmosphere for billions of years of evolution
to bring up all (~10 million) archaea, prokaryote and eukaryote species considered to
be living presently on earth [2]. On the other hand, by taking Anfinsen’s dogma more
generally from the thermodynamic and statistical mechanical viewpoint, we can view the
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unfolding and refolding process of protein as a shift of the conformational distribution
induced by thermodynamic perturbation in an aqueous environment [3]. Here, pressure
is a particularly important thermodynamic variable besides temperature and solution
conditions in controlling the conformational state of a protein in an aqueous environment.

Experimental studies on the conformational state of proteins under pressure perturba-
tion started early in the 1980s when Hui Bon Hoa contributed greatly to advancing various
spectroscopic techniques under pressure and promoted their applications [4–6]. Protein
high-pressure NMR spectroscopy, re-initiated by Jonas in the 1990s [7], was expanded
into a crucial methodology to probe the fluctuating nature of protein structure in later
years [8–12]. The method disclosed the notion that, in most globular proteins, the unfolded
conformer U is always present in equilibrium with the folded conformer N, even under
physiological conditions at 1 bar [8,9].

In accordance with this, an additional state of a protein sometimes called the “mis-
folded state” [13] has come to gain attention in a wide range of protein systems. It turns out
that many of them grow into misfolded oligomers [14], which then turn into a fibrillar state
commonly called “protofibrils”, which consist of single or a few lines of a linear array of
“unfolded” protein monomers forming “the cross β-structure”, detailed features of which
may vary from protein to protein [15,16]. Importantly, they are known to be the primary
cause of a variety of human diseases known as “amyloidosis disease” including Alzheimer
disease [17], familial amyloidotic polyneuropathy [18], transthyretin amyloidosis [19], prion
disease [20], dialysis-related amyloidosis [21], alpha-synuclein amyloidosis [22] and senile
systemic amyloidosis [23] and so on. Furthermore, as it is becoming increasingly clear that
the propensity to form amyloid fibrils is a generic property for all proteins including food
proteins, protein fibrillization is progressively recognized in food science as a strategy to
broaden and improve food protein functionality [24].

Many of the amyloid diseases above arise from single mutations in their wild-type
proteins, which often destabilize the N state and increase the equilibrium population
of the U state; for example, we previously found in the V30M mutant of transthyretin,
that the population of the U conformer increased by as much as 1000-fold, causing fatal
amyloidosis [25]. The important point here is that, despite the fact that the protein obeys
Anfinsen’s dogma to fold, an equilibrium fraction of the protein may always remain
unfolded in the cell environment. Then, a crucial question may remain as to how the
unfolded state U may turn into the fibrillar state F when there is no substance to catalyze
the reaction.

To answer this question, a model study was carried out previously [26], by using
an authentic, fully (~100%) unfolded conformer of a protein, prepared from 15N-labeled
wild-type hen lysozyme with its four disulfide bonds removed (0SS mutant), to see if they
would turn into a protofibril at all and if so, how would it proceed? We found that the
protofibrils are formed simply by a prolonged incubation of its aqueous solution over
several days at 25 ◦C at 1 bar [26]. We also found that the protofibrils so formed can then
be dissociated back into the monomeric state U (U→F→U) nearly completely simply by
applying pressure at 2 kbar for ~50 h [27]. Detailed analysis indicates that the reaction
proceeds by a simple reaction, with monomers attached and/or detached at its growing
end of the fibril [28]. We believe that the basic mechanisms disclosed here for the simplest
system will form the basis for understanding the reality of the protofibril formation and
dissociation U→F→U in most amyloidotic proteins.

Under the condition, the concept of the protein conformational regime under physi-
ological conditions at low pressure (“Anfinsen regime”) may be extended to include the
amyloid fibril state “F” as another generic state of a globular protein in the low-pressure
regime (or the Anfinsen regime), basically in dynamic equilibrium with the U and N states
as schematically shown in Figure 1a. Here we define state F to be represented by “protofib-
rils”, rather than the “matured amyloid fibrils” which may contain the insoluble entity.

An important property of F as well as of N is that they both are in a high-volume
state [29], as they generally have extra space or “vacancy” (called void, cavity, or defects)
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within their basic architecture, while the state U exists in a low-volume state with most of the
extra “vacancies” gone, leaving the polypeptide chain in direct contact with the bulk water.
Because of these contrasting properties between U and N–F, their relative thermodynamic
stabilities are anticipated to be reversed rather easily by applying a sufficiently high pressure
(a few to several kbar).

Indeed, under a high hydrostatic pressure far exceeding 1 kbar (>1 kbar), both the
folded conformation N and the fibril state F become less stable than U, fully reversing the
order of thermodynamic stability predicted from Anfinsen’s dogma in the low-pressure
regime, namely U is more stable than N and F at elevated pressures, thereby forming what
we call here “the high-pressure regime” (See Figure 1b). Note that “the high-pressure
regime” is realizable relatively easily nowadays in high-pressure vessels in scientific labora-
tories and possibly in food industries where pressures up to several kbar are regularly used.

Figure 1. The schematic Gibbs energy diagrams for the proposed three generic forms of a protein;
Folded (N), Unfolded (U) and Amyloid fibril (F): (a) in the “Anfinsen regime” or the low-pressure
regime and (b) in the high-pressure regime. The “Anfinsen regime” is the regime realized in nature,
while the high-pressure regime is the regime artificially realized in high-pressure vessels. Note that
the thermodynamic stabilities of N, U and F are reversed in the two regimes, because of the large
pΔV contribution. Here the relative Gibbs energy levels for U, N and F are drawn arbitrarily.

2. Thermodynamic Consideration

2.1. In the “Anfinsen Regime” or the Low-Pressure Regime

The well-known Anfinsen’s dogma [1], governing the fate of a newly born polypep-
tide chain U to fold into a unique conformation N, states in essence that, for most pro-
teins in nature under physiological conditions (~at 1 bar), the Gibbs energy GU

0 for the
unfolded state U is higher than the Gibbs energy GN

0 for the folded state N, namely,
ΔG1bar = ΔG0 = GU

0 − GN
0 > 0, pushing the unfolded polypeptide chain “U” toward the

folded state “N”. Here for most globular proteins in nature, ΔG1bar = ΔG0 takes a small,
but the positive value at 1 bar, often within a few tens of kJ/mol, leaving the state N
marginally stable against the state U. Here we postulate “amyloid fibril state F” represented
by protofibrils to be another generic state of a protein stable at low pressure, giving another
minimum in free energy besides the native state N in the “Anfinsen regime”.

2.2. In the “High-Pressure Regime”

At high pressure p, the thermodynamic stability of N against U, ΔG(p), is given
approximately to the first order in p by Equation (1),

ΔG(p) = GU(p) − GN(p) = ΔG0 + ΔV (p − p0) (1)
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Here the volume difference ΔV between U and N (ΔV = VU − VN) is always nega-
tive under or below physiological temperatures [8], making the term ΔV (p − p0) take a
large negative value for large p. The high-volume nature of N against U has been well
documented in many proteins. Then at high pressure, the negative ΔV (p − p0) term (<0)
exceeds in magnitude the positive ΔG0 term (>0), resulting in a negative ΔG = GU − GN
(<0), meaning that N turns into U causing “pressure-denaturation” of a protein.

In the case of a typical globular protein of a few kDa in size, the ΔV could be
~−100 mL/mol, making pΔV to be ~−20 kJ/mol at 2 kbar and ~−30 kJ/mol at 3 kbar.
If ΔG0, the excess stability of N over U at 1 bar, is typically ~15 kJ/mol, ΔG(p) in Equation 1
would become ~−5 kJ/mol at 2 kbar and ~−15 kJ/mol at 3 kbar, replacing conformer N
(~99.9%) at 1 bar by conformer U (>90%) at 2 kbar, (>99%) at 3 kbar, namely the relative
stability of N and U in the Anfinsen regime is likely to be almost fully reversed in the “high-
pressure regime” (Figure 1b). When pressure is removed (back to the Anfinsen regime),
the state N will recover quickly and reversibly to the original population close to ~99%.
Basically, such reversibility has been recognized in most globular proteins including RNase
A, hen lysozyme, Staphylococcal nuclease, Apo myoglobin, β-lactoglobulin, P13MTCP1,
transthyretin, prion proteins, and ubiquitin, at physiological temperatures or lower [9].

In the case of an amyloid fibril, its high-volume nature was revealed by the results of
direct time-dependent densitometry measurement of protofibrils (F) upon its formation
from (U) in the intrinsically denatured disulfide-deficient hen lysozyme, which showed
a large volume increase by as much as ΔV ~ 570 mL/mol monomer U [29]. The result
suggests that the formation of F from U involves a formation of large voids or cavities
and/or ionic bonds, in analogy to, or even more than the case for, the formation of N
from U. Granting that a high volume is a general property of any amyloid fibrils, pressure
is expected to destabilize F significantly against U (ΔG = GU − GF < 0), because of the
large negative pΔV term in Equation (1). Now we can depict a schematic free energy
diagram for F, N and U at high pressure in Figure 1b, where the relative stability of F,
N and U is reversed from that in the Anfinsen regime at low pressure, the relative stability
of N and F depends on the protein concentration among other factors. We may call the
regime represented by the scheme in Figure 1b the “high-pressure-regime”, which is a fully
artificial regime of protein thermodynamics that apparently has not been experienced by
most living creatures in their history on earth.

Thus, by switching between the “high-pressure-regime” and the “Anfinsen” regime
simply by turning the pressure on and off, we would get a magical power for selecting
the conformational state of a protein among N, F and U to a great extent at will. A suc-
cessful experiment in freely controlling the conformational state among N, F and U will
be demonstrated below in the experiment with wild-type hen lysozyme as representative.
Here we will demonstrate the nearly full conversion (>90%) of the fibrils (F) back into
the folded state (N), simply by temporarily visiting “the magical world of pressure” (the
high-pressure regime) and back to the Anfinsen regime (the low-pressure regime).

3. Materials and Methods

Preparation of amyloid fibrils: Lyophilized hen egg white lysozyme (crystallized
six-times) was purchased from Seikagaku Kogyo (Tokyo, Japan) and used without further
purification. To prepare the amyloid fibrils consisting largely of intact (i.e., non-degraded)
hen lysozyme, we used the “seeding method” reported previously in the literature [30].
This seeding method is briefly mentioned as follows. As the first step, the powder of wild
type hen lysozyme was dissolved to a final concentration of 8.0 mg/mL in distilled water
containing 80 mM NaCl with pH adjusted to 2.2 by HCl, and the solution was incubated
at 57 ◦C, which is close to the transition temperature of hen lysozyme. In the association
process to amyloid fibrils of hen lysozyme, the exponential increase in thioflavin T (Th T)
fluorescence intensity with increasing incubation time was observed (Figure S1a). After
~11 days, the resultant amyloid fibrils as the first generation was subjected to extensive
sonication to produce oligomers, an aliquot of which (10 w/w %) was mixed into a fresh
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solution of 90 w/w % of intact hen lysozyme (8.0 mg/mL in 80 mM NaCl at pH 2.2)
and incubated for 4.5 h at 57 ◦C. The second-generation fibrils produced in this way
were subjected to extensive sonication to produce seeds. Then, an aliquot of these seeds
(4 w/w %) was mixed with a fresh solution of 96 w/w % of intact hen lysozyme (8.0 mg/mL
in 80 mM NaCl at pH 2.2) and incubated for 4.5 h at 57 ◦C to produce the third-generation
fibrils consisting almost entirely of intact hen lysozyme molecules, supported by the
analysis of SDS-PAGE showing the non-degradation of intact hen lysozyme in the period
of fibrillation process (Figure S1b).

Dissociation of amyloid fibrils with pressure: The fibril solution of the third-generation
was diluted by 20-fold to produce a fibril solution, containing 0.40 mg/mL fibrils in 80 mM
NaCl, pH adjusted to 2.2. This fibril solution was then placed in a homemade Teflon
inner vessel (volume~100 μL) and was pressurized at 4 kbar in a pressuring machine
Dr. CHEF (KOBELCO, Kobe, Japan) for a varied reaction time between 0.5 and 24 h at
25 ◦C. After each reaction time, the fibril solution was subjected to the circular dichroism
(CD) and 1H NMR measurements without further dilution, while AFM measurements
were made after dilution and drying by air on a silica surface. The 1H NMR spectra were
measured at 25 ◦C at 600 MHz on an AVANCE 600 NMR spectrometer (Bruker Biospin,
Switzerland) using a standard 5 mm outer diameter tube (Shigemi, Tokyo, Japan). The CD
spectra in the far UV region were measured at 25 ◦C on a J-820 spectropolarimeter (JASCO
Co., Tokyo, Japan) using a sample cell of 0.1 cm light path after 1 h of pressure-treatment.
The AFM images were obtained at 1 bar at 25 ◦C with the cyclic contact mode at a frequency
of 119 kHz on an SPI-3800 (Seiko Instruments Inc., Tokyo, Japan).

4. Results

4.1. Experimental Demonstration: Turning Amyloid Fibrils “F” Back into the Folded State “N” in
Hen Lysozyme

Then, by taking a well-known globular protein hen lysozyme as an example, we will
present an actual experimental demonstrating the full conversion of hen lysozyme amyloid
fibrils F into the original folded native conformation N by going through the “high-pressure
regime”—the magical world of pressure.

The experimental procedure:
(1) N→U→F conversion in the Anfinsen regime: First, in the Anfinsen regime (at

1 bar), we convert the folded conformer N into the unfolded conformer U by heating
hen lysozyme solution (8.0 mg/mL, pH 2.2) close to its transition temperature 57 ◦C at
pH 2.2, and then convert U into amyloid fibrils F by seeding with lysozyme oligomers
(see Materials and methods). The seeding procedure is repeated to prepare the final fibrils
consisting almost exclusively of intact (non-degraded) hen lysozyme molecules.

(2) F→U conversion in the “high-pressure regime”: Then, after diluting the fibril
solution by 20-fold, we switch to the “high-pressure regime” by applying pressure at 4 kbar
at 25 ◦C and turn the fibrils F into U (actually a mixture of a one-to-one ratio of N and U at
4 kbar) at 25 ◦C. The process of dissociation of the fibrils with a time of exposure to 4 kbar
was step-wise monitored at 1 bar with AFM and 1H NMR.

(3) U→N conversion in the Anfinsen regime: Then by lowering pressure to 1 bar,
we switch back to the Anfinsen regime and complete the folding of U back to the original
native conformer N at 25 ◦C (U→N conversion in the Anfinsen regime). The 20-fold
dilution assures the pathway U to N rather than the pathway U to F, depending on the
protein concentration, in the Anfinsen regime. Thus the entire conformational cycle of hen
lysozyme, N→(U)→F→(U)→N, is to be completed.

4.2. The Experimental Result

Figure 2 summarizes the result of the experiment, which starts from N, goes into F,
and then returns back to N, along the arrows N→(U)→F→(U)→N* (the asterisk * is to
indicate a refolded N, through N and N* should be identical).
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Here Figure 2a demonstrates the result with CD as a monitor for both fibrils and
monomers, Figure 2b demonstrates the result with AFM as a monitor for fibrils, and
Figure 2c demonstrates the result with 1H NMR as a monitor for dissociated monomers
from fibrils, all measured at 1 bar at 25 ◦C.

The far-UV CD spectra (Figure 2a) show that N, showing a characteristic α-rich
structure (~30% of α-helix and ~20% of β-sheet) with a minimum at ~208 nm, is converted
with an iso-dichroic point at ~211 nm to F, showing a characteristic β-rich structure with a
minimum at ~218 nm, and back to the original N nearly completely with an iso-dichroic
point at ~211 nm. The AFM figures (only detectable of fibrils) (Figure 2b) start from N
with no images, then to F showing typical amyloid fibrils, and then back to N with all
fibril images gone, consistent with the observation with CD. The 1H NMR spectra (only
detectable of monomers) start from the well-known N signals of hen lysozyme (~100%)
(Figure 2c), and is converted to “F signals”, actually a trace of the N signals that remain
in equilibrium with F, and back to the N* signals showing nearly a full refolding into N
(>90%). The time-dependent 1H NMR signals (Figure 2d), monitored intermittently at 1 bar,
after exposure of the fibril solution to 4 kbar for a certain period of time, show that the
dissociation of the fibrils starts rapidly and is nearly complete within 1 h.

Figure 2. The conversion of the folded form (N) of wild-type hen lysozyme into the amyloid fibril form
(F) and then refolding back to the folded form (N), by following the process N→(U)→F→(U)→N*.
The experiments are monitored by CD (a), AFM (b) and 1H NMR (c,d), all at 1 bar at 25 ◦C. (The
refolded N is designated as N*, showing that it is a refolded N, although their conformations are
identical). See Methods for detailed experimental procedures.

(Figure 2a) N→(U)→F→(U)→N* with CD as a monitor for both fibrils (F) and folded
monomers (N). The far-UV CD spectra show that N, showing a characteristic β-rich struc-
ture with a minimum at ~208 nm (black), is converted with an iso-dichroic point at ~211 nm
to F by seeding at 57 ◦C, showing a characteristic β-rich structure with a minimum at
~218 nm (red), and back to the original N nearly completely with an iso-dichroic point at
~211 nm (green).

(Figure 2b) N→(U)→F→(U)→N* with AFM as a monitor for fibrils (F). The AFM
figures (only detectable of fibrils) start from N with no images, then to F showing typ-
ical amyloid fibrils, and then back to N with all fibril images gone, consistent with the
observation with CD.
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(Figure 2c) N→(U)→F→(U)→N* with 1H NMR as a monitor for dissociated monomers.
The 1H NMR spectrum (only detectable of monomers) with all NMR peaks characteristic
for N of hen lysozyme (~ 100% of an intact protein), is converted to “F” showing only a
trace of signals of N (in equilibrium with N) and back to N* (after treatment for 24 h at
4 kbar at 25 ◦C) showing nearly full refolding into N (>90%).

(Figure 2d) F→(U)→N*, monitoring the dissociation of fibrils with the time-dependent
1H NMR signals of the dissociated monomers, as the fibril solution is treated at 4 kbar at
25 ◦C for respective time intervals. The result shows that the dissociation is completed
within 2 h.

5. Discussion

The example above demonstrates that we can, in fact, choose the conformational state
of a protein among N, U and F in a simple and logical way, by temporarily visiting the
“high-pressure regime”, or “the magical world of pressure”, which is surely realizable in
high-pressure vessels, and by coming back to the Anfinsen regime to finish the dream.
The high-pressure regime is an artificially created “WONDERLAND for protein” in which
the relative conformational stability among N, F and U is largely reversed from that in the
Anfinsen regime. Choice of the regime between the so-called “Anfinsen” and the “high-
pressure” regime can be made simply by “switching pressure off or on” at an appropriate
level of pressure.

An increasing number of proteins of physiological relevance have now been recognized
as causing amyloidosis, a major hazard to human health in recent years. The formation
of amyloidosis fibrils in vivo occurs as an irreversible process in a long time-range and
is thought to be the cause of many hitherto incurable human diseases. However, as we
have seen here, in a shorter time range, the amyloid fibril formation starts with the forma-
tion of protofibrils, which are in equilibrium with their monomeric counterpart and are
dissociable under pressure. Thus, the combined use of the low pressure “Anfinsen” and
the “high-pressure” regime as shown here, in the early phase of the disease, should have a
potential utility in preventing and/or curing amyloid diseases. For the case of food-based
amyloidosis, one promising example has been carried out for the fibrils of a prion disease,
which are not only dissociated but efficiently degraded by proteinase K under pressure [31].
The result may promise some industrial and biomedical applications in the future. For the
case of amyloidosis in human tissues, we might need to invent some new technologies
for pressurizing a selective portion of the tissue or the fluid directly. Otherwise, the target
tissue or fluid could be temporarily removed from the patient’s body and returned after
treatment with pressure, as partly realized for the eradication of malignant melanoma [32].

6. Conclusions

The “Anfinsen regime” where the “Anfinsen’s dogma” operates has been a reality
dominating the current biological world, assuring the prosperity and versatility for all lives
on earth including humans, though with a constant danger of the proteins going into stable
aggregates with no function. In contrast, the “high-pressure regime” proposed here as a
counter regime is also a reality only realized at present in high-pressure vessels in scientific
laboratories, in which proteins could temporarily escape from the burden of the Anfinsen’s
dogma. Through this regime, however, one can have a magical power of freeing the protein
from forming amyloid fibrils and then back to the “Anfinsen regime” to promote folding
back into the N state. The entire process from N to U to F and back from F to U to N has
been successfully demonstrated here in the experiment with wild-type hen lysozyme as a
model protein. To realize our dreams further into bio-scientific reality, our traveling into
the wonderland of pressure will continue.

Supplementary Materials: The following is available online at: https://www.mdpi.com/article/
10.3390/biology11010006/s1. Figure S1: (a) The NaCl concentration-dependent fibrillation process
of 4.0 mg/mL hen lysozyme with 4%(w/w) seeds at pH 2.2 at 57 ◦C, monitored by thioflavin T
fluorescence at 482 nm for the varied NaCl concentration of 4, 10, 20, 40 and 80 mM. (b) The SDS-
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PAGE analysis of the products produced in the fibrillation reaction of wild-type hen lysozyme
(4.0 mg/mL) in the presence of 4% (w/w) seeds in 80 mM NaCl, at pH 2.2 at 57 ◦C (cf. (a)) for the
incubation times 0–10 h. Lane M is for molecular weight markers and Lane C is for authentic hen
lysozyme (14.4 kDa).
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Simple Summary: During the last decade, high-pressure multidimensional NMR has emerged as a
very powerful tool to describe the folding landscapes of proteins. This is (i) because pressure is a
gentle perturbation, the effects of which originate from local properties of the folded state, contrary
to chemical or thermal denaturation, and (ii) because multidimensional NMR intrinsically provides
multiple probes strategically scattered on the three-dimensional structure of the protein, allowing
a quasi-atomic resolution to describe the folding pathway. Residue-specific information obtained
from these probes can be used to describe protein folding pathways through the calculation of
NMR-derived fractional probabilities of contact at increasing pressure. Here, we used this strategy to
evaluate and compare the results obtained from NH amide, CαHα, and CH3 groups when used as
NMR probes to explore the folding pathway of the model protein Δ+PHS Staphylococcal Nuclease.

Abstract: Multidimensional NMR intrinsically provides multiple probes that can be used for deci-
phering the folding pathways of proteins: NH amide and CαHα groups are strategically located
on the backbone of the protein, while CH3 groups, on the side-chain of methylated residues, are
involved in important stabilizing interactions in the hydrophobic core. Combined with high hydro-
static pressure, these observables provide a powerful tool to explore the conformational landscapes
of proteins. In the present study, we made a comparative assessment of the NH, CαHα, and CH3

groups for analyzing the unfolding pathway of Δ+PHS Staphylococcal Nuclease. These probes yield
a similar description of the folding pathway, with virtually identical thermodynamic parameters
for the unfolding reaction, despite some notable differences. Thus, if partial unfolding begins at
identical pressure for these observables (especially in the case of backbone probes) and concerns
similar regions of the molecule, the residues involved in contact losses are not necessarily the same.
In addition, an unexpected slight shift toward higher pressure was observed in the sequence of the
scenario of unfolding with CαHα when compared to amide groups.

Keywords: protein folding; NMR; high hydrostatic pressure; thermodynamic stability

1. Introduction

Hydrostatic pressure is a method of choice in studies of protein folding. This “relatively
gentle” perturbation is generally reversible and provides access to thermodynamic pa-
rameters at atmospheric pressure, characteristic of the folding/unfolding reaction [1–4].
Contrary to chemical denaturation, it does not modify the composition of the system.
Additionally, it does not modify the charges of the molecule, contrary to pH denaturation.
Finally, the ΔCp of the system remains constant over the full reaction, contrary to thermal
denaturation. Following the Le Châtelier principle, pressure leads to the unfolding of

Biology 2021, 10, 656. https://doi.org/10.3390/biology10070656 https://www.mdpi.com/journal/biology19
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protein because the molar volume of the unfolded state is smaller than that of the folded
state, i.e., the volume change upon unfolding ΔV0

u is negative [5,6]. It is now largely
admitted that the elimination of the solvent-excluded internal voids due to imperfect
protein packing likely represents the largest contribution to the magnitude of ΔV0

u [7–11].
Because the distribution of solvent-excluded cavities is specific to each protein’s structure,
pressure-induced unfolding originates from local properties of the folded state, contrary
to unfolding by temperature or chemical denaturants, the effects of which depend on the
amount of exposed surface area in the unfolded state.

Due to recent methodological and technical advances, high-pressure NMR (HP-NMR)
spectroscopy has emerged as a particularly powerful tool to obtain high-resolution struc-
tural description of the protein folding landscape (for reviews [12–18]). This is primarily
because an abundance of site-specific probes can be studied simultaneously in a multidi-
mensional NMR spectrum. Strategically located on the protein backbone, amide group
resonances (1H,15N) are currently used to monitor the unfolding reaction: each amino acid
bears a HN group, with the exception of proline, and is well resolved in the proton and
nitrogen-15 spectral dimensions of heteronuclear 2D [1H-15N]-HSQC experiments. Hence,
they represent good observables to describe the protein folding pathway at a residue-level
resolution. On the other hand, amide protons are acidic and prone to exchange with water
at a rate that depends on pressure, thus introducing possible bias in the measurement of
thermodynamics parameters ΔV0

u , ΔG0
u). CαHα group resonances (1H,13C) could repre-

sent an alternative to probe protein unfolding with variable-pressure 2D [1H-13C]-HSQC
experiments. They are also ideally distributed along the protein backbone, but Hα protons
are not exchangeable, contrary to amide protons. Finally, CH3 group NMR resonances
can also serve probe protein unfolding. Residues bearing methylated side-chains (A, T,
M, V, I, L) are usually well distributed in the structure of globular soluble proteins and
provide decisive stabilizing hydrophobic interactions in the core of the molecule. Far fewer
than amide or CαHα groups, the strategic location of CH3 groups can nevertheless yield
important information on the loss of tertiary contacts during protein unfolding. In the
present study, we have used HP-NMR spectroscopy to explore the folding pathway of
Staphylococcal Nuclease (SNase) and compare the description given by different NMR
probes: amide groups, CαHα groups, and CH3 groups.

The model protein used in this study (SNase) is a small extracellular enzyme (149 residues)
produced by Staphylococcus aureus that degrades both DNA and RNA to short oligonucleotides
in the presence of Ca2+. It belongs to the OB-fold (Oligonucleotide/oligosaccharide-Binding)
superfamily, a widely represented architecture characterized by a 5-stranded β-barrel,
capped by an α-helix found between strands 3 and 4 [19,20]. It has long served as model
system for protein folding studies [21,22]. In spite of its moderate complexity, SNase
displays three structural subdomains (Figure 1) [23–25]. The major N-terminal subdomain
(SubD1) consists of the OB-fold itself, encompassing the first 96 residues. The C-terminal
helix (residues 122–134) forms the second subdomain (SubD2), linked to SubD1 by an inter-
facial domain (IntD), essentially formed by a short helix (residues 99–105), a mini-ß-sheet
(residues 39–40 and 110–111), and loops. The C-terminal end of the molecule forms a turn
(residues 137–141), bearing the sole tryptophan residue (W140), which stabilizes the protein
via multiple contacts [26,27]. This organization has been confirmed for a SNase mutant by
H/D exchange experiments that reveal three foldons, which correspond more or less to the
subdomain description [28].

As in previous published studies, we used a hyper-stable variant of SNase known
as Δ+PHS SNase (ΔΔG ≈ 7 kcal/mol when compared to the wild-type protein) [9,10,29].
This variant bears stabilizing substitutions (G50F, V51N, P117G, H124L, and S128A) and a
deletion of the mobile Ω loop (residues 44–49), which is part of the active site of the enzyme.
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Figure 1. The subdomain organization of the structure of Staphylococcal Nuclease (PDB ID: 3LX0).
Two views (180◦ rotation along the vertical axis) of a cartoon representation of the 3D structure of
Δ+PHS Staphylococcal Nuclease. SubD1, IntD, and SubD2 subdomains are colored in cyan, yellow,
and magenta, respectively.

2. Materials and Methods

2.1. Protein Expression and Purification

The highly stable Δ+PHS form of SNase was expressed and purified, as described
in detail by Shortle and Meeker [30]. The construct Δ+PHS SNase was sub-cloned in
pET24a plasmids with kanamycin resistance and introduced in BL21(DE3) bacteria using
the heat-shock method. Uniform 15N/13C labeling was obtained by growing cells in
minimal M9 medium containing 15NH4Cl/13C-u-labeled glucose as the sole nitrogen and
carbon sources. Protein was expressed overnight at 20 ◦C after induction with 0.2 mM
IPTG. The cells were then centrifuged at 5000 rpm for 10 min, and the bacterial pellet
was resuspended in an ice-cold buffer containing 25 mM Tris pH8 buffer 2.5 mM EDTA
and 6 M Urea (buffer#1). This suspension was kept at 4 ◦C for 20 min under shaking
condition and then centrifugated at 8000 rpm for 15 min. The pellet was resuspended in
the same cold buffer but containing 400 mM NaCl (buffer#2). This new suspension was
kept at 4 ◦C for 30 min under gentle shaking condition and then centrifugated at 8000 rpm
for 15 min. An equal volume of ice-cold 100% ethanol was added to the supernatant,
and precipitation was promoted for 3h at −20 ◦C. The precipitate was discarded after
centrifugation (20 min at 8000 rpm), and an additional two-volumes of ice-cold ethanol
was added to the supernatant, and the solution was kept overnight at −20 ◦C. After the last
centrifugation (20 min at 8000 rpm), the precipitate was solubilized in 30 mL of buffer#1
and injected in a Sephadex (Merck-Sigma-Aldrich, France) cationic resin column. Elution
was done with a linear gradient of buffer#2. The fractions containing the pure protein were
pooled, and the sample was first dialyzed in Tris buffer (10 mM, pH 7) containing 1 M KCl
overnight, with stirring under refrigeration, and subsequently in Tris 10 mM pH 7 for 2 h.
For NMR studies, the solution was concentrated to about 1 mM (protein concentration),
aliquoted to 0.3 mL samples, and freeze-dried. Yields of purified protein were on the order
of 60 mg/L. Protein concentration was determined at 280 nm using an extinction coefficient
of 0.93.

2.2. Protein NMR Resonance Assignment

The assignment of the amide group 1H and 15N resonances have been reported in
previous works [6,7,21]. The assignment of the CαHα group and CH3 group 1H and 13C
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resonances were achieved through a 3D [1H,13C] TOCSY-HSQC (isotropic mixing: 60 ms)
NMR experiment performed on a 1 mM 15N,13C-labeled Δ+PHS sample (0.2 mL in a con-
ventional 3 mm glass tube), dissolved in Tris 10 mM deuterated buffer at pH 7 (uncorrected
from isotopic effects). Additionally, a [1H,13C] NOESY-HSQC (mixing time: 200 ms) was
recorded, which helped us solve some ambiguities. Experiments were recorded at 20 ◦C on
a Bruker AVANCE III (Bruker Biospin, Wissenbourg, France) 700 MHz equipped with a
5 mm Z-gradient TCI cryogenic probe head. 1H chemical shifts were directly referenced
to the methyl resonance of DSS, while 13C and 15N chemical shifts were referenced indi-
rectly to the 13C/1H and 15N/1H absolute frequency ratios. All NMR experiments were
processed with Gifa [31].

2.3. Protein Unfolding

[1H,15N] and [1H,13C] HSQC experiments were recorded at 20 ◦C on a Bruker AVANCE
III 600 MHz spectrometer, equipped with a TXI probe operating at ambient, and at 15 dif-
ferent hydrostatic pressures (1, 30, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000,
2200, 2400, and 2500 bar). The doubly-labeled 15N,13C protein sample was dissolved at a
concentration of 1 mM in a Tris 10 mM pH 7 aqueous buffer (+10% D2O for the lock) and
used with a 5 mm o.d. ceramic tube (0.33 mL of sample volume) from Daedalus Innova-
tions (Aston, PA, USA). Guanidinium chloride was added to the sample (1.8 M) in order
to drag the protein stability into the pressure range allowed by the experimental set-up
(1–2500 bar). Hydrostatic pressure was applied to the sample directly within the magnet
using the Xtreme Syringe Pump, also from Daedalus Innovations. Pressure was transmitted
by mineral oil, so that no physical separation was needed between the aqueous buffer
containing the protein and the transmitting fluid. Each pressure jump was followed by a
12-h relaxation time to allow the protein to reach a steady-state equilibrium before running
the 2D experiments. 2D [1H,15N] and [1H,13C] HSQC were recorded sequentially, hence on
the same sample and strictly in the same experimental conditions. These experiments were
recorded using gradient coherence selection through pulsed field gradients, yielding an
excellent suppression of the water resonance in the proton dimension.

The intensities of cross peaks corresponding to NH, CαHα, or CH3 groups were
measured for the folded species at each pressure, and their decrease in pressure was then
fitted with a two-state model:

I =
I f + Iue−(ΔG0

u+pΔV0
u )/RT

1 + e−(ΔG0
u+pΔV0

u )/RT
(1)

where I is the intensity of a native state cross peak measured at a given pressure and If
and Iu correspond to the cross peak intensities in the folded state (1 bar, If = Imax) and in
the unfolded state (2500 bar, Iu = Imin), respectively. ΔG0

u stands for the residue specific
apparent free energy of unfolding at atmospheric pressure. ΔV0

u corresponds to the residue
specific apparent volume of unfolding for pressure denaturation.

Native contact maps were obtained by using software CMView [http://www.bioinfor
matics.org/cmview/] (accessed on 25 March 2020) with a threshold of 8.5 Å around the
Cα of each residue, using the crystal structure of Δ+PHS SNase (PDB ID: 3LX0).

3. Results

3.1. NMR Resonance Assignment

Amide resonances (1H and 15N) were assigned for all amide groups in previous
work [9,10,30], and those of CαHα and CH3 groups (1H and 13C) were assigned through
3D 13C-edited TOCSY and NOESY experiments recorded on a 15N,13C-uniformly enriched
Δ+PHS SNase sample dissolved in a deuterated buffer (see Materials and Methods). The
assigned HSQC 2D spectra corresponding to these sets of resonances are given as Supple-
mentary Materials (Figures S1–S3). A total of 100 amide cross peaks (73% of the residues)
and 81 CαHα cross peaks (59% of the residues) gave neither overlapping cross peaks in
the folded state nor in between the folded and unfolded states at 20 ◦C. Nevertheless,
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for the accuracy of the comparison, we considered only residues where both NH and
CαHα groups were resolvable for further analysis (61 residues, 45% of the sequence). Our
construct contains 51 methylated residues (37% of the sequence): 14 alanine, 8 threonine,
4 methionine, 8 valine, 12 leucine, and 5 isoleucine residues. While all CH3 groups can be
assigned unambiguously, only 33 (24% of the sequence) gave cross peaks (at least one cross
peak for residues I, L, V, bearing two methyl groups), which showed no overlap in both the
folded state or between the folded and unfolded states at 20 ◦C, and were considered for
further analysis. The distribution of the selected residues on the 3D structure of SNase is
displayed in Figure 2.

Figure 2. Distribution of the NMR probes used for the HP-NMR denaturation study on the 3D structure of Δ+PHS SNase
(PDB ID: 3LX0). (A–C): Two views (180◦ rotation along the vertical axis) of a cartoon representation of the 3D structure
of Δ+PHS Staphylococcal Nuclease. In (A,B), the colored residues correspond to the NH (A) (in blue and green) and
CαHα (B) (in red and green) groups, which were assigned and gave neither overlapping cross peaks in the folded state
nor in between the folded and unfolded states at 20 ◦C in the corresponding HSQC spectra. The residues colored in green
correspond to residues where both the NH and the CαHα groups gave no overlapping cross peaks. In (C), the colored
residues (in yellow and green) correspond to all methylated residues. Those colored in green correspond to residues that
gave no overlapping in the 2D [1H,13C] HSQC spectra (folded and unfolded states). In this figure, all residues colored in
green were used for the HP NMR study.

3.2. HP-NMR Denaturation Study: Measuring the Thermodynamic Parameters for the
Unfolding Reaction

2D [1H,15N] and [1H,13C] HSQC experiments were recorded at variable pressure
within the 1–2500 bar pressure range and at 20 ◦C. In all these spectra, the intensity of each
native state cross peak decreases as a function of pressure, while the intensity of peaks
corresponding to the unfolded state increases concomitantly (Figure 3). This supports a
slow equilibrium on the NMR timescale for each residue between the native and unfolded
state and a two-state transition for each residue between their native/unfolded states
during the unfolding process. Thus, this simple model can be used to interpret the loss of
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intensity for each native state cross peak, even though the global protein unfolding does
not likely conform to a two-state transition, locally [18].

Figure 3. NMR detected high-pressure unfolding of Δ+PHS SNase. From left to right, examples of 2D [1H,15N] (A) and
[1H,13C] (B,C) HSQC spectra recorded at 1, 1000, and 2500 bar are displayed. In (B,C), only a zoom on the CαHα or on the
CH3 cross peak region, respectively, is displayed. The rightmost panels report overlays of the normalized residue-specific
denaturation curves obtained from the fits of the pressure-dependent sigmoidal decrease of (A) NH amide, (B) CαHα,
and C) CH3 cross peak intensities in the corresponding HSQC spectra with Equation [1]. Representative examples of
experimental fits are given in Supplementary Materials (Figure S4).

A substantial number of local NMR probes (61 NH and CαHα cross peaks, 33 CH3
cross peaks) can be accurately fitted to the two-state pressure-induced unfolding model
described in the Materials and Methods (Equation (1)), yielding local apparent values for
ΔG0

u and ΔV0
u (Figure 4). Although the two-state model was adequate to fit all individ-

ual unfolding curves at a residue level, significantly different residue-specific values for
apparent free energy ΔG0

u and apparent volume change ΔV0
u of unfolding were observed,

suggesting a deviation from a two-state behavior for the global unfolding of the protein for
all probes used for the study.

Interestingly, although values obtained from CαHα groups and CH3 groups show a
broader distribution than those obtained from NH groups, virtually identical average val-
ues (within the experimental errors) were obtained for the three probes used. Amide groups
yield an average ΔG0

u value of 2282 ± 275 cal/mol and a ΔV0
u of −91 ± 10 mL/mol, CαHα

groups yield an average ΔG0
u value of 2245 ± 763 cal/mol and a ΔV0

u of −92 ± 22 mL/mol,
and CH3 groups yield an average ΔG0

u value of 2252 ± 597 cal/mol and a ΔV0
u of

−91 ± 21 mL/mol (Figure 4). Note that, for NH and CαHα probes, these values were not
biased by the residue selection that we made, keeping only those for which residue-specific
curves could be obtained for both atom groups. When considering the 100 amide cross
peaks and the 81 CαHα groups that can be fitted accurately with Equation (1) (Supplemen-
tary Materials, Figure S5), similar values were obtained: ΔG0

u value of 2221 ± 391 cal/mol
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and a ΔV0
u of −90 ± 13 mL/mol for amide cross peaks; ΔG0

u value of 2224 ± 721 cal/mol
and a ΔV0

u of −91 ± 22 mL/mol for CαHα cross peaks. It should be noticed that the ap-
parent global values obtained for ΔG0

u and ΔV0
u (2394 ± 82 cal/mol and −87 ± 3 mL/mol,

respectively) were also in good agreement with the average values of the corresponding
apparent residue-specific values extracted from NH, CαHα, or CH3 denaturation curves,
supporting the two-state equilibrium regime for folding or unfolding. These global values
were obtained by fitting the increase of the resonance at 0.8 ppm (which corresponds
roughly to the resonance of the methyl groups in the unfolded state) on a series of 1D
spectra recorded at increasing pressure [18] (Supplementary Materials, Figure S6). This
constitutes reassuring results, since the global (or averaged) thermodynamic parameters
measured by the different NMR probes are supposed to reflect a similar global behavior of
the same system under the same perturbation, even though differences can be expected at
a local, residue-specific level.

Figure 4. Thermodynamic parameters measured for the unfolding reaction of Δ+PHS SNase. ΔG0 (upper panels) and ΔV0

(absolute value, lower panels) obtained from the fit with Equation (1) of the pressure-dependent sigmoidal decrease of
the residue cross peak intensities of (from left to right) NH amide groups, CαHα groups, and CH3 groups. For I, L and V
residues, when denaturation curves have been obtained for each of the two cross peaks (corresponding to the two methyl
groups), averaged values of ΔG0 and ΔV0 are displayed. The dashed lines represent the mean values of the measured
thermodynamic parameters. The values of ΔG0, ΔV0 and also P1/2 (the half-denaturation pressure) are gathered in Table S1
(Supplementary Materials).

3.3. HP-NMR Denaturation Study: Exploring the Folding Pathways of Δ+PHS SNase

In the case of NH and CαHα groups, we used the now classical strategy to track
possible intermediates in the folding pathway of Δ+PHS SNase [10,18]. This strategy is
based on exploiting the information brought by normalized residue-specific denaturation
curves: for a given residue “i”, the value of 1 at a given pressure (I = If = 1; Equation (1))
can be associated with a probability Pi of 1 (100%) to find this residue “i” in the native
state, while for a residue “j”, the value of 0 at the same pressure, (I = IU = 0) can be
associated with a probability Pj equal to zero to find this residue “j” in a native state.
These probabilities are called fractional probabilities because they are related to the “native
fraction” for a given residue. If these two residues i and j are in an intermediate situation
(0 < Pi and Pj < 1) at a given pressure, and if they are in contact in the native 3D structure
(at atmospheric pressure), their fractional probability Pij, in contact at this pressure, is
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given by the geometric mean of the two individual probabilities: Pij =
√

Pi × Pj [12]
(Figure 5) [18,32].

Figure 5. Pressure denaturation of Δ+PHS SNase probed by NH and CαHα backbone atoms. (A) Upper panels: contact
maps built from the crystal structure of Δ+PHS SNase (PDB ID: 3LX0) at 900, 1000, and 1100 bar, as indicated. Contacts
below the diagonal have been calculated with CMview: they correspond to residues where the distance to the corresponding
Cα is lower than 8.5 Å. Above the diagonal, the contacts displayed correspond to residues for which fractional probability
can be measured from normalized residue-specific denaturation curves obtained from NH cross peaks. In addition, contacts
have been colored in blue when contact probabilities Pij lower than 0.5 are observed. Lower panels: visualization of
the probabilities of contact on ribbon representations of Δ+PHS SNase at 900, 1000, and 1100 bar, as indicated. The blue
lines represent contacts that are significantly weakened (Pij ≤ 0.5) at the indicated pressure. Residues involved in these
contacts are also colored in blue. (B) Similar as in (A), but the fractional probabilities have been calculated from normalized
residue-specific denaturation curves obtained from CαHα cross peaks. In the contact maps, contacts have been colored in
red when contact probabilities Pij are lower than 0.5. These weakened contacts are visualized on the 3D structure of Δ+PHS
SNase by red lines, and the residues involved in these contacts are also colored in red.
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Whichever the probe considered (NH or CαHα groups), unfolding appears to follow
a similar scenario. At 900 bar, we observed a partial loss of contacts (Pij ≤ 0.5) between
residues from the interfacial domain (IntD) to residues in SubD1 (the OB-fold domain)
and SubD2 (the C-terminal helix) (Figure 5). Although this partial unfolding globally
concerns the same area of the 3D structure whatever the probe used, in the details, the
residues directly involved are not the same. When using amide groups, fractional contact
probabilities below 0.5 were measured essentially for two central residues: L103, located
in the short helix of IntD, and K133, located in SubD2. Residue L103 displays weakened
contacts with residue G20 in SubD1, with residues V39, D40, T41, A94, V99, N100, and
E101 within IntD itself and with residues Q123 and K133, located in SubD2. Residue K133
displays weakened contacts with residues in SubD2 (K127, Q131, E135, and K136) and with
residues in IntD (E101 and L103). When considering CαHα groups, weakened contacts
essentially concern residue L37 in IntD (with V39 and D83 in subD1 and R35, A94, and
A112 within IntD itself), residue G79, located in a loop connecting the β4-strand to the
β5-strand from the β-barrel of SubD1 (with F76, D77, and R81 in the same loop), residue
Q123 in SubD2 (with N100 and E101 in IntD), and residue E135, also in SubD2 (with K127
and K133 in SubD2) (Figure 5).

At 1000 bar, partial unfolding concerns additional residues in the same areas and the
loss of some contacts in the OB-fold itself between residues in the C-terminal turn of the
helix and in the first ß-strand of the barrel. Intriguingly, at this pressure, partial unfolding
seems to concern more residues when considering fractional probabilities calculated from
residue-specific denaturation curves obtained from CαHα probes than from those obtained
from NH amide probes. More weakened contacts (Pij ≤ 0.5) can be detected in the fractional
contact maps built from CαHα residue-specific denaturation curves (involving a total of
47 residues) than from those from NH residue-specific denaturation curves (involving
only 24 residues). This suggests a sharper unfolding transition when probed by the
CαHα groups.

Indeed, at a slightly higher pressure (1050 bar), the number of weakened contacts
detected from NH probes becomes closer (38 residues involved) to that detected from
CαHα probes at 1000 bar (Supplementary Materials, Figure S7). Moreover, among these
38 residues, 31 (≈82%) also belong to the group of 47 residues involved in weakened
contacts (Pij ≤ 0.5) when probing the unfolding transition with CαHα groups (at 1000 bar).
This strongly suggests a similar scenario for the partial unfolding of Δ+PHS SNase, which
is slightly shifted to a higher pressure when described by NH probes.

Finally, at 1100 bar, regardless of the probe under consideration, a quasi-global unfold-
ing of the molecule is observed, with the loss (Pij ≤ 0.5) of most of the contacts in the 3D
structure, including those stabilizing the ß-barrel in the OB-fold domain (Figure 5).

When compared to NH or CαHα groups, methyl groups constitute scarce probes
for analyzing the folding landscape of the protein (33 selected CH3 groups against 61 for
NH or CαHα, in the results presented here), and contacts between them are few. Thus,
we directly used the individual fractional probabilities Pi instead of deriving fractional
probabilities of contact Pij between residues. Using this simplified approach, it was not
possible to determine which contacts in the 3D structure were lost, but we assessed whether
a methylated residue was in a native or unfolded environment at a given pressure. The
first methylated residues exhibiting fractional probabilities lower than 0.5 were detected at
1000 bar. When displayed in the 3D structure of Δ+PHS SNase, they were located either
in the interfacial domain or in the OB-fold domain and C-terminal helix, with side chains
pointing toward the interfacial domain (Figure 6). Also consisted was L14, a residue located
on the first ß-strand of the ß-barrel, the side chain of which pointing toward the C-terminal
turn of the helix of the OB-fold domain. Fractional probabilities lower than 0.5 concern
only residues located in these two areas up to a pressure of 1100 bar. Above (1200 bar),
most of the methylated residues report an unfolded environment. Thus, it seems that the
folding pathway probed by the methylated side chains is very similar to that probed by
the backbone atoms.
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Figure 6. Pressure denaturation of Δ+PHS SNase probed by side chain CH3 groups. Two views
related by a 180◦ rotation along the vertical axis of a ribbon representation of the 3D structure of
Δ+PHS SNase (PDB ID: 3LX0). The green and red color correspond to methylated residues, with
fractional probabilities greater or lower than 0.5, respectively. In addition, the side chains of the
methylated residues displaying fractional probabilities lower than 0.5 are represented by red sticks.
Results obtained at three different pressures (1000, 1100, and 1200 bar) are displayed from top to
bottom, as indicated.

4. Discussion

Due to the better resolution of the 2D [1H,15N] HSQC spectrum, NH amide cross
peaks provide the most important number of residue-specific NMR probes to explore
the folding landscape of Δ+PHS SNase. Indeed, 100 residue-specific denaturation curves
can be obtained from non-overlapping cross peaks over 133 non-proline residues. Due
to more severe overlapping cross peaks either in the folded state 2D [1H,13C] HSQC
spectrum or between the unfolded and unfolded state spectra, a more limited number
(81 over 137 residues) can be obtained from CαHα cross peaks, and this number drops
to 33 (over 51 methylated residues) when considering the CH3 cross peaks. In addition,
some CαHα cross peaks can be obscured possibly by the water resonance, in the middle
of the Hα proton resonances, even if, in the present case, the water suppression scheme
(coherence selection through pulsed field gradients) worked well, yielding virtually no
artefact, probably due to the rather high protein concentration (1 mM) in the NMR sample.

Whichever the probes used, the fit of cross peak intensity decrease with pressure to a
two-state model yields virtually identical average values for the apparent thermodynamic
parameters ΔG0

u and ΔV0
u , supporting the theory that NH, CαHα, or CH3 probes equally

sense the denaturation reaction. In the detail, we observed a broader distribution of the

28



Biology 2021, 10, 656

residue-specific values of ΔG0
u and ΔV0

u in the case of CαHα and CH3 groups than in the
case of NH groups. Thus, apparently, the unfolding reaction seems more cooperative when
probed with NH amide groups. We do not have a clear explanation for this observation,
except maybe the fact that all the amide groups are involved in H-bonds, contrary to
CαHα or CH3 groups. Breaking these H-bonds is mandatory for a NH groups to sense
a disordered environment. Since the free-energy associated with H-bonds does not vary
significantly within the protein sequence, this probably confers a common and quasi-
identical “unfolding contribution” for all amide groups. The differences observed between
the apparent thermodynamic parameters ΔG0

u and ΔV0
u , measured for NH groups, should

be due to the contribution of the variable distribution of water-excluded voids around them,
yielding significant differences in their pressure sensitivity. Since CαHα and CH3 groups
are not involved in H-bonds, they should be sensitive only to this latter contribution.

Fractional probabilities of contact Pij, deduced from either NH or CαHα NMR probes,
globally describe a similar folding pathway: the protein denaturation starts at 900 bar
with the partial unfolding of IntD and SubD2 sub-domains, whereas SubD1 (the OB-fold
domain) remains virtually non-affected until 1100 bar. These results are consistent with
those obtained in previous work, demonstrating the existence of a folding intermediate
state, where only the OB-fold domain is folded [10]. A similar folding pathway can also
be observed when using CH3 probes. When increasing pressure, the first methylated
residues sensing an unfolded environment are located in IntD or in SubD1 and SubD2 but
with side chains pointing toward IntD. This supports local unfolding of IntD and SubD2
sub-domains. Nevertheless, since fractional probabilities of contact cannot be calculated
from CH3 probes, a structural description of a possible folding intermediate becomes
difficult. Interestingly, the global value for ΔG0

u and ΔV0
u measured on 1D spectra from

the increase with pressure of the resonance corresponding to the unfolded CH3 groups is
similar to the average values of residue-specific ΔG0

u and ΔV0
u measured on 2D spectra for

each individual CH3 group. This means that the thermodynamic parameters measured
at equilibrium for Δ+PHS SNase are similar for the folding and unfolding reaction. This
strongly supports a two-state equilibrium between the folded and unfolded states, without
the appearance of a pressure-stabilized folding intermediate (or molten-globule), as has
been observed for the pp32 L60A variant [33].

Although residue-specific NH or CαHα probes are located in the backbone of the
protein and borne by the same residue, even in cases where local unfolding reported by
these probes concerns the same area of the protein, the loss of contacts revealed by their
fractional probabilities does not necessarily concern the same residues. As mentioned
above, this is probably due to the combined effects of H-bonds (for amide protons) and
voids distribution around these atom groups.

Interestingly, the sequence of the scenario of the protein unfolding is slightly shifted to
higher pressure when probed with CαHα groups, as if the unfolding transition was sharper
when compare to results obtained with NH probes. This is an unexpected result since
amide protons are exchangeable. Because solvent exchange increase with pressure [34],
this effect should contribute to the intensity decrease of NH cross peaks with pressure. We
should observe a steeper slope for the residue-specific denaturation curves obtained from
NH amides. The reverse result is obtained, and again we do not have a clear explanation
for that. Here also, the involvement of amide protons in H-bonds might be responsible of
this rather counter-intuitive effect. On the other hand, this result clearly demonstrates that
amide proton exchange with water is negligible and probably contributes marginally to
the decrease of amide cross peak intensity in the native state spectrum during unfolding.

5. Conclusions

Among the three NMR probes (NH, CαHα, or CH3 groups) studied here to investigate
the protein folding pathways, NH and CαHα groups appear to be the best candidates, even
if all three of them describe similar scenarios. Indeed, NH and CαHα groups are shared by
all (non-proline) residues, although methylated residues constitute only 37% of the Δ+PHS
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SNase sequence. Moreover, they are strategically located on the protein backbone, an ideal
situation to probe protein unfolding. Finally, fractional probabilities of contact can be easily
calculated from NH and CαHα probes, which is not the case for CH3 probes, yielding a
possible structural description of potential folding intermediates [10].

Unaffected by water suppression and displaying a better spectral resolution, the
2D [1H,15N] HSQC spectrum gives a larger number of probes when compared to the
CαHα region of the 2D [1H,13C] HSQC spectrum. Moreover, we have shown here that the
contribution of solvent exchange to amide cross peak intensity can be safely neglected, since
thermodynamic parameters of the unfolding reaction and the folding pathway described
both by NH groups and CαHα groups are similar. In addition, the fact that [1H,15N] HSQC
can be recorded in an unexpansive 15N-uniformly-labeled sample (when compared to
15N,13C-, or even the 13C-u-labeled sample) makes NH amide groups very attractive probes
for exploring the folding pathway of proteins. On the other hand, due to the more favorable
values of natural abundancy and the gyromagnetic ratio of 13C, the use of CαHα groups can
constitute an interesting alternative for non-recombinant (and non-isotopically-enriched)
proteins. Indeed, the use of cryogenic probes allows to record [1H,13C] HSQC with a good
resolution in about 2 h on protein samples of moderate concentration (1–2 mM). In that
case, problems due to water suppression can be circumvented by dissolving the protein
sample in deuterated buffers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article
/10.3390/biology10070656/s1: Table S1: Thermodynamic parameters values obtained for Δ+PHS;
Figure S1: Assignment of Δ+PHS SNase amide groups; Figure S2: Assignment of Δ+PHS SNase
CαHα groups; Figure S3: Assignment of Δ+PHS SNase CH3 groups; Figure S4: Representative
examples of experimental fits; Figure S5: Thermodynamic parameters measured for the unfolding
reaction of Δ+PHS SNase; Figure S6: Monitoring the unfolding reaction of Δ+PHS SNase with 1D
HP-NMR spectroscopy; Figure S7: Fractional contact map obtained at 1050 bar from NH probes.
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Simple Summary: NADPH-cytochrome P450 reductase (CPR) enzymes are known to undergo
an ample conformational transition between the closed and open states in the process of their
redox cycling. To explore the conformational landscape of CPR from the potential biofuel crop
Sorghum bicolor (SbCPR), we incorporated a FRET donor/acceptor pair into the enzyme and employed
rapid scanning stop-flow and pressure perturbation spectroscopy to characterize the equilibrium
between its open and closed states at different stages of the redox cycle. Our results suggest the
presence of several open conformational sub-states differing in the system volume change associated
with the opening transition (ΔV0). Although the closed conformation always predominates in the
conformational landscape, the population of the open conformations increases by order of magnitude
upon the two-electron reduction and the formation of the disemiquinone state of the enzyme. In
addition to elucidating the functional choreography of plant CPRs, our study demonstrates the high
exploratory potential of a combination of the pressure-perturbation approach with the FRET-based
monitoring of protein conformational transitions.

Abstract: NADPH-cytochrome P450 reductase (CPR) from Sorghum bicolor (SbCPR) serves as an
electron donor for cytochrome P450 essential for monolignol and lignin production in this biofuel
crop. The CPR enzymes undergo an ample conformational transition between the closed and open
states in their functioning. This transition is triggered by electron transfer between the FAD and
FMN and provides access of the partner protein to the electron-donating FMN domain. To charac-
terize the electron transfer mechanisms in the monolignol biosynthetic pathway better, we explore
the conformational transitions in SbCPR with rapid scanning stop-flow and pressure-perturbation
spectroscopy. We used FRET between a pair of donor and acceptor probes incorporated into the
FAD and FMN domains of SbCPR, respectively, to characterize the equilibrium between the open
and closed states and explore its modulation in connection with the redox state of the enzyme. We
demonstrate that, although the closed conformation always predominates in the conformational
landscape, the population of open state increases by order of magnitude upon the formation of
the disemiquinone state. Our results are consistent with several open conformation sub-states dif-
fering in the volume change (ΔV0) of the opening transition. While the ΔV0 characteristic of the
oxidized enzyme is as large as −88 mL/mol, the interaction of the enzyme with the nucleotide
cofactor and the formation of the double-semiquinone state of CPR decrease this value to −34 and
−18 mL/mol, respectively. This observation suggests that the interdomain electron transfer in CPR
increases protein hydration, while promoting more open conformation. In addition to elucidating
the functional choreography of plant CPRs, our study demonstrates the high exploratory potential
of a combination of the pressure-perturbation approach with the FRET-based monitoring of protein
conformational transitions.

Keywords: cytochrome P450 reductase; conformational change; FRET; pressure-perturbation
spectroscopy; protein hydration; reduction kinetics; stop-flow spectroscopy; Sorghum bicolor
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1. Introduction

Cytochromes P450, the heme-thiolate enzymes found in all domains of life, from
Eubacteria and Archaea to Eukarya, probably appeared about 3.5 billion years ago [1], when
the oxygen content in the atmosphere was negligible. It is suggested that ancient cy-
tochromes P450 acted as reducing enzymes and could play the role of NO reductases [2].
When green plants began to release oxygen into the atmosphere about 2 billion years ago,
cytochromes P450 became involved in the synthesis and oxidative metabolism of fatty
acids and steroids [3]. Later, the catalytic oxidation of hydrophobic compounds became the
primary function of cytochromes P450.

Nowadays, cytochromes P450 act as terminal oxidases in monooxygenase systems,
oxidizing various exogenous and endogenous substrates. They are involved in the oxida-
tive metabolism and detoxification of low molecular weight foreign lipophilic compounds
(xenobiotics) as well as in the synthesis of pigments, hormones, second messengers, antibi-
otics, and toxins. To perform these functions better, the eukaryotic P450s became membrane
incorporated. In most cases, they are associated with the membranes of the endoplasmic
reticulum (ER), where they interact with their partner proteins via lateral diffusion and the
formation of dissociative complexes.

All known eukaryotic cytochromes P450 and most bacterial analogs are not self-
sufficient in their catalytic function. The monooxygenase reaction requires two electrons,
which are usually transferred to cytochrome P450 from a protein partner. For most eukary-
otic cytochromes P450, the role of electron donor is played by NADPH-cytochrome P450
reductase (CPR), a flavoprotein that contains two flavin cofactors, FAD and FMN. These
flavins are situated in distinct protein domains termed FAD and FMN domains. These
two domains are connected with a flexible connecting loop. The reducing equivalents
from NADPH are first acquired by FAD and then transferred to FMN, which serves as an
ultimate electron donor for P450.

While the majority of animal cytochrome P450 species are involved in xenobiotic
metabolism, the predominant part of the plant P450s participates in biosynthetic pathways.
They play a critical role in synthesizing lignin, UV protectants, pigments, defense com-
pounds, fatty acids, hormones, and secondary messengers. In particular, cytochrome-P450-
dependent cinnamate-4-hydroxylase (C4H), p-coumaroyl quinate/shikimate-3’-hydroxylase
(C3′H), and ferulate-5-hydroxylase (F5H) are the critical branching points in the phenyl-
propanoid metabolizing pathway, which is required for the biosynthesis of monolignol and
serves as a starting point for the production of flavonoids, coumarins, lignans, and lignin.

This investigation represents a part of our studies aimed at elucidating the mecha-
nisms of function and regulation of phenylpropanoid-metabolizing monooxygenases from
Sorghum bicolor, a U.S. strategic plant for biofuel production [4–6]. The detailed mechanistic
knowledge of these enzymes will enable specific manipulation of lignin composition and
content and thus economize the industrial cost of biofuel production. Furthermore, the
high flexibility of the hinge region of SbCPR demonstrated in our previous report [7]
offers potential for manipulating the functional properties of the enzyme through ratio-
nal engineering in this region. The present study explores the functional mechanisms of
NADPH-cytochrome P450 reductase 2b, one of the three CPR enzymes in Sorghum bicolor
serving as electron donors for C4H, C3′H, and F5H P450 enzymes. This enzyme is referred
to as SbCPR from now on.

In general, the functional redox cycling in SbCPR enzymes follows the scheme common
to all known CPRs. Their reduction from the completely oxidized (FAD, FMN) to the four-
electron reduced state (FADH2, FMNH2) includes (1) hydride transfer from NADPH to
FAD, resulting in a two-electron reduced (FADH2, FMN) state; (2) inter-flavin electron
transfer from FADH2 to FMN with the formation of the neutral (blue) disemiquinone
(FADH•, FMNH•); (3) establishing a transient equilibrium between the latter and the other
two-electron reduced states (FAD, FMNH2), (FADH2, FMN) and anionic semiquinones
(FAD•, FMN•); (4) supply of another pair of electrons from NADPH yielding the four-
electron reduced (FADH2, FMNH2) state. This sequence of events is illustrated in Scheme 1.
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Scheme 1. Scheme of electron transfer events in CPR.

In most eukaryotic monooxygenases, this four-electron reduced state is believed to
serve as the P450 electron donor so that FMN cofactor interchanges between the hydro-
quinone and semiquinone states. By contrast, the FMN moiety in the bacterial CPR-P450
chimera P450BM-3 shuttles between the semiquinone and oxidized states instead [8]. How-
ever, in all cases, the transfer of electrons between the FAD and FMN domains remains an
obligatory step in the CPR redox cycle.

In this perspective, understanding electron transfer mechanisms and the respective
conformational rearrangements has become a challenge for researchers. In the first solved
CPR structure [9] and several subsequently published structures of CPR from various
species [10–12], the distance between FAD and FMN is around 4 Å, which is considered
favorable for the inter-flavin electron transfer. However, this proximity of the two domains
does not allow the electron acceptor protein to reach FMN. This circumstance and the largely
disordered structure of the connecting loop brought forward a hypothesis of a large-scale
opening-and-closing transition involved in the CPR electron transfer mechanism.

In further X-ray crystallographic studies, the CPR variant with a shortened connecting
loop was found locked in the open state, which is flawed in terms of inter-flavin electron
transfer, but effective in the transfer from FMN to the heme [13]. In contrast, a variant of
rat CPR where the two domains are interconnected with a disulfide bond [14] was found
locked in the closed conformation. These and other resolved CPR structures [11,12,15,16]
demonstrated exceptional conformational flexibility of CPR and emphasized the pivotal
functional role of the transitions between the enzyme’s closed and open states.

The conformational landscape of CPR and its relevance to the redox cycling of the
enzyme was further explored with a wide variety of biophysical techniques ranging from
NMR [17] and small-angle neutron and X-ray scattering (SANS and SAX, [18–21]) to ion
mobility mass spectrometry [22] and single-molecule fluorescence resonance energy trans-
fer (FRET [23–26]). Despite some contradictory observations in these studies, all of them
are consistent in demonstrating a transition of the closed state of the enzyme into an open
conformation upon the interdomain electron transfer event and the formation of the dis-
emiquinone state (see [27] for a review). At the same time, these studies also demonstrated
that the initial two-state model is insufficient to adequately depict the conformational
landscape of CPR.

According to the current concepts, instead of being represented by two discrete states,
the enzyme exists in a dynamic equilibrium among multiple conformations differing in the
relative positioning of the FMN and FAD domains [27]. Most available data suggest that
the closed conformations predominate in the completely oxidized CPR [18–21,24,26]. Some
studies also suggest the further displacement of the conformational equilibrium towards
the closed state upon the binding of NADPH to the oxidized enzyme [25,27]. There are also
strong indications of the predominance of the closed conformations in the four-electron
reduced enzyme [20,21,23,26].
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Despite a foreseeable similarity of CPR enzymes from different organisms in gen-
eral mechanisms of electron transport and the related protein choreography, the enzymes
from different kingdoms of life may differ considerably in the kinetic and thermody-
namic parameters of the individual steps of the redox cycle. Thus, the structure study
of Arabidopsis thaliana suggests that the oxidized state of plant CPR enzymes may have
considerably more open conformation than that characteristic of their mammalian coun-
terparts [11]. Furthermore, the studies of the kinetics of electron transfer in plant CPR
demonstrate that the rate of electron transfer from NADPH to FAD in these enzymes is
over 50 times faster than in their mammalian counterparts [28].

In the present study, we explore the conformational equilibrium in SbCPR and its
modulation during the redox cycle of the enzyme with the use of a combination of the
FRET-based detection of protein conformational rearrangements with the rapid scan-
ning absorbance and fluorescence stop-flow technique and the pressure-perturbation ap-
proach. While the FRET-based methods and rapid scanning stop-flow techniques have
already been applied in both mammalian [24,25,27] and plant [26] CPR studies, the present
study represents the first attempt to explore the conformational landscape of CPR with
pressure perturbation.

In pressure-perturbation studies, hydrostatic pressure is a variable parameter affecting
the protein conformational landscapes. Along with the effects of temperature, varying
pressure is indispensable for a detailed understanding of the mechanisms of protein con-
formational transitions. The basis of pressure effects is the change in system volume
that accompanies biochemical processes [29–32]. According to Le Chatelier’s principle,
increased pressure enhances processes accompanied by a decrease in system volume and,
conversely, inhibits processes occurring with a volume increase. A prevalent part of the
volume changes in protein transitions stems from the changes in interactions with sol-
vents [33–38]. These include water penetration into the cavities and water constriction
around solvent-exposed polar groups of the protein [31,38–43]. Thus, the volume change
resulting from the penetration of one water molecule into a protein cavity is equal to
−18 mL/mol, while the solvation of a singly charged ion in water is characterized by
ΔV values of the order of −10 mL/mol [31]. Generally speaking, pressure increase en-
hances protein hydration, which therefore constitutes the core of pressure-induced protein
transitions [33,34,37,43–46].

Ample conformational transitions necessary for CPR redox cycling are implied to
be associated with significant changes in the protein–solvent interactions. The process of
protein opening is reported to involve the breaking of several salt bridges [11,12,24] and the
subsequent hydration of the newly exposed charges on the protein surface. Therefore, pres-
sure perturbation is the method of choice for exploring the CPR conformational landscape.
It allows to judge the changes in protein hydration in the redox cycling of the enzyme and
provides a simple means for determining the position of equilibria in the system of open
and closed conformation at its different redox states.

To make the studies possible, we incorporate a FRET donor/acceptor pair into the FAD
and FMN domains of SbCPR. Our study demonstrates that, although the closed conforma-
tion always predominates in the conformational landscape, the population of open state
increases by order of magnitude upon the formation of the disemiquinone state. Our results
are consistent with several open conformation sub-states differing in the opening transition
volume change (ΔV0). The details of the SbCPR electron transfer mechanism revealed in
this study will provide vital information for engineering the monolignol pathway and
subsequent lignin polymerization in order to improve the use of Sorghum bicolor as a biofuel
plant. In addition to elucidating the functional choreography of plant CPRs, our study
demonstrates the high exploratory potential of a combination of the pressure-perturbation
approach with the FRET-based monitoring of protein conformational dynamics.
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2. Materials and Methods

2.1. Materials

DY-520XL and DY-731 were the products of Dyomics GMBH (Jena, Germany). Mono-
bromobimane (MBBr) was obtained from Invitrogen/Molecular Probes (Eugene, OR, USA),
now a part of ThermoFisher Scientific. Igepal CO-630, glucose oxidase, catalase, NADPH,
glucose-6-phosphate, and glucose-6-phosphate-dehydrogenase were obtained from Sigma-
Aldrich (St. Louis, MO, USA). 2′5′-ADP was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). All other chemicals were of the highest grade commercially available
and were used without further purification.

2.2. Cloning, Protein Expression, and Purification

The SbCPR cDNA corresponding to the Sorghum bicolor gene SORBI_3007G088000 was
modified with a truncation of its N-terminal transmembrane sequence (Δ2–50) and the addi-
tion of the C-terminal hexahistidine tag. The resulting construct was cloned into a pET-30a
(+) vector. For the SbCPR C596S mutant, site-directed mutations were created in the SbCPR
coding region by PCR-based amplification using Phusion High-Fidelity DNA polymerase
(New England Biolabs, Ipswich, MA, USA). The amplification was performed using the
forward primer CTTCGGAAGCAGAAATAGCAAGATGGACT, and the reverse primer
TATTTCTGCTTCCGAAGAAGAACACGGATG was followed by DpnI (New England Bio-
labs, Ipswich, MA, USA) digestion to remove the template strand prior to transformation
to XL1-blue competent cell for amplification. C596S mutation was confirmed by DNA
sequencing (Fisher Scientific, Waltham, MA, USA). The replacement was performed to
limit the possible location of the incorporated fluorescent probes to Cys-235 and Cys-536
(see Section 3.1). The purification methods were the same for the wild-type and C596S
mutant. The vectors were transformed into Escherichia coli Rosetta 2 (DE3) cells. Three
liters of Lysogeny Broth medium complemented with 25 μg mL−1 chloramphenicol and
50 μg mL−1 kanamycin were inoculated with 20 mL from the culture. The cells were grown
at 37 ◦C until the optical density of the culture at 600 nm reached 0.6~0.8. At this point,
the temperature was set at 25 ◦C and 0.5 mM IPTG was added. After the incubation of the
culture for 16 h, the cells were harvested by centrifugation at 5000 rpm for 20 min at 4 ◦C
and resuspended in the Buffer A (50 mM Tris-HCl, 300 mM NaCl, pH 8.0) with 20 mM imi-
dazole. After sonicating on ice for 30 min with a Model 450 sonicator (Branson Ultrasonics,
Danbury, CT, USA), the cell debris was removed by ultracentrifugation. The clear lysate
was loaded onto the column of Ni-NTA agarose (Qiagen, Germantown, MD, USA) and
extensively washed with the same buffer. Modified CPR protein was eluted by Buffer A
containing 250 mM imidazole, pH 8.0. After concentrating the protein to 2 mg mL−1, its
solution was dialyzed against 5 mM potassium phosphate buffer and applied onto a CHT
ceramic hydroxyapatite column (Bio-Rad, Hercules, CA, USA). The fraction containing
SbCPR was eluted by a linear phosphate gradient and then concentrated to ~30 mg/mL. Fi-
nal purity was analyzed by SDS-PAGE, and the concentration was determined by Bradford
assay (Bio-Rad).

2.3. Incorporation of Thiol-Reactive Fluorescent Probes

In this study, we used DY-520XL and DY731 fluorescent dyes manufactured by Dy-
omics GMBH, Jena, Germany) as FRET donor and acceptor fluorophores. Both probes
were used as maleimide derivatives (product numbers 520XL-03 and 731-03, respectively).
Incorporating these probes into SbCPR involves their attachment to the thiol groups of
the cysteine residues of the protein. Prior to modification, SbCPR was stored in 125 mM
K-phosphate buffer, pH 7.4, containing 2 mM TCEP (Storage Buffer). TCEP was removed
by passing the protein solution through a spin-out column of Bio-Gel P6 desalting resin
(Bio-Rad, Hercules, CA, USA) equilibrated with 125 mM K-phosphate buffer, pH 7.4. After
diluting the protein with the same buffer to the concentration of 10 μM, a 3 mM solution of
DY-520XL maleimide in acetone was added to the final concentration of 10 μM, and the
solution was incubated at 4 ◦C under continuous stirring. The increase in the fluorescence
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of DY-520XL at 630 nm (excitation at 520 nm) in the process of modification was monitored
to ensure reaction completion. After the stabilization of fluorescence in approximately
one hour of incubation, an acetone solution of the second probe (DY731 maleimide) was
added to the final concentration of 10 μM. The reaction was followed by monitoring a
decrease in the fluorescence of DY-520XL. The process of the second modification required
3–4 h for completion. Finally, the reaction was terminated by adding reduced glutathione
to the concentration of 1 mM. The protein was concentrated to 100–200 μM and passed
through a spin-out column of Bio-Gel P6 equilibrated with 125 mM potassium phosphate
buffer, pH 7.4 to remove glutathione adducts unreacted dyes. The stoichiometry of labeling
by DY-520XL and DY-731 was determined based on the spectrum of absorbance of the
modified protein. This calculation used the extinction coefficients of 0.05 μM−1 cm−1 at
520 nm and 0.24 μM−1 cm−1 at 736 nm for DY-520XL and DY-731, respectively, as specified
by the manufacturer.

2.4. Rapid Kinetic Studies with Absorbance and Fluorescence Spectroscopy

The kinetics of the NADPH-dependent reduction of SbCPR were studied with rapid-
scanning stop-flow spectroscopy. The experiments were performed at 5 ◦C in 20 mM
HEPES buffer, pH 7.4, containing an oxygen-scavenging system consisting of 60 mM
glucose, 300 units/mL glucose oxidase, and 2000 units/mL catalase. The concentration of
SbCPR and NADPH in the optical cell was equal to 20 μM and 200 μM, respectively. The
solution of NADPH also contained 2 mM glucose-6-phosphate and 4 units/mL glucose-
6-phosphate dehydrogenase, which were added to keep the concentration of NADPH
constant. The stop-flow experiments were performed with the use of RX 2000 Rapid Mixing
Stopped-flow Accessory manufactured by Applied Photophysics Ltd. (Leatherhead, Surrey,
U.K.) connected to the master channel of an MC2000-2 two-channel CCD spectrometer
(Ocean Optics, Inc., Dunedin, FL, USA) equipped with a custom-made thermostated cell
holder and a PX-2 pulsed xenon lamp light source (Ocean Optics). The RX 2000 Accessory
was custom modified to allow remote control of mixing from the data acquisition software.
The absorbance spectra in the range of 320–700 nm were collected with the time intervals
changing from 2 ms to 2 s per spectrum using custom data acquisition software.

Rapid kinetics of the changes in SbCPR conformation during the reduction process
were studied with FRET-based monitoring in a setup similar to that described above for
the absorbance spectroscopy. In these experiments, the concentration of SbCPR-2DY and
NADPH in the optical cell was equal to 5 and 100 μM, respectively, and the temperature
was maintained at 5 ◦C. The composition of the other ingredients was the same as indicated
above for the absorbance spectroscopy experiments. In these studies, the master channel
of the MC2000-2 spectrometer was connected with a Vis-NIR 3 mm liquid light guide
(Model 77635, Newport Corporation, Irvine, CA, USA) to the fluorescence window of
the cell holder. The excitation light was provided with an M505F1 light-emitting diode
(Thorlabs Inc., Newton, NJ, USA) emitting at 505 nm and functioning in a continuous
wave mode. We used M617L3 light-emitting diode (Thorlabs Inc.) emitting at 617 nm as
a light source in the experiments with direct excitation of the acceptor fluorophore. The
fluorescence spectra were recorded in the range of 580–950 nm collected with the time
intervals changing from 10 ms to 2 s per spectrum using custom data acquisition software.

2.5. Pressure Perturbation Experiments

Pressure-perturbation experiments were performed using a custom-built high-pressure
optical cell [47] connected to a manual pressure generator (High Pressure Equipment, Erie,
PA, USA) capable of generating a pressure of up to 6000 bar. The emission spectra were
recorded with an MC2000-2 spectrometer (Ocean Optics) connected with a Vis-NIR 3 mm
liquid light guide (Model 77635, Newport Corporation, Irvine, CA, USA) to the fluorescence
window of the high-pressure cell. The spectra were recorded in the 580–900 nm region
with a step of 1 nm. All spectra were corrected for the changes in protein concentration
due to pressure-dependent compression of water as described earlier [48]. The excitation
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light was provided with an M505F1 light-emitting diode (Thorlabs Inc., Newton, NJ, USA)
emitting at 505 nm in the continuous wave mode. The experiments were performed with
5 μM SbCPR-2DY at 25 ◦C in 20 mM Na-Hepes buffer. The experiments with the reduced
SbCPR-2DY were carried out in the presence of an oxygen-scavenging system consisting of
glucose oxidase (30 units/mL), 60 mM glucose, and 2000 units/mL catalase. The NADPH
concentrations used in the experiments with the partially and fully reduced enzyme were
equal to 5 and 100 μM, respectively. The experiments in the presence of 2′,5′-ADP were
performed at 1 mM concentration of the latter.

2.6. Data Fitting

All data treatment and fitting, as well as the data acquisition in the absorbance and
fluorescence spectroscopy experiments, were performed using our custom-designed Spec-
traLab software [48]. The latest version of the software package is freely available on the
author’s website [49].

2.6.1. Interpretation of the Results of Rapid Scanning Absorbance Spectroscopy

The series of spectra obtained in the rapid scanning absorbance stop-flow experi-
ments were subjected to the Principal Component Analysis (PCA), a linear algebra method
commonly used to reduce the dimensionality of large datasets [50]. It analyzes a set of
M individual datasets (absorbance or fluorescence spectra in our case) of the dimension-
ality N (number data points in each spectrum). This dataset is used to construct the
N × N covariance matrix, which is then transformed to find M-1 eigenvectors paired with
M eigenvalues. The combination of each eigenvector with the corresponding set of eigen-
values is termed the Principal Component. The eigenvectors may be considered unified
differences between the basis vector (the first spectrum in the series in our case) and other
vectors (spectra) under analysis. The PCs are sorted based on their statistical significance.
The first PC represents the most typical difference between the individual datasets (spectra),
and the higher-order PCs contain the least significant deviations from the basis. This
way, organizing information in PC allows reducing dimensionality without losing much
information by discarding the components with low statistical significance. In practice,
each dataset may be reconstituted with increasing accuracy by successive summarizing
the basis vector and the eigenvectors multiplied by the respective eigenvalues. Thus, the
set of eigenvalues deduced from the analysis of a spectral series reflects the changes in the
amplitude of spectral alterations represented in the respective eigenvector, which might be
considered a unified differential spectrum that characterizes the process under study. PCA
is widely used for analyzing the results of rapid scanning kinetic experiments [51–54].

In our experiments, the first Principal Component yielded from this procedure typi-
cally covered over 98.5% of the total spectral changes. The time dependence of its eigen-
value was interpreted as reflecting the general kinetics of reduction. Approximation of
these kinetics by a three-exponential equation was used to determine the kinetic constants
of the individual phases of the reduction process.

2.6.2. Interpretation of the Results of Fluorescence Spectroscopy

The quantitative interpretation of FRET results was based on the application of PCA
to a series of emission spectra recorded in rapid kinetics or pressure perturbation experi-
ments. Approximation of the first principal vector (>98% of the observed changes) with a
combination of the prototypical spectra of emission of DY-520XL and DY731 normalized
proportionally to their quantum yields (see Appendix A) allowed us to resolve the changes
in the integral intensities of emission of each of the dyes and interpret them in terms of
FRET efficiency. The quantum-yield-normalized intensities of the donor and acceptor
fluorescence obtained in this way were used to determine the FRET efficiency according to
the following equation:

E = (Ia/Φa)/(Ia/Φa + Id/Φd) (1)
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where Ia is the emission intensity of the acceptor, Id is the residual donor emission in the
presence of acceptor, and Φa and Φd are the quantum yields of the fluorescence of the
acceptor and the donor, respectively.

Distances between the donor and acceptor fluorophores (R) were calculated using the
following equation:

R = R0· 6
√
(E−1 − 1) (2)

where R0 is the Förster distance calculated using the absorbance and emission spectra of
the protein-bound donor and acceptor fluorophores. These calculations were performed
using PhotoChemCad software [55], assuming the values of the orientation factor (κ) and
the refractive index (n) to be equal to 0.667 and 1.4, respectively.

2.6.3. Fitting of the Results of Pressure-Perturbation Experiments

The interpretation of the effect of pressure on protein equilibria in this article is based on
the equation for the pressure dependence of the equilibrium constant ([56], Equation (1)):

∂
(
ln Keq

)
/∂p = −

(
ΔV0

)
/RT (3)

or in integral form, [57] (p. 212, Equtation (9)):

Keq = K0
eq·e−PΔV0/RT = e(P1/2−P)ΔV0/RT (4)

where Keq is the equilibrium constant of the reaction at pressure P, P1⁄2 is the pressure at
which Keq = 1 (“half pressure” of the conversion), ΔV0 is the standard molar reaction volume,
and K0

eq is the equilibrium constant extrapolated to zero pressure, K0
eq = eP1⁄2 ΔV0

/RT. For
the equilibrium A � B and Keq = [B]/[A], Equation (4) may be transformed into the
following relationship:

[A]

C0
=

1
1 + K0

eq·e−PΔV0/RT
=

1

1 + e(P1/2−P)ΔV0/RT
(5)

where C0 = [A] + [B]. To determine the ΔV0 and P1⁄2 parameters from the experimental
datasets describing pressure-induced changes in the amplitude of a signal derived from the
fluorescence spectra (Ap), this equation was complemented with the offset (A0) and scaling
factor (Amax) parameters and used in the following form:

Ap = A0 +
Amax

1 + e(P1/2−P)ΔV0/RT
(6)

Prior to the analysis, all spectra were corrected for the compression of the solvent [48].

2.7. MALDI/TOF Analysis for the Fluorescence Dye Modified Peptides

Prior to MALDI/TOF analysis, the unmodified SbCPR-C596 and its adducts with
monobromobimane (MBBr), DY-520XL and DY-731 (see Appendix B) were subjected to
SDS-PAGE. After staining the gel slabs, their fragments containing the SbCPR protein band
were isolated and subjected to in-gel trypsinolysis, following the established protocol [58].
The digested peptides were analyzed by MALDI/TOF MS. The peptide mass spectra
were obtained using procedure and collection programs supplied by the manufacturer
(Applied Biosystems, Waltham, MA, USA). The matrix, a-cyano-4-hydroxycinnamic acid,
CHCA (Sigma-Aldrich, St. Louis, MO, USA), was prepared as a solution of 10 mg mL−1 in
50% water/acetonitrile with 0.1% TFA. The matrix solution was mixed 1:1 with the trypsin
digest, applied to the sample plate, and dried. Spectra were collected using a 4800 MALDI
TOF/TOF Analyzer (Applied Biosystems, Waltham, MA, USA), using the data collection
programs in the positive mode for MS spectra.

40



Biology 2022, 11, 510

3. Results

3.1. Selecting the Attachment Points for the Fluorophores and Construction of the
Cysteine-Depleted Variant of SbCPR

To explore the conformational dynamics of SbCPR that accompanies the process of its
NADPH-dependent reduction and probe the thermodynamic parameters of the respective
conformational transitions with pressure-perturbation spectroscopy, we sought to intro-
duce a FRET donor/acceptor pair into the FAD and FMN domains of the enzyme. The
background for selecting DY-520XL and DY-731 maleimides as thiol-reactive fluorophores
for these experiments is described in Appendix A. There we also provide characteriza-
tions of the photochemical properties of this donor/acceptor pair and its incorporation
into SbCPR.

To minimize the perturbations of the protein structure by mutagenesis needed for the
site-directed incorporation of the thiol-reactive probes, we elected to employ some of the
native cysteine residues of the protein for its modification. SbCPR contains nine cysteine
residues—Cys-235, Cys-306, Cys-325, Cys-352, Cys-503, Cys-520, Cys-536, Cys-596 and
Cys659. According to the analysis of the structure of the FAD domain [7] and the homology
model of the full-length enzyme, the residues Cys-306, Cys-325, Cys-352, Cys-503, Cys-520,
and Cys-659 are buried inside the structure and barely accessible. Cys-235, the only
cysteine residue located in the FMN domain, and Cys-536, located on the surface of the
FAD/NADPH-binding domain, appear to be easily accessible for modification. Another
potentially accessible cysteine in the FAD domain is Cys-596, which is more buried than
Cys-536. Thus, we expect to encounter two–three modification-accessible cysteine residues
in SbCPR, Cys-235, Cys-536, and Cys-596. Of those three residues, the Cys-235 and Cys-536
provide an optimal combination for positioning the donor/acceptor pair. The position
of these residues is indicated in Figure 1, where we show a model of SbCPR based on a
combination of the resolved X-ray structure of its FAD domain (PDB ID: 7SUX) [7] with
the model of the FMN domain and the connecting loop built with AlphaFold, a machine-
learning-based protein structure prediction tool [59]. The model was created by replacing
the FAD domain in the AlphaFold-generated model of SbCPR with its X-ray-resolved
structure starting at Val-310 residue. To this aim, the AlfaFold-built model of SbCPR and
the X-ray structure of the FAD domain were aligned upfront using the MatchMaker tool of
the UCSF Chimera software [60].

As described in Appendix B, studying the accessibility of SbCPR cysteines for modifi-
cation with monobromobimane (MBBr), we demonstrated that the enzyme contains three
cysteine residues easily accessible for modification with a thiol-reactive probe. Employing
MALDI-TOF mass spectroscopy for probing the points of attachment of the fluorophores,
we confirmed the above conclusion that Cys-235, Cys-536, and Cys-596 (listed in the or-
der of decreasing accessibility) are the most modification-accessible cysteine residues in
the protein.

To limit the SbCPR modification by thiol-reactive probes to a pair of most readily
available cysteine residues, Cys-235 and Cys-536, we removed Cys-596 by mutating it
into a serine residue. The resulting C596S variant, with only eight cysteine residues per
enzyme molecule, can be readily expressed in E. coli and purified with a yield similar
to that characteristic of the wild-type SbCPR. The rate of its turnover in the reduction of
cytochrome c was also nearly identical to that exhibited by the wild-type enzyme. The
C596S variant was therefore used in all experiments described in this article. It is from now
on referred to as SbCPR to simplify the narrative.

The sequential modification of the C596S variant of SbCPR with DY520-XL and DY-731
(see Section 2.3) resulted in the protein that contains 0.7–1 molar equivalent of each dye per
protein molecule and did not result in any considerable protein precipitation. The modified
C596S variant enzyme, which we designate hereafter as SbCPR-2DY, was active in the
cytochrome c reduction with the turnover number of 2267 min−1, which is comparable
with that observed in the wild-type SbCPR. Our MALDI-TOF MS analysis described in
Appendix B suggests that the sequential labeling procedure results in the protein where
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the DY-520-XL probe is prevalently attached to Cys-235, while DY-731 fluorophore is by
preference located at Cys-536.

Figure 1. Structural model of SbCPR based on a combination of the resolved X-ray structure of the
FAD domain (PDB ID: 7SUX) with the model of FMN domain and the connecting loop built with
AlphaFold. The two modification-accessible cysteine residues are shown as yellow spheres. FMN and
FAD domains are pink and light blue, respectively, and the connecting loop is green. FAD and FMN
molecules are shown as orange stick models. The N-terminal transmembrane helix of the enzyme is
not shown.

3.2. Kinetics of the NADPH-Dependent Reduction of SbCPR

In order to explore the time frame of the individual steps of the NADPH-dependent
reduction of SbCPR, we examined its kinetics by rapid-scanning stop-flow absorbance
spectroscopy. The reduction process was followed by monitoring the changes in absorbance
in the 350–700 nm region.

The oxidized state of CPR flavins has two major absorbance bands centered at
380 and 456 nm, respectively. In the neutral (blue) and anionic (red) flavin semiquinones,
the amplitude of the band at 456 nm is dramatically decreased. Furthermore, the neutral
semiquinone state is distinguished by a broad band centered around 595 nm, which is
lacking in the anionic semiquinone. In addition to the complete lack of the 456 and 595 nm
bands, the two-electron reduced (hydroquinone) state differs from the semiquinones by
decreased absorbance at 380 nm. Therefore, the process of the transition of the enzyme
through the stages depicted in Scheme 1 can be followed by analyzing the changes in ab-
sorbance at 380, 456, and 595 nm. A decrease in the absorbance at 456 nm reflects the overall
reduction process. The changes in the amplitude of the absorbance band at 595 nm reflect
the initial appearance and further evanescence of the neutral flavin semiquinones (FADH•,
FMNH•). The formation of the two-electron reduced flavin hydroquinones (FADH2 and
FMNH2) can be judged from a decrease in absorbance at 380 nm.

Results of our stop-flow experiments are presented in Table 1 and Figure 2. A series
of spectra recorded during the reduction process is exemplified in a 3D plot, shown in
Figure 2a. Principal Component Analysis (PCA) of this dataset results in the first and the
second principal components (PCs) covering 98.6 and 0.6% of the total changes, respectively.
The respective eigenvectors and the sets of eigenvalues are shown in Figure 2b,c. As seen
from these plots, the spectra of both PC (their eigenvectors) reveal the features characteristic
of the changes in flavins’ redox state. The first PC possesses minima at the positions of both
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absorbance bands of oxidized flavins (380 and 456 nm) and a maximum at 595 nm that
corresponds to the absorbance band of the blue semiquinone. While this PC characterizes
the overall kinetics of reduction, the second PC, which features the bands at 375 and 595 nm,
reflects the difference in the spectral changes between the individual reduction stages
(Scheme 1).

Table 1. Parameters of the SbCPR reduction as determined with absorbance and fluorescence stop-
flow spectroscopy *.

Phase of the Reduction Process Apparent End State

Absorbance Spectroscopy Fluorescence Spectroscopy

kobs, s−1 kobs, s−1 FRET Efficiency in the End State
Apparent Inter-Probe

Distance in the End State, Å

(initial state) FAD
FMN

0.73 ± 0.03 41.0 ± 1.0

1 FADH•
FMNH• 168 ± 29 230 ± 71 (0.089) 0.60 ± 0.03 45.1 ± 1.0

2
(

FADH2
FMN ↔ FADH•

FMNH• ↔ FAD
FMNH2

)
26.9 ± 9.8 17.3 ± 12.7 (0.171) 0.63 ± 0.02 44.2 ± 0.6

3 FADH•
FMNH2

↔ FADH2
FMNH• 0.021 ± 0.010 0.024 ± 0.012 (0.686) 0.68 ± 0.01 42.7 ± 0.4

* The values given in the table represent the averages of the results of 3–6 individual experiments. The “±” values
show the confidence interval calculated for p = 0.05. The values given in parentheses represent the results of the
Student’s t-test for the hypothesis of equality of the kobs values deduced from the absorbance experiments to those
obtained in the FRET studies.

For both principal components, the kinetics of the changes in eigenvalues can be
adequately approximated with the three-exponential equation (Figure 2c). These approxi-
mations yield the sets of kinetic constants that closely match each other. Conversely, an
obvious distinction between the two components in the signs and the amplitudes of the
individual exponential terms reveals a difference in the spectral signatures of the separate
phases of the reduction process. The kinetic constants of the individual phases determined
from the fitting of the kinetics of changes in the first eigenvalue to the three-exponential
equation and averaged over 12 kinetic runs were found equal to 168 ± 29, 26.9 ± 9.8, and
0.021 ± 0.010 s−1. These values can also be found in Table 1, along with those obtained in
the kinetic experiments with FRET-based detection (see below).

Although the use of PCA provides a potent means for global analysis and allows for the
accurate determination of the kinetic constants of the individual phases, the identification
of the stages of the reduction process that correspond to each of the three exponential
terms might be better achieved through the analysis of the absorbance changes at the
three representative wavelengths (380, 456 and 595 nm). The respective kinetic curves
are exemplified in Figure 3. As seen from this figure, even the first spectrum taken after
the mixing is characterized by a substantial increase in absorbance at 595 nm, which is
indicative of the formation of the neutral semiquinones. The increase in absorbance at
this wavelength continues for approximately 20 ms. It is followed by a partial reversal
within the subsequent 200–300 ms. These two initial phases are associated with a profound
decrease in the absorbance at 456 nm accompanied by a much less significant attenuation
in the optical density at 380 nm.

According to our interpretation, the changes in SbCPR absorbance during the first
500 ms of the reduction process (Figure 3a) suggest that the first resolved kinetic phase cor-
responds to the inter-flavin electron transfer event (stage (2) in Scheme 1). The subsequent
slower phase may be identified to the stage (3), where the transient equilibrium between
different two-electron reduced forms of the enzyme is established. These two rapid phases
are followed by a very slow further decrease in absorbances at both 456 and 380 nm, accom-
panied by an increase in the amplitude of the 595 nm band. According to our interpretation,
this stage corresponds to the reduction of some part of the enzyme pool to the four-electron
reduced state followed by a comproportionation reaction between two- and four-electron
reduced SbCPR molecules [61] that leads to the three-electron reduced enzyme (FADH2,
FMNH•), which appears to be the predominating end-state of the reduction process.

43



Biology 2022, 11, 510

 
(a) 

  
(b) (c) 

Figure 2. Changes in the spectra of absorbance of SbCPR in the process of its NADPH-dependent
reduction. Panel (a) exemplifies a series of absorbance spectra recorded in a rapid-scanning stop-flow
experiment. Panel (b) shows the spectra (eigenvectors) of the first (red) and second (blue) Principal
Components obtained with PCA of the above dataset, and panel (c) represents the respective sets of
eigenvalues plotted against time in semi-logarithmic coordinates. Solid lines in this panel correspond
to the approximations of the kinetic curves with the three-exponential equation.
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(a) (b) 

Figure 3. Changes in absorbance of SbCPR at 380, 454, and 595 nm in the process of its NADPH-
dependent reduction. Panel (a) shows the initial parts of the curves in linear coordinates. In panel (b),
the same datasets are plotted versus the logarithm of time in the entire time range of the experiment.
Solid lines correspond to the approximations of the kinetic curves with the three-exponential equation.

3.3. Conformational Transitions in SbCPR Studied with FRET and Stop-Flow Spectroscopy

To explore the fluctuations of the SbCPR conformational landscape during the redox
cycling of the enzyme, we studied the kinetics of changes in FRET in SbCPR-2DY observed
in the process of its anaerobic reduction with NADPH with stop-flow technique combined
rapid scanning fluorescence spectroscopy. A series of fluorescence spectra taken during
the reduction process is exemplified in Figure 4a. As seen from this figure, the addition
of NADPH results in a profound drop in the fluorescence of DY731, the FRET acceptor.
This extremely rapid decrease is followed by a slow partial reversal associated with a
considerable increase in the fluorescence of DY520XL, the FRET donor.

To probe whether the observed changes in the fluorescence of the acceptor reflect the
changes in the FRET efficiency and are not associated with the possible alteration of the
fluorescence of the acceptor per se, we performed stop-flow experiments with the direct
excitation of the acceptor fluorophore at 617 nm. A series of spectra of DY731 fluorescence
monitored during the reduction process in this setup is exemplified in Figure 4b. As seen
from this plot, the intensity of DY731 fluorescence exhibits no noticeable changes during
the reduction. Therefore, the spectral changes observed in the experiments with excitation
at 505 nm may be unequivocally attributed to the changes in FRET efficiency.

To assess the FRET efficiency in these experiments and estimate its changes during the
reduction, we normalized the series of spectra recorded in the stop-flow experiments on the
total intensity of fluorescence of both fluorophores corrected according to their quantum
yields (see Appendix A). A series of spectra normalized in this way is shown as a 3D plot
in Figure 4c. As described in Materials and Methods, the efficiency of FRET may be directly
assessed by calculating the relative intensity of fluorescence of the acceptor normalized in
this way (see Equation (1) in Section 2.6.2).

Figure 4d exemplifies a kinetic curve of the changes in FRET efficiency during SbCPR
reduction. As seen from this figure, the addition of NADPH to the enzyme results in a
very rapid drop in FRET efficiency, followed by a slow two-exponential increase. At the
end of this process, the FRET efficiency returns to a level close to that characteristic of
the oxidized enzyme. Similar to the kinetics of reduction per se, these kinetic curves may
be approximated with a three-exponential equation. The kinetic constants and the phase
amplitudes derived from these approximations are found in Table 1.
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(a) (b) 

 
(c) (d) 

Figure 4. Changes in the fluorescence of SbCPR-2DY in the process of its NADPH-dependent
reduction studied by rapid-scanning stop-flow spectroscopy. Panel (a) shows a representative set
of spectra of fluorescence with excitation at 505 nm registered at different time points. Here, the
gray arrows indicate the direction of the changes during the initial 100 ms of the process. Black
arrows indicate the direction of the changes during the latter phase of reduction. A series of spectra
of fluorescence recorded at the same time points with the direct excitation of the acceptor at 617 nm
is shown in panel (b). Panel (c) illustrates the spectral changes during the reduction as a 3D plot of
fluorescence spectra (excitation at 505 nm) normalized on the integral fluorescence intensity. A kinetic
curve of the changes in FRET efficiency during the reduction is shown in panel (d) in semi-logarithmic
coordinates. The solid line shown in this plot corresponds to the approximation of this data set by a
three-exponential equation.

As seen from Table 1, where we compare the kinetic parameters of the SbCPR reduction
with those characterizing the kinetics of changes in FRET, the two processes exhibit similar
values of the rate constants of all three phases. Thus, the rapid initial decrease in FRET
intensity may be identified as reflecting the sequence of events resulting in the conversion of
the oxidized enzyme (FAD, FMN), first to (FADH2, FMN) then to the double-semiquinone
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state (FADH•, FMNH•) (stages 1–2 in Scheme 1). A decrease in FRET efficiency in this
phase suggests an increase in the average inter-probe distance by ~4 Å. This increase
indicates that the formation of the disemiquinone state of the enzyme prompts it to acquire
a more open conformation. However, this opening is reversed in the following stages of
reduction so that the inner-probe distance in the final, apparent three-electron reduced state
approaches that characteristic to the oxidized enzyme.

3.4. Pressure-Perturbation Studies of the Equilibrium between Open and Closed States in SbCPR

The FRET-based detection of the conformational rearrangements in SbCPR established
in the above-described experiments opens a gate to apply pressure-perturbation spec-
troscopy for exploring the conformational landscape of the enzyme and its alterations in
redox cycling. The pressure perturbation approach offers unique means for probing the
changes in protein–solvent interactions and determining the position of conformational
equilibria in different states of the enzyme. Thus, we subjected SbCPR-2DY to a cycle
of studies of the effect of pressure on the fluorescence of the donor–acceptor pair. These
experiments were performed with the oxidized enzyme, its complex with 2′,5′-ADP (as an
NADPH analog), the two-electron reduced enzyme in the presence of equimolar NADPH,
and its final, apparently three-electron reduced state at a 20-fold excess of NADPH.

The results of our pressure-perturbation experiments are illustrated in Figure 5, where
panels (a,b) exemplify the series of spectra recorded versus increasing pressure with the
oxidized and reduced enzyme, respectively. As seen from these plots, rising pressure
results in a remarkable increase in the emission band of the acceptor accompanied by a
decrease in the donor fluorescence. A similar behavior was also observed with ADP-bound
SbCPR and its two-electron reduced state.

Notably, the changes observed with either the completely or partially reduced enzyme
were entirely reversible at decompression (see Figure 5b). In contrast, in the oxidized
state of either the ligand-free or ADP-bound enzyme, full reversibility was observed only
when the enzyme was decompressed from pressures below 1.5 kbar. At higher pressures,
the reversibility was only partial (see Figure 5a). Furthermore, the prolonged incubation
of the oxidized SbCPR at pressures above 2.5 kbar resulted in an ample time-dependent
irreversible decrease in the fluorescence of the acceptor along with increased emission
from the donor (data not shown). This observation suggests the slow pressure-induced
denaturation of the oxidized enzyme at pressures >2.5 kbar. In contrast, no pressure-
induced denaturation was observed with either partially or completely reduced enzymes
at pressures as high as 4.2 kbar.

To probe if the pressure effects on the fluorescence of the donor–acceptor pair may
be, at least in part, caused by pressure dependence of the quantum yield of each of the
probes taken alone, we studied the effect of pressure on the fluorescence of DY-520XL in the
single-labeled SbCPR-DY520XL and the fluorescence of DY-731 in SbCPR-2DY subjected
to direct excitation at 617 nm. The obtained pressure dependencies are shown in the inset
to Figure 5c. This plot shows that both dyes exhibit pressure-dependent quenching of
fluorescence, which is better pronounced with DY-731. Thus, the opposite directions of
the changes in the intensity of fluorescence of the donor and acceptor fluorophores in the
double-labeled enzyme with excitation at the donor band (at 505 nm) suggest a pressure-
induced decrease in FRET efficiency, and, therefore, an increase in the distance between the
probes at increasing pressure.

The effect of pressure on the intensity of donor fluorescence must equally influence
the amplitudes of the bands of both donor and acceptor fluorophores and, therefore, do
not affect the calculations of FRET efficiency according to Equation (1). In contrast, the
changes in the quantum yield of DY-731 with pressure have to be taken into account in
our calculations. To this end, we fitted the pressure dependence of the relative intensity
of fluorescence of DY-731 by Equation (6) (Figure 5c, inset) and used this fitting curve to
normalize the amplitude of the fluorescence band of the acceptor. The resulting pressure
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dependencies of FRET efficiency for the four enzyme states are shown in Figure 5c main
panel. The respective parameters of pressure-induced transitions are summarized in Table 2.

  
(a) (b) 

 
(c) 

Figure 5. Pressure-induced changes in the spectra of fluorescence of SbCPR-2DY. Panels (a,b) show
the series of spectra recorded at increasing pressure with the oxidized (a) and reduced (b) enzyme.
The spectra shown in solid lines were recorded at 1, 300, 600, 900, 1200, 1500, 1800, 2100, and 2400 bar.
In the case of the reduced enzyme, this set is complemented with the spectra recorded at 3000, 3600,
and 4200 bar. The spectra shown in thick gray dashed lines were recorded after decompression to the
ambient pressure. The pressure dependencies of FRET efficiency obtained with four different enzyme
states are exemplified in the main plot of the panel (c). Here, the solid lines show the approximations
of the datasets with Equation (6). The inset in this panel exemplifies the pressure dependencies of the
relative fluorescence intensity of the double-labeled enzyme with excitation at 617 nm (filled circles,
solid line) and single-labeled SbCPR-DY520XL with excitation at 505 nm (open circles, dashed line).
Lines show the approximations of the datasets with Equation (6).
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Table 2. Parameters of the pressure-induced transition in SbCPR-2DY monitored by changes in FRET
efficiency *.

State of the Enzyme P1⁄2 , bar ΔV0, mL/mol Keq ΔG◦ , kJ/mol
Low-Pressure End State (Closed) High-Pressure End State (Open)

FRET Efficiency Distance, Å FRET Efficiency Distance, Å

Oxidized 1719 ± 235 −87.8 ± 20.8 0.004 ± 0.004 6.47 ± 1.26 0.76 ± 0.01 38.1 ± 0.3 0.71 ± 0.04 40.1 ± 0.6
ADP-bound 3431 ± 221 −33.7 ± 3.9 0.010 ± 0.002 4.96 ± 0.26 0.77 ± 0.01 37.9 ± 0.3 0.51 ± 0.03 45.8 ± 0.9
Two-electron

reduced 4323 ± 32 −17.8 ± 0.6 0.045 ± 0.003 3.34 ± 0.08 0.70 ± 0.001 40.2 ± 0.003 0.39 ± 0.17 50.1 ± 5.9

Fully reduced 2113 ± 578 −27.1 ± 3.6 0.126 ± 0.074 2.49 ± 0.80 0.74 ± 0.03 38.7 ± 0.9 0.59 ± 0.05 43.4 ± 1.6

* The values given in the table represent the averages of the results of 2–6 individual experiments. The individual
estimates of ΔV0 and P1⁄2 were obtained from fitting the pressure dependencies of the apparent efficiency of FRET
(Equation (1)) with Equation (6). These estimates were used to calculate the values of K◦

eq and ΔG◦ given in
the table. The FRET efficiencies in the end states and the respective inter-probe distances were calculated from
parameters A0 and Amax in Equation (6). The “±” values correspond to the confidence interval calculated for
p = 0.05.

Although pressure increase elicited a decrease in FRET efficiency in all four cases, both
the parameters of the pressure-induced transitions and the estimated changes in the inter-
probe distance reveal a dramatic difference between the four states of the enzyme. While the
distance between the probes in the low-pressure end state (the closed conformation) did not
differ considerably between the four states, the inter-probe distances in the high-pressure
end state (the open conformation) of the ADP-bound enzyme and its two-electron reduced
form were significantly longer than those characteristic to the oxidized and completely
reduced forms. While in the latter two cases, the change in the distance upon the transition
from more closed to more open conformation was estimated to be 2–4 Å, the opening of
the ADP-bound and two-electron reduced enzyme increases the inter-probe difference by
8–10 Å.

A contrasting difference between the oxidized enzyme and its other three states
was also observed in the ΔV0 of the opening transition. If the decrease in the system
volume upon its pressure-induced transition was as large as 88 mL/mol for the oxidized
enzyme, the binding of 2′,5′-ADP and the reduction of the flavins decreased this change
to −33 and −18 mL/mol, respectively. This observation suggests that the conformational
change in SbCPR resulting from its interaction with the nucleotide cofactor and further
reduction promotes additional protein solvation that minimizes the changes in protein
interactions with solvent necessary for acquiring its open conformation.

Importantly, our analysis of the Keq of the pressure-dependent conformational equi-
librium suggests that, although the closed conformation predominates in all four enzyme
states at ambient pressure, the formation of the disemiquinone state results in a ~10-fold
increase in the population of the open state. Interestingly, the further reduction of the
enzyme shifts the equilibrium towards the open state even more. However, the “degree of
opening” observed in the final, the apparent three-electron reduced state is much lower
than in the ADP-bound and two-electron reduced states.

4. Discussion

Incorporating DY520-XL and DY731 fluorescence dyes into the FAD and FMN domains
of CPR from Sorghum bicolor provided means for the direct observation of conformational
rearrangements during the redox cycling of the enzyme. A close match of the kinetic con-
stant derived from the absorbance and fluorescence spectroscopy assays in rapid scanning
stop-flow experiments allowed us to track the changes in the average inter-probe distance
during the flavoprotein reduction process. Furthermore, applying pressure-perturbation
spectroscopy for portraying the conformational landscape of the enzyme, we were able to
determine the positions of equilibrium between its open and closed conformations at differ-
ent points of the electron-transfer pathway. These studies revealed the presence of several
open protein sub-states that differ in the protein solvation pattern. Through unveiling the
functional choreography of plant CPRs, our study provides the essential information for
rational engineering these pivotal enzymes of the monolignol biosynthetic pathway.
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The results of our rapid kinetics experiments suggest that the binding of NADPH to
the enzyme is exceptionally fast and takes place during the dead time of the stop-flow
device (~2 ms). Similar to that reported for human CPR [62], the reduction of SbCPR
by NADPH occurs without the intermittent occurrence of the detectable charge-transfer
species. The first resolved kinetic phase is the formation of the blue (neutral) disemiquinone
resulting from the interdomain electron transfer between FADH2 and FMN immediately
coupled to the charge-transfer step. However, the rate constant of this process (around
200 s−1 at 5 ◦C, see Table 1) is an order of magnitude higher than the values reported by
Gutierez et al. for human CPR (20 s−1 at 25 ◦C) [62] and by Oprian and Coon for rabbit CPR
(28 s−1 at unspecified temperature) [63]. Thus, the interdomain electron transfer in SbCPR
occurs much faster than in the mammalian enzymes. This observation is consistent with
the higher flexibility of the interdomain loop in plant CPRs as compared to the mammalian
orthologs, which is suggested by their X-ray structures [7,11].

The second kinetic step presumably corresponds to establishing a transient equilibrium
of the red and blue disemiquinones with the other two-electron reduced states, (FAD,
FMNH2) and (FADH2, FMN). It has a rate constant of around 20 s−1 (Table 1), which is also
much higher than those reported for the human (3.7 s−1 [62]) and the rabbit (5.4 s−1 [63])
enzymes. Notably, the amplitude of the 595 nm band and, respectively, the fractional
content of the blue semiquinone species at the end of this phase is considerably higher in
SbCPR than that observed with the mammalian reductases.

Interestingly, the kinetics of the reduction of SbCPR reveals a noticeable difference
with that reported for another plant CPR, ATR2 enzyme from Arabidopsis thaliana. Studying
this enzyme, Whitelaw and co-authors reported a resolution of the hydride transfer step
(425 s−1 at 6 ◦C) from the interdomain electron transfer stage (49 s−1) [28]. Thus, according
to our results, both of these electron transfer events appear to be considerably faster in
SbCPR than in ATR2. Furthermore, the fractional content of the blue semiquinone state
in the transient equilibrium mixture established after the second phase of reduction is
markedly higher in SbCPR than in ATR2, similar to what is observed in the comparison of
SbCPR with the mammalian reductases.

The third, extremely slow, kinetic phase of the reduction corresponds to a partial
transition of the enzyme to the four-electron reduced state followed by a comproportiona-
tion between the two- and four-electron reduced molecules leading to the three-electron
reduced enzyme ((FADH2, FADH•) � (FMNH•, FMNH2)), the apparent final state. This
incomplete reducibility of CPR and the formation of a three-electron reduced state through
a comproportionation reaction has already been reported for mammalian reductases [64]
and the flavoprotein domain of the bacterial P450BM-3 [61].

The changes in FRET efficiency in SbCPR-2DY during its NADPH-dependent reduc-
tion are in good agreement with the kinetics of changes in the redox state of the enzyme. The
kinetic curves registered in our fluorescence stop-flow experiments obey three-exponential
kinetics with the rate constants closely similar to those obtained with absorbance spec-
troscopy. According to our results, the first resolved phase of reduction that leads to the
disemiquinone state is associated with an increase in the averaged inter-probe distance by
4.1 Å. However, the subsequent equilibration between several two-electron reduced states
and the further reduction of the enzyme results in the opposite direction of the changes
so that the averaged distance observed in the three-electron reduced enzyme is only 1.7 Å
larger than in the oxidized enzyme (Table 1).

These results agree with multiple previous reports that demonstrated a transition from
the closed conformation to a more open state upon the interdomain electron transfer event
and the formation of the disemiquinone state (see [27] for a review). Furthermore, there
are strong indications of the predominance of the closed conformations in the three- and
four-electron reduced enzyme [20,21,23,26], which is also consistent with our results.

It must be noted that the inter-probe distances estimated in our FRET kinetics exper-
iments do not reflect the distances characteristic of any discrete protein conformations.
They rather represent the averages over multiple conformational states, and their changes
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reflect the redox-state-dependent displacement of equilibrium between these various con-
formations. To explore better the conformational landscape of SbCPR and characterize
its changes in the redox cycling of the enzyme, we used hydrostatic pressure as a tool for
displacing the protein equilibria. When combined with such tools for detecting protein
structural rearrangements as FRET, the pressure perturbation strategy allows determining
the positions of its conformational equilibria in different redox states, assessing the changes
in the protein interactions with solvent in its redox cycling, and estimating the inter-probe
distances characteristic to the end-states of its conformational breathing.

According to our results, in all four studied states of the enzyme—oxidized ligand-free,
oxidized ADP-bound, two-electron, and four-electron reduced—the enzyme exists in the
equilibrium between its more closed and more open states. The inter-probe distance in
the closed state is not affected by either reduction or the interactions with 2′,5′-ADP (the
analog of the nucleotide cofactor). It is estimated to be around 38–40 Å in all four states of
the enzyme (Table 2). In contrast, the preferential conformation of the open state exhibits a
pronounced change during the redox cycling. While the changes in the inter-probe distance
associated with the conformational breathing of the oxidized enzyme are as small as 2 Å,
the binding of ADP to SbCPR and its subsequent two-electron reduction increases the
distance between the probes in the open conformation to 46–50 Å (Table 2). In agreement
with the previous observations [20,21,23,26], the further reduction of the enzyme partially
reverts this change and decreases the amplitude of the conformational motion to 4 Å.

A unique feature of the pressure-perturbation approach is its ability to reveal confor-
mational equilibria’s endpoints. Suppose that the inter-probe distances observed at any
particular pressure represent weighted averages over a population of molecules existing
in equilibrium between the low-pressure and pressure-promoted conformational states.
Hence, the inter-probe distances estimated by extrapolating pressure dependencies to
infinitely high and infinitely low pressures correspond to those characterizing the definite
states (or ensembles of states with pressure-insensitive interconversion) representing the
endpoints of conformational equilibrium. Therefore, comparing the end states of pressure-
dependent transitions of SbCPR at different points of its redox cycle allows probing if the
interactions of the enzyme with the nucleotide cofactor or reduction of its flavins results
in an emergence of a new conformational state not present in the oxidized enzyme. The
remarkable difference of the inter-probe-distance in the pressure-promoted end-state of the
oxidized enzyme with those observed in SbCPR-ADP complex and two-electron reduced
enzyme suggests that the binding of the nucleotide cofactor is a necessary prerequisite
for the wide opening of the enzyme. This inference is consistent with a dramatic differ-
ence of the ΔV0 characteristic to the oxidized enzyme (89 mL/mol) with the ΔV0 values
exhibited by SbCPR in all other probed states. According to this analysis, the nature of the
low-amplitude conformational breathing observed in oxidized SbCPR is entirely different
from the transitions between the closed and widely open conformations, which become
possible only after binding the nucleotide cofactor.

However, it should be taken into account that the changes in the distance between
the two protein-incorporated probes monitored in our experiments do not reflect the
complete picture of the structural rearrangements, which may involve complex rotational
and translational motions of different parts of the protein molecule. Therefore, the inter-
probe distance may not be considered a full-fledged measure of the “degree of openness”
of the enzyme molecule. Consequently, the actual variations in the accessibility of the FMN
domain for interactions with the heme protein acceptor may not be exactly proportional to
the variations in the inter-probe distances detected in our experiments.

The most notable and nontrivial conclusion derived from the fitting of the pressure
dependencies of the FRET efficiency to Equation (6) is that the closed conformation of the
enzyme heavily predominates in all four studied states of the enzyme at ambient pressure.
According to the constant of equilibrium determined for the oxidized enzyme, the fraction
of the closed form accounts for 99.6% of its total content. Despite a significant increase
in the amplitude of the conformational breathing upon the binding of the nucleotide
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cofactor, its effect on the position of the conformation equilibrium is insignificant (99% of
the closed state at 1 bar). However, the reduction of the enzyme with the formation of the
disemiquinone displaces the equilibrium appreciably, and the fraction of the closed state
decreases to 96%. Surprisingly, despite decreasing the amplitude of motions, the further
reduction of SbCPR provokes the further opening of the enzyme so that the fraction of its
closed form decreases to 89%.

It has to be noted that the high abundance of the closed conformation of the enzyme
in our experiments is furthered by the low ionic strength of the buffer used in our studies
(20 mM Na-HEPES, I = 11.6 mM). The conformational equilibrium in CPR enzymes is
known to be critically affected by ionic strength, and the abundance of open conformation
is considerably increased at high salt concentrations [19,24,25]. This strong ionic strength
dependence is caused by the predominant role of charge pairing contacts in the inter-
domain interactions [12,65]. The use of the low-ionic-strength media in our experiments was
dictated by an objective to accurately determine FRET efficiency in the low-pressure (closed)
end-state by displacing the P 1

2
of the opening transition to higher pressures. It is worth

noting that the cytoplasmic ionic strength in cells of plants grown at normal soil salinity
varies within 100–200 mM limits [66], which is much higher than the ionic strength of our
buffer (11.6 mM). Therefore, the actual position of the SbCPR conformational equilibrium
in vivo must be more shifted towards the open state than observed in our experiments.

Another remarkable observation is a dramatic change in the ΔV0 of the opening transition
upon the binding of 2′,5′-ADP and the enzyme reduction. If in the oxidized SbCPR the volume
change is as large as −88 mL/mol, the binding of the nucleotide cofactor decreases it (by
absolute value) to −33 mL/mol. The subsequent electron transfer to the flavins and formation
of the disemiquinone state further decreases ΔV0 to −18 mL/mol. This observation suggests
that the binding of the nucleotide cofactor and two-electron reduction results in some
additional hydration of the enzyme, which decreases the changes in protein interactions
with solvent necessary for the transition to the open conformation. Suppose we hypothesize
that the predominant part of the volume change is originated from the electrostriction of
water on the newly opened charges after breaking salt bridges. In that case, we can assume
that the opening of the oxidized enzyme involves the dissociation of four salt links. That
is calculated from the assumption that the solvation of a single-charged ion incurs the
volume change of −10 mL/mol [31]. In contrast, there is only one salt bridge to break for
the opening transition of the two-electron reduced enzyme (ΔV0 = −18 mL/mol).

The analysis of the recently resolved X-ray structure of CPR from the Candida tropicalis
yeast identified four salt-bridges connecting the FAD and FMN domains in the closed con-
formation of the enzyme [12]. Comparing this structure with our structural model of SbCPR,
we found that three of these charge pairs—D125/R515, E157/K669, and E193/R367—are re-
tained in the sorghum enzyme, where they correspond to the pairs D168/R544, E203/K693,
and D238/K414. The fourth one (K57/D338) has no analog in SbCPR despite the conserva-
tion of K57 residue, which corresponds to K96 in SbCPR. However, instead, this residue
may be a part of a switching salt-link fork between D260 in the connecting loop and K96 and
K126 in the FMN domain. Dissociation or switching these salt links may affect the flexibility
of the connecting loop and thus modulate the interdomain interactions. Hypothetically,
the dissociation of these salt bridges may be involved in the pressure-induced opening of
the ligand-free oxidized enzyme. A decrease in the ΔV0 of the opening transition upon
the binding of the nucleotide cofactor and NADPH-dependent reduction may indicate
that the interactions of the enzyme with 2′5′-ADP or NADPH promote the dissociation
of some of these salt links. Further investigation of this system of molecular tethering
and its linkage to the enzyme redox-state by a combination of site-directed mutagenesis
and pressure-perturbation FRET spectroscopy may give more insight into the mechanisms
controlling the inter-domain interactions in SbCPR.
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5. Conclusions

Combining FRET-based detections of conformational motions with pressure-perturbation
and rapid scanning stop-flow spectroscopy, we were able to portray the conformational
landscape of the enzyme and characterize its changes in the process of enzyme redox cycling.
Our results suggest the presence of several open conformational sub-states differing in
the opening transition volume change (ΔV0). Although the closed conformation always
predominates in the conformational landscape, the population of the open conformations
increases by order of magnitude upon the two-electron reduction and the formation of the
disemiquinone state of the enzyme. In addition to elucidating the functional choreography
of plant CPRs, our study demonstrates the high exploratory potential of a combination of
the pressure-perturbation approach with the FRET-based monitoring of protein conforma-
tional rearrangements.
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Appendix A. Design and Characterization of the Donor–Acceptor Pair for

Intramolecular FRET Experiments in SbCPR

Appendix A.1. Selection of Fluorescent Probes

To explore the conformational landscape of SbCPR and investigate the relationship
between the position of the equilibrium between the open and the closed states, we used a
FRET-based technique. To avoid any considerable overlap of the excitation and emission
spectra of the probes with the bands of absorbance and fluorescence of CPR flavins, we
employed a pair of far-red- and infrared-emitting fluorophores. As a fluorescence donor, we
chose DY-520XL. This extra-large Stokes shift fluorophore exhibits a broad emission band
centered around 640 nm and has its excitation maximum at 525 nm (both positions were
determined in aqueous solutions). The acceptor fluorophore was represented by DY-731
dye, which has its excitation and emission maxima around 730 and 750–770 nm, depending
on the environment. A vast overlap of the emission band of DY520XL with the spectrum of
excitation of DY731 (Figure A1) provides for efficient FRET in this donor–acceptor pair.

Appendix A.2. Determination of Quantum Yield of DY520-XL and the Förster Distance of Its
FRET Pair with DY731

To determine the SbCPR Förster distance characteristic to our donor/acceptor pair and
quantitatively interpret the results of FRET experiments, we had to estimate the quantum
yields of the donor fluorophore first. To this aim, we employed the relative technique of
Parker and Rees [67] using Rhodamine 101 as a quantum yield reference [68]. To determine
the quantum yield of DY-520XL in its SbCPR-attached state, we measured the spectra of
absorbance and fluorescence of diluted solutions of Rhodamine 101 in ethanol and SbCPR
C596S variant modified with DY-520XL at 1:1 molar ratio in 20 mM Na-Hepes buffer, pH
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7.4. The concentrations were adjusted to the optical density at the wavelength of excitation
(520 nm) around 0.08. Two separate sets of measurements were made at 5 and 25 ◦C,
the temperatures used in our kinetic and pressure-perturbation experiments, respectively.
According to these measurements, the yield of DY520-XL attached to SbCPR at 25 ◦C is
equal to 0.053. At 5 ◦C, its value increases to 0.0689.

Figure A1. Spectra of absorbance (dashed lines) and fluorescence (solid lines) of DY520-XL (red) and
DY731 (blue). The absorbance spectrum of SbCPR is shown in a black dashed line.

To determine the Förster distance characteristic of the donor–acceptor pair, we recorded
the fluorescence spectrum of the SbCPR C596S variant modified with DY-520XL (excitation
at 505 nm) the spectrum of absorbance of the same protein modified with monobromobi-
mane (MBBr) and DY-731. Here, MBBr, a thiol-reactive probe that does not absorb in the
region of interest (520–900 nm), was used as a substitute of DY-520XL to modify the most
accessible cysteine of SbCPR (Cys235) prior to attaching the DY731 dye. Using these spectra
and the quantum yield of the donor determined as above, we calculated the Förster distance
of the DY-520XL/DY-731 pair using PhotoChemCAD software [55]. In these calculations,
we assumed the orientation factor and the refractivity coefficient to be equal to 0.6667 and
1.4, respectively. According to these calculations, the Förster distances characteristic to our
pair at 5 and 25 ◦C are equal to 48.30 Å and 46.23 Å, respectively.

Appendix A.3. Direct Determination of FRET Efficiency in SbCPR-2DY

To determine the FRET efficiency in the double-labeled SbCPR-2DY, we compared
the intensity of fluorescence of the donor fluorophore in SbCPR-2DY with that in the
equimolar mixture of SbCPR C596S variant modified with DY-520XL at 1:1 molar ratio
(SbCPR-DY520XL) with the same protein modified with monobromobimane (MBBr) and
DY-731 (SbCPR(MBBr, DY-731)). Here, again, we used MBBr as a substitute for DY-520XL
to modify the most accessible cysteine of SbCPR (Cys235) prior to attaching the DY731 dye.
The solutions were adjusted to the same concentrations of both probes. The incorporation
of DY-731 into the protein results in a dramatic increase in the relative amplitude of the
acceptor fluorescence band (Figure A2, main panel) at the expense of a profound drop in
the intensity of the donor fluorescence (Figure A2, insert). These changes are indicative
of an extensive FRET between the dies in the double-labeled protein. The ratio of the
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integral intensity of fluorescence of the donor in SbCPR-2DY (I2DY) to that in the mixture
of SbCPR-DY520XL (Imix) with SbCPR(MBBr, DY-731) was used to determine the FRET
efficiency (E) according to the following relationship:

E = 1 − I2DY
Imix

The estimates of the FRET efficiency in SbCPR-2DY at 25 at 5 ◦C determined in this
way are equal to 0.66 and 0.60, respectively.

 
Figure A2. Spectra of fluorescence of SbCPR-2DY (red) and an equimolar mixture of single labeled
SbCPR-DY520XL with SbCPR double-labeled with MBBR and DY-731 (black) taken at 5 ◦C with
excitation at 505 nm. The spectra shown in the main panel are normalized to the same integral
intensity of fluorescence. The inset shows the donor emission bands unscaled.

These estimates were used to determine the quantum yield of SbCPR-incorporated
DY-731, whose knowledge is necessary for estimating the FRET efficiency based on the
spectra of fluorescence of SbCPR-2DY. To this aim, we used Equation (1) resolved relative
to the quantum yield of the acceptor (ΦA):

ΦA = ΦD
(1 − E) · IA

E · ID

where ΦD is the quantum yield of donor fluorescence, E is the FRET efficiency, and IA
and ID are the integral efficiencies of fluorescence of acceptor and donor, respectively. The
values of the quantum yield of DY-731 at 5 and 25 ◦C calculated in this way are equal to
0.0177 and 0.0158.

The knowledge of the quantum yields of the donor and acceptor allowed for estimating
FRET efficiency from the spectra of fluorescence of the double-labeled protein. To this aim,
we constructed the sets of the prototypical spectra of SbCPR-incorporated DY-520XL and
DY-731 scaled proportionally to their quantum yields. Approximation of the spectra of
fluorescence of SbCPR-2DY by a linear combination of these spectral standards was used
in this study for estimating the FRET efficiency and studying its changes in rapid kinetics
and the pressure-perturbation experiments.
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Appendix B. Probing the Accessibility of SbCPR Cysteines and Determining the

Position of the Probes in SbCPR-2DY

In our preliminary experiments, we probed the accessibility of SbCPR cysteines for modi-
fication with the use of monobromobimane (MBBr) as a thiol-reactive probe. MBBr, which is
essentially nonfluorescent until conjugated with thiol groups, readily reacts with low molecular
weight thiols (glutathione, N-acetylcysteine, mercaptopurine, etc.), peptides, and proteins. The
titration of MBBr-accessible thiol groups in SbCPR was performed by the sequential addition
of molar equivalents of MBBr to 10 μM solution SbCPR at 4 ◦C. After each addition, we
recorded the kinetics of the increase in fluorescence at 490 nm (excitation at 395 nm). The
first two additions were followed by an increase in MBBr fluorescence, obeying the second-
order kinetic equation with the rate constants of 0.008 and 0.028 μM−1 s−1, respectively.
The increases in fluorescence caused by these two sequential additions were of comparable
amplitudes. The addition of the third molar equivalent of MBBr at ~75% completion of the
second modification resulted in a more modest and rapid increase in fluorescence, which
was associated with the evident precipitation of the protein. The fourth addition did not
cause any substantial fluorescence changes. The titration of the remaining unreacted MBBR
with reduced glutathione revealed the presence of one unreacted equivalent of the dye.
Therefore, according to these results, the protein contains three modification-accessible
residues, and the modification of the third one results in protein precipitation.

The results of these preliminary experiments agree with the conclusions driven from
the analysis of the SbCPR structural model. Presumably, the residues modified with the
first two MBBr equivalents are Cys-235 and Cys-536, while the modification of Cys-596
becomes possible only after incorporating the first two labels and results in the protein pre-
cipitation. We validated these conclusions with MALDI-TOF mass spectroscopic analysis
of the peptides generated by trypsinolysis of the MBBr-modified enzyme. When adding
3 equivalents of MBBR to the SbCPR, we can see the Cys-235, Cys-536, and Cys-596 with a
mass addition of 133 compared to the unlabeled peptides.

To verify the position of the incorporated fluorophores, we subjected the unlabeled
protein, its single-labeled adduct with DY520-XL, and the protein sequentially labeled
with both probes to MALDI-TOF MS analysis (see Materials and Methods). Unfortunately,
our experiments failed to detect the dye-modified peptides, most likely because of the
large size and complex ionization modes of the modifying reagents. However, we were
able to estimate the positions of the dyes from a comparison of recovery of the cysteine-
containing peptides in the unlabeled protein with that in the single- and double-labeled
samples. The peptides containing Cys-306, Cys-325, Cys-352, Cys-503, Cys-520, and Cys659,
which are thought to be inaccessible for modification, were equally well detected in all
three samples. In contrast, the peptide containing Cys-536 was recovered in all samples,
but the double-labeled one, while neither of the single- or double-labeled proteins exhibited
a detectable Cys-235-containing peptide. These results suggest that our sequential labeling
procedure results in the protein where DY-520-XL residue is attached to Cys-235, while
DY-731 fluorophore is located at Cys-536 residue.
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Simple Summary: Deep-sea organisms must have proteins that function under high hydrostatic
pressure to survive. Adaptations used in proteins from “pressure-loving” piezophiles may include
greater compressibility or greater stability against pressure-induced destabilization. However, while
greater compressibility can be accomplished by greater void volume, larger cavities in a protein
have been associated with greater destabilization and even unfolding as pressure is increased. Here,
computer simulations of dihydrofolate reductase from a moderate piezophile and a hyperpiezophile
were performed to understand the balance between adaptations for greater compressibility and
those against pressure destabilization and unfolding. The results indicate that while compressibility
appears to be important for deep-sea microbes, adaptation for the greatest depths may be to prevent
water penetration into the interior.

Abstract: Proteins from “pressure-loving” piezophiles appear to adapt by greater compressibility
via larger total cavity volume. However, larger cavities in proteins have been associated with lower
unfolding pressures. Here, dihydrofolate reductase (DHFR) from a moderate piezophile Moritella
profunda (Mp) isolated at ~2.9 km in depth and from a hyperpiezophile Moritella yayanosii (My)
isolated at ~11 km in depth were compared using molecular dynamics simulations. Although
previous simulations indicate that MpDHFR is more compressible than a mesophile DHFR, here
the average properties and a quasiharmonic analysis indicate that MpDHFR and MyDHFR have
similar compressibilities. A cavity analysis also indicates that the three unique mutations in MyDHFR
are near cavities, although the cavities are generally similar in size in both. However, while a cleft
overlaps an internal cavity, thus forming a pathway from the surface to the interior in MpDHFR, the
unique residue Tyr103 found in MyDHFR forms a hydrogen bond with Leu78, and the sidechain
separates the cleft from the cavity. Thus, while Moritella DHFR may generally be well suited to
high-pressure environments because of their greater compressibility, adaptation for greater depths
may be to prevent water entry into the interior cavities.

Keywords: deep-sea adaptations; compressibility; cavities; pressure; potential energy landscape

1. Introduction

The discovery of life thriving under extreme conditions of temperature, pressure,
and composition has led to intriguing questions about the limits at which life can survive.
Mechanisms used by “extremophiles” to adapt their biological macromolecules to these
extremes could assist in our understanding of these limits of life. Studying the sequence-
structure-function relationship of proteins from extremophiles compared to proteins from
organisms living under ambient conditions, “mesophiles,” is useful in understanding
adaptations used to maintain functional enzymes under all conditions [1]. So far, stud-
ies of extremophiles have largely focused on temperature adaptation. For instance, the
corresponding states hypothesis that enzyme activity is high near the growth conditions
(i.e., growth temperature TG and growth pressure PG) of the microbe [2] and that maximal
activity is achieved by balancing the stability and flexibility of the protein [3] is mainly
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based on studies of homologous enzymes of temperature-adapted microbes. However, less
is understood about adaptations to high hydrostatic pressure largely due to limited access
to extreme oceanic depths until recently. Since about 88% of the ocean has biologically
high pressures, comprising the largest portion of the biosphere [4,5], and “piezophiles”
have now been found in a wide range of environments, including hydrothermal vents,
deep-sea trenches, and under the Earth’s crust [6,7], studies of adaptation to high pressure
are timely.

For proteins, the effects of pressure are compression and denaturation [8]. Below
4 kbar, proteins mostly compress, while generally far above ~4 kbar, single-chain proteins
will denature. Although seemingly contrary to volume reduction necessary to lower
the free energy, pressure unfolding apparently occurs since water can pack more tightly
against polypeptide than polypeptide against polypeptide so that more open solvated
states become favorable [9], thus lowering the free energy of the entire system.

Numerous studies of pressure unfolding of proteins have shown that larger cavity
size within a protein apparently leads to lower pressure stability [10] because the system
volume is lowered when water enters these cavities. Point mutants that increase the cavity
volume decrease the stability of the enzyme as pressure increases [11], and even slight,
local changes affecting cavity sizes can have profound impacts on destabilization, as well
as on the conformational dynamics [12]. Moreover, pressure-induced water penetration
into internal cavities of proteins is observed in high-pressure crystallography [13,14] and
high-pressure NMR [15].

However, adaptations for smaller cavity volumes in piezophile proteins have not been
found. In fact, comparisons of crystal structures of 3-isopropyl malate dehydrogenase
(IPMDH) from the obligate piezophile Shewanella benthica (Sb) with that from the mesophile
Shewanella oneidensis (So) find a larger total cavity volume in SbIPMDH, although this was
attributed to more numerous small cavities rather than larger cavities [16]. Furthermore,
the larger total cavity volume in SbIPMDH was proposed as an adaptation for greater
compressibility. In addition, although experimental determination of the compressibilities
of proteins is complicated by the need to measure the proteins in solution, studies of the
effects of ligand binding [17] and single-point mutations [18] find that relatively small
changes to local structure can have large effects on both the compressibility and activity of
an enzyme.

Dihydrofolate reductase (DHFR) is an ~160 residue, ~20 kDa enzyme that is a prime
target for comparative studies of extremophile proteins because it is ubiquitous. DHFR
catalyzes the hydride transfer and protonation of dihydrofolate (DHF) from the coenzyme
NADPH to form tetrahydrofolate (THF), an essential precursor in the purine biosynthesis
pathway [19,20]. Conformational changes of the loops and subdomains have been found
to be important in the catalytic cycle [21–24]. In addition, extensive experimental studies
have been compared for DHFR from the mesophile (TG = 37 ◦C, PG = 1 bar) Escherichia
coli (Ec) with that from the moderate psychropiezophile (TG = 6 ◦C, PG = 220 bar [25])
Moritella profunda (Mp) [26–28], as well as other deep-sea piezophiles [29–31]. Although
major structural differences are not apparent between crystal structures of MpDHFR and
those of EcDHFR [27], MpDHFR has maximum enzyme activity at 500 bar while EcDHFR
is monotonically inactivated by pressure above 1 bar. Moreover, MpDHFR appears to
have a larger total cavity volume than EcDHFR [27], so it appears to be adapted by having
greater compressibility. Another potential adaptation in MpDHFR is the presence of Glu27
rather than Asp27 in EcDHFR. With increasing pressure, the Asp27Glu mutation (D27E) of
EcDHFR exhibits increased activity rather than the decreased activity observed in wild-type
EcDHFR [28]. However, while Glu27 has been found in all species of Moritella DHFR so far,
it is not in other piezophile DHFR, indicating it may allow but is not necessary for high-
pressure activity [32]. In addition, enzyme activity does not always increase with pressure
for DHFR from other deep-sea bacteria from other genera [33]. In addition, the unfolding
pressure (Pu) at 25 ◦C is 2.7 kbar for apo-EcDHFR but only 0.7 kbar for apo-MpDHFR,
indicating MpDHFR is actually more sensitive to pressure denaturation than EcDHFR [27].
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The marginal stability of DHFR and other enzymes from other deep-sea piezophiles has
been noted [33]. Since many of the piezophile proteins studied have been from the cold
deep ocean, the marginal stability may be an adaptation for cold temperature rather than
for high pressure [34].

Molecular dynamics (MD) simulation can provide an important molecular perspective
to experimental studies. Our previous MD simulation studies of EcDHFR and MpDHFR
showed that MpDHFR had higher overall atomic fluctuations than EcDHFR, and pressure
appeared to increase fluctuations [35,36]. The higher fluctuations in MpDHFR appeared
to be due to somewhat fewer hydrogen bonds in MpDHFR compared to EcDHFR. Com-
parisons of MpDHFR versus EcDHFR [37] and of wild-type versus D27E EcDHFR [38]
indicate that strengthening of the strong Thr113 O . . . Asp27 Oδ hydrogen bond under
pressure leads to the monotonic pressure deactivation in EcDHFR by overcorrelating col-
lective motions while strengthening of the weak Thr113 O . . . Glu27 Oε hydrogen bond
to a strength similar to EcDHFR at 1 bar leads the pressure activation in MpDHFR and
D27E EcDHFR.

In addition, since the compressibility of a protein is difficult to measure, a quasihar-
monic analysis (QHA) is a method based on computer simulations that allows another
assessment of compressibility. A QHA probes the local energy landscape through a se-
ries of short simulations at a variety of temperatures and pressures around a reference
set of conditions [39]. The effective local potential well for a given atom created by its
neighbors is assumed to be described by the atomic fluctuations, and the temperature
and pressure dependence are defined at a set of reference conditions by the width of the
average well σ0

2, an intrinsic isobaric expansivity αP, and an intrinsic isothermal com-
pressibility κT. At 279 K, 1 bar, the QHA indicates MpDHFR (κT = 76 × 10−3 / kbar) was
more compressible compared to EcDHFR (κT = 67 × 10−3/kbar) [40], consistent with the
crystallographic studies.

Finally, our previous sequence comparison and molecular dynamics studies of DHFR
from Moritella [41] indicate that in general, Moritella DHFR may have been adapted for the
cold by having fewer interactions so that they are more flexible, but that this adaptation
may also be fortuitously favorable for high pressures by making them more compressible.
However, weaker interactions also would lead to lower stability under either or both
higher temperatures or higher pressures. DHFR from Moritella yayanosii (My), which has
an optimum TG = 10 ◦C and PG = 800 bar [42] but is found at depths of 11 km, was found
to remain steadily active up to ~1 kbar, which corresponds to the pressure where it was
isolated [30] in contrast to MpDHFR, which begins to lose activity at a much lower pressure,
~500 bar, near its Pu = ~700 bar [27]. Notably, there are only four sequence differences
between MpDHFR and MyDHFR. While the absolute activity and catalytic efficiency [27,30]
of MyDHFR are greater than that of MpDHFR, how MyDHFR can maintain activity at
pressures far beyond the unfolding pressure of MpDHFR is important in understanding
pressure adaptations.

All-atom MD simulations at 279 K and 1 and 800 bar of dihydrofolate reductase
bound by the cofactor NADPH and substrate DHF, which is the presumed Michaelis
complex [21], from the moderate piezophile M. profunda and hyperpiezophile M. yayanosii
were performed to explore adaptations for high pressure, focusing on sequence differences
between these homologous enzymes. Note that a consensus sequence numbering of aligned
Moritella DHFR sequences with E. coli DHFR is used in this text (Figure S1), with the original
Moritella DHFR sequence numbering in parentheses for reference. Of the four sequence
differences between the two, the focus is on the residues that are unique to MyDHFR in
comparison to all of the Moritella DHFR [41]; specifically, the unique residues of MyDHFR,
which are Tyr103 (105), Ile119 (121), and His132 (134), while MpDHFR has Cys103, Thr119,
and Asn132. General properties such as average mean-square fluctuations, radius of
gyration, and hydrogen bonds, as well as QHA, were used to compare compressibilities.
In addition, a cavity analysis was used to compare differences in cavity behavior near the
unique residues of MyDHFR.
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2. Materials and Methods

Methods have been described previously [41], so they are described briefly here
and in more detail in Supplemental Material. Coordinate manipulations and analyses
were performed using the molecular mechanics package CHARMM [43]. Because of the
large amount of literature on E. coli DHFR, consensus sequence numbering based on the
sequence numbering of E. coli DHFR is used (Figure S1). Residues 1 and 67 of the original
MpDHFR sequence were renumbered to 0 and 66.5, respectively, to be consistent with
gaps in the alignment with E. coli DHFR. Coordinates of MpDHFR bound by NADP+

and folate (PDB: 2ZZA), a presumed analog of the Michaelis complex, were obtained
from the PDB [27]. The first residue of the structure was incorrectly determined to be
Val, so the first residue was corrected to Met, and the C-terminal tail was built (K160),
using GalaxyFill [44] in PDB Reader. For MyDHFR, mutations to the MpDHFR template
structure (C103Y, T119I, N132H, N150D) were also made using GalaxyFill. Coordinates
of NADP+ and folate were modified to the Michaelis complex cofactor NADPH and
substrate DHF, respectively, using Ligand Reader and Modeler [45] in CHARMM-GUI. The
CHARMM36 all-atom non-polarizable potential energy parameter set was used to model
the protein [46,47], water was modeled by TIP4P-Ew [48], the ligand DHF was modeled
by CHARMM General Force Field (CGenFF) [49], and cofactor NADPH was modeled
by the nucleotide parameter set [50]. MD simulations of M. profunda and M. yayanosii
DHFR at T = 279 K and P = 1, 800 bar were performed using the molecular mechanics
package OpenMM [51]. Each system was minimized with 500 iterations of the L-BFGS
algorithm [52]. Heating, pressurization, and an initial 5 ns equilibration were performed in
the NPT ensemble using a leapfrog Verlet integrator with a time step of 0.001 ps, Andersen
thermostat [53] and Monte Carlo (MC) barostat [54]. Afterward, a second 5 ns equilibration
followed by 50 ns production was performed in the NVT ensemble using a velocity Verlet
integrator with a timestep of 0.001 ps and a Nosé-Hoover thermostat [55–58].

Average properties were calculated from coordinates written at 1 ps intervals except
as noted. Averages and standard deviations were calculated by block averaging over
10 ns blocks. The mean-squared fluctuations of the protein-heavy atoms 〈ΔrHA

2〉 were
calculated within 10 ns blocks with respect to the average structure within each block and
then averaged over all blocks. The mean-squared fluctuations of Cα atoms, 〈ΔrCα

2〉, were
calculated from the entire 50 ns production run with respect to the average structure over
the entire production run.

Hydrogen bonds were defined as having a distance between the donor hydrogen
atom and acceptor atom smaller than 2.40 Å [59] and an angle of D–H . . . A larger than
130◦. Chemically equivalent donors or acceptors of the same residue were combined, and
bifurcated hydrogen bonds were treated as a single event. Further details on hydrogen
bond calculations can be found in Supplemental Material.

Cavities and clefts were calculated using defaults, except, as noted, using McVol [60].
A search grid of 1.0 Å, probe radius of 1.1 Å and a refinement grid of 0.5 Å with 50 Monte
Carlo steps per Å3 were used. Volumes were calculated from structures at every 5 ns from
the 50 ns simulation. The average volume and root mean square (RMS) fluctuations in
volumes for each cavity or cleft were then obtained from volumes over the ten structures,
where volumes less than the 1.0 Å3 cutoff were given a volume of 0 Å3. Since many cavities
transitioned between cavities and solvent-accessible clefts, they were termed as “cavity” or
“cleft” based on the larger population.

A quasiharmonic analysis [39,40] from a P-T grid of short, 1 ns simulations in the
NPT ensemble (with coordinates saved every 0.1 ps) starting from the end of the 5 ns NVT
equilibration at P = 1 bar, T = 279 K. This P–T grid was comprised of all combinations of
P = 1, 2500, 5000, 7500, and 10,000 bar and T = 40, 80, 120, 160, 200, 240, 280, 320 K.

The average fluctuations, σ2(P,T), were calculated for each of the 1 ns P−T grid
simulations. σ2(P,T) were calculated by averaging fluctuations with respect to the average
structure of each 10 ps interval and then performing a second average over the 100 × 10 ps
intervals in the 1 ns simulation. The fits to the quasiharmonic equations were performed
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in gnuplot. The reference state is P0 = 1 bar and T0 = 279 K. First, σ2(P,T), from the MD
simulation data at all pressures and T ≥ 200 K were fit using Equation (1) to σ0

2, αP,0, and
κT,0.

σ2(P, T) = σ0
2 T

T0

[
(1 + κT,0ΔP)e−αP,0ΔT

]−2/3
(1)

Next, σ2(P,T) from the MD simulation data for all pressures and T < 200 K were fit
using Equations (2) and (3) to find values for Tg,0 and c.

σg
2(P) = σ0

2
(

Tg(P)
T0

)[
(1 + κT,0ΔP)e−αP,0(Tg(P)−T0)

]−2/3
(2)

Tg(P) = Tg,0 − cΔP (3)

3. Results

3.1. Average Properties

The average properties of the Moritella DHFRs in the 50 ns MD simulation are similar
and do not change much with pressure (Table 1). At 1 bar, there are three fewer hydrogen
bonds in MpDHFR compared to that of MyDHFR, while at 800 bar, there is one more
hydrogen bond in MpDHFR than MyDHFR, although error bars are large. The radius of
gyration, Rg, for MyDHFR appears slightly larger than for MpDHFR (Table 1).

Table 1. Average properties from the 50 ns MD simulation. Average heavy atom mean-square
fluctuations, 〈ΔrHA

2〉, number of hydrogen bonds, NHB, and radii of gyration, Rg.

Protein P (bar) 〈ΔrHA
2〉 (Å2) NHB 〈Rg〉 (Å2)

MpDHFR 1 0.60 ± 0.04 104 ± 1 15.48 ± 0.07
MpDHFR 800 0.61 ± 0.02 106 ± 3 15.50 ± 0.04
MyDHFR 1 0.60 ± 0.06 107 ± 1 15.63 ± 0.03
MyDHFR 800 0.61 ± 0.08 105 ± 1 15.56 ± 0.05

The Cα fluctuations, 〈ΔrCα
2〉, as a function of residue number are also quite similar

(Figure 1). At 1 bar, MpDHFR appears to have slightly higher fluctuations in the Met20,
CD, FG loops, and helix C, while MyDHFR has larger fluctuations in helix F (Figure 1a). At
increasing pressure, these fluctuations appear to remain unchanged or decrease for MpDHFR,
while fluctuations in the CD loop, helix E, and strand G increase for MyDHFR (Figure 1b).

  
(a) (b) 

Figure 1. Backbone fluctuations of Moritella DHFRs for the 50 ns simulation at (a) 1 and (b) 800 bar.
α-helices (black rectangles), β-strands (gray arrows), and loops (colored rectangles) are denoted
below the axis. Unique residues for MpDHFR (blue) and MyDHFR (orange) are noted with triangles
below the axis.
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3.2. Hydrogen Bonding

As a whole, the hydrogen bonding in MpDHFR and MyDHFR at 1 bar is also quite
similar (Figure 2), as to be expected given the high degree of homology. However, a promi-
nent difference between Mp- and MyDHFRs involves Res103 (105), where the intrahelical
Cys103 (105) Sγ . . . Ile99 (101) O hydrogen bond within helix F in MpDHFR is replaced by
the Tyr103 (105) Oη . . . Leu78 (80) O hydrogen bond between helix F and E in MyDHFR,
especially at 800 bar (Table S2).

Figure 2. Hydrogen bond occupancy (n) for Moritella DHFRs at low and high pressure. Connections
between donor/acceptor residues with n > 0.5 are shown with the line color proportional to the
occupancy of the hydrogen bond. The unique residues for Mp- (dark blue) and MyDHFRs (orange)
along with the α-helices (black), and Met20 (yellow), CD (cyan), FG (green), and GH (magenta) loops
are identified on the nodes.

3.3. Potential Energy Landscape

The QHA indicates that the potential energy landscapes for MyDHFR and MpDHFR
at 279 K and 1 bar are also quite similar (Table 2). However, the wells are somewhat
shallower (σ0

2 is greater) in MyDHFR than MpDHFR. Interestingly, the thermal property
αP,0 is nearly identical between the two Moritella DHFRs, while the compressibility κT,0 is
slightly greater for MyDHFR than MpDHFR, and barriers between wells Tg,0 are somewhat
lower for MyDHFR than MpDHFR (Table 2).

Table 2. Parameters calculated from QHA. Goodness-of-fit given by reduced χ2.

DHFR
σ0

2

(Å2)
αP,0

(10−3/K)
κT,0

(10−3/kbar)
χ2

(10−6)
Tg,0

(K)
–c

(K/kbar)
χ2

(10−6)

MpDHFR 0.148 ± 0.001 8.0 ± 0.1 65 ± 2 3.5 191 ± 2 0.5 ± 0.3 0.51
MyDHFR 0.151 ± 0.001 8.1 ± 0.1 70 ± 3 4.0 186 ± 1 1.0 ± 0.2 0.39
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3.4. Cavities and Clefts

Five cavities or clefts were found near the unique residues of MyDHFR (Figure 3).
The average and root mean square (RMS) fluctuations in the volumes are given in Table 3.
Note that the RMS fluctuations are not the error in the average volume but rather the range
in values to expect since the volumes are a fluctuating quantity in the simulation. For
reference, cavity 1 is found consistently for both DHFR at both pressures. Cavity 1 appears
to be relatively independent of species or pressure, with relatively small fluctuations in
cavity size. Cleft 2 is found near the unique residue Tyr103 (105) of MyDHFR. Additionally,
cavity 2, which can become as large as 9 to 17 Å, appears adjacent to cleft 2, although as
a rare event seen in one or at most two of the snapshots and not in MyDHFR at 1 atm.
In MpDHFR, both cleft 2 and cavity 2 appear as separate cavities, although they can
occasionally merge into a single pathway to the surface (Figure 4) and is also observed in
the starting crystal structure (Table S2). However, in MyDHFR, Tyr103 of helix F appears
to separate cleft 2 from cavity 2 for much of the simulation while it is hydrogen-bonded to
Leu78 (80) of helix E. The Tyr103 ring fills much of the space in which cleft 2 in MpDHFR
occupies, shifting and separating cleft 2 from cavity 2. This hydrogen bond becomes
stronger at the higher pressure, from an occupancy of ~0.3 at 1 bar to ~0.7 at 800 bar.
Furthermore, an inspection of simulations of MyDHFR at 1 bar indicates that when the
Tyr103 Oη . . . Leu78 O hydrogen bond breaks, Tyr103 flips toward the surface of the protein
away from helix E, allowing helix E to slip downwards toward the conformation adopted
by MpDHFR.

Figure 3. Cavities (dark blue) and clefts (pink) in Moritella DHFRs. Ribbon representation of MyDHFR. Unique residues
of MyDHFR shown in wire. Cavities discussed in text near-unique residues of MyDHFR identified by arrows. Ligands
NADPH and DHF shown in transparent CPK. Met20 (yellow), CD (cyan), FG (green) and GH (magenta) loops are also
indicated. Right inset: rotated depiction of adenosine-binding domain with Tyr103 Oη . . . Leu78 O hydrogen bond (blue
dashed line).
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Table 3. Average and RMS fluctuations cavity or cleft volumes, Vcav (Å3).

DHFR P (bar)
Cavity/Cleft

1 Cavity 2 Cleft 2 3 4 5

MpDHFR 1 17 ± 8 1 ± 3 5 ± 7 19 ± 5 12 ± 9 4 ± 5
MpDHFR 800 15 ± 5 1 ± 0 3 ± 8 19 ± 3 11 ± 6 2 ± 3
MyDHFR 1 16 ± 6 0 ± 0 10 ± 13 19 ± 5 10 ± 12 8 ± 5
MyDHFR 800 16 ± 3 2 ± 5 8 ± 8 19 ± 5 15 ± 17 2 ± 3

  
(a) (b) 

Figure 4. Cavity 2 and cleft 2 near Res103. (a) Cavity 2 (dark blue) and solvent-accessible cleft 2 (pink) along helix E across
from Cys103 in MpDHFR merge at 800 bar, providing solvent access to the internal cavity. (b) Cleft 2 remains separated
from cavity 2 by Tyr103 (orange) in MyDHFR, possibly preventing solvent penetration into the cavity.

Cavities 3 and 4 are located near the unique residue 132 (134) of MyDHFR, which is at
the end of the FG loop, and cleft 5 is embedded within the Met20 and FG loops, adjacent to
the unique residue 119 (121) of MyDHFR. Average volumes of cavities 3, 4, and 5 are similar
for both proteins and appear to be largely pressure-independent. While cavities 3 and 4 are
not observed in the crystal and starting structures (Table S2), this may be accounted for by
differences in sidechain conformations due to cryocooling [61] and enhanced solution-state
motions at higher temperatures [62]. Crystal structures obtained at various pressures of
ternary Michaelis-analog E. coli DHFR observed all cavities identified here [63]. MpDHFR
has a hydrophilic threonine for Res119, whereas MyDHFR has hydrophobic isoleucine.
Inspection of the crystal structure shows a resolved water molecule within cleft 5, while
none were resolved within other cavities and clefts.

4. Discussion

Pressure leads to a decreased total volume of the system, which can occur by decreas-
ing the total cavity volume or increasing the hydration of cavities. QHA indicates that the
potential energy landscape of MyDHFR may be slightly more compressible than MpDHFR
due to slightly shallower potential energy wells (indicated by greater σ0

2) and lower bar-
riers between wells (indicated by lower Tg,0) as well as slightly larger Rg. However, the
difference in the intrinsic isothermal compressibility between the two of 5 × 10−3/kbar is
much less than between EcDHFR and MpDHFR of 9 × 10−3/kbar. Note that the previous
work comparing compressibilities [40] is for binary THF-bound DHFR while the current
work is of ternary NADPH- and DHF-bound DHFR, so the magnitudes are somewhat
smaller here, which is expected as there are more bound ligands and cofactors, but not
enough to account for the larger differences between EcDHFR and MpDHFR than between
MpDHFR and MyDHFR. Thus, while both MpDHFR and MyDHFR are both expected
to have larger compressibilities compared to EcDHFR, this is consistent with the idea
that this is mainly an adaptation for the cold that is fortuitously favorable for high pres-
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sure. However, the compressibility of MpDHFR may be reaching the limit of increased
compressibility possible without destabilizing too much for deeper pressures.

Interestingly, the three unique residues of MyDHFR were found near cavities or clefts.
Note that the most important factor here is not the average volumes but the fluctuations in
the volumes. For instance, while cavity 2 and cleft 2 are generally separate in MpDHFR,
occasionally, the two connect and form a pathway from the surface to the interior. In other
words, occasional fluctuations could allow water to penetrate the interior, which could lead
to distortion of the structure. However, in MyDHFR, Tyr103 of helix F forms a hydrogen
bond with Leu78, which separates the two cavities, thus blocking the pathway, especially
at the higher pressure, while in MpDHFR, Cys103 forms an intrahelical hydrogen bond so
that the open pathway remains accessible to surrounding solvent.

5. Conclusions

Potential adaptations of piezophile proteins appear to have opposite means of being
accomplished: greater compressibility by larger total cavity volume versus greater stability
against pressure denaturation by smaller cavities. Here, MpDHFR and MyDHFR appear
to have similarly large compressibilities, which may be an adaptation for cold (i.e., greater
compressibility is also associated with greater flexibility) that fortuitously also makes them
function better at high pressure. However, while greater flexibility/compressibility is
generally accomplished by fewer or weaker interactions, there may be a limit to how much
the flexibility/compressibility can be increased while maintaining the three-dimensional
fold so that these two DHFRs may have reached that limit. Moreover, since MpDHFR
begins to show deactivation at ~500 bar and unfolding at ~700 bar, the higher pressures that
MyDHFR experiences are more likely to result in water penetration. Thus, the evolutionary
driver may be preventing water penetration rather than increasing compressibility. Since
cleft 2 and cavity 2 can form a pathway from the surface to the interior in MpDHFR, the
unique Tyr103 (105) in MyDHFR, which forms a hydrogen bond that prevents the merging
of cleft 2 and cavity 2, may be an adaptation to block water from reaching the interior by
this pathway.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10111211/s1: Detailed methods section, Figure S1: Sequence alignment of MpDHFR
and MyDHFR with consensus sequence numbering, Table S1: Starting system information, Table S2:
Cavities and clefts for crystal and starting structures, and Table S3: Differences in hydrogen bonding
involving residue 103.
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Simple Summary: Interactions of ligands with proteins are central to all reactions in the biological
cell. How such reactions are affected by harsh environmental conditions, such as low temperatures,
high pressures, and high concentrations of biologically destructive salts, is still largely unknown. Our
work focused on specific salts found on Mars to understand whether the planet’s potentially liquid,
water-rich subsurface harbors conditions that are theoretically favorable for life. Our data show
that, while magnesium chloride and sulfate do not significantly alter protein–ligand interactions,
the perchlorate ion strongly affects protein–ligand binding. However, the temperature and pressure
conditions encountered on Mars do not necessarily preclude protein–ligand interactions of the type
studied here.

Abstract: Protein–ligand interactions are fundamental to all biochemical processes. Generally, these
processes are studied at ambient temperature and pressure conditions. We investigated the binding
of the small ligand 8-anilinonaphthalene-1-sulfonic acid (ANS) to the multifunctional protein bovine
serum albumin (BSA) at ambient and low temperatures and at high pressure conditions, in the
presence of ions associated with the surface and subsurface of Mars, including the chaotropic
perchlorate ion. We found that salts such as magnesium chloride and sulfate only slightly affect
the protein–ligand complex formation. In contrast, magnesium perchlorate strongly affects the
interaction between ANS and BSA at the single site level, leading to a change in stoichiometry
and strength of ligand binding. Interestingly, both a decrease in temperature and an increase in
pressure favor the ligand binding process, resulting in a negative change in protein–ligand binding
volume. This suggests that biochemical reactions that are fundamental for the regulation of biological
processes are theoretically possible outside standard temperature and pressure conditions, such as in
the harsh conditions of the Martian subsurface.

Keywords: protein–ligand binding; high pressure; Martian salts; perchlorate; BSA; ANS

1. Introduction

Protein–ligand recognition and binding are fundamental to all biochemical processes
and are essential for all life forms [1–5]. Hence, elucidating the nature and strength of
the driving forces involved in the ligand binding processes is of particular interest in the
biosciences. In most cases, non-covalent bonds, such as electrostatic and hydrophobic
interactions, ensure formation of the protein–ligand complexes [5]. In a molecular picture,
protein–ligand interactions may not strictly follow a simple binding process; instead,
they may be accompanied by conformational as well as hydration changes of the protein
and potentially also the ligand. Owing to the inherent complexity of the process, many
aspects of ligand binding have not been fully explored, yet. This is particularly true for
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complex solution conditions, such as ligand binding in cellulo or in the presence of high
concentrations of co-solutes or at extreme environmental conditions, such as at low/high
temperatures and high hydrostatic pressures (HHP). HHP environments are, for example,
encountered in the deep sea or in subsurface environments where pressures up to the kbar
regime are encountered (1 kbar = 100 MPa). Hence, knowledge about high hydrostatic
pressure effects on biological systems is also fundamental for our understanding of life
being exposed to such harsh conditions and of the physical limits of life in general [6–10].

Of interest is to explore the theoretical capacity of other planetary bodies, such as
Mars, to support life. Mars is known to have hosted a vigorous hydrological regime in its
early history. Although we do not know if Mars ever hosted life, we could ask the question
whether conditions on that planet could theoretically support similar biological processes
observed on Earth and therefore whether Mars or Mars-like geological conditions on any
planet would act as a barrier to life as we know it. In particular, as water was lost from
Mars, brines may have formed. Today, the planet hosts localized high concentrations of
salts such as chlorides [11], sulfates [12], and perchlorates [13]. Although the surface of
Mars is today at the triple point, the subsurface may still host liquid water as it did in the
past [14–16]. These chemical constituents of the planetary environment raise the question
of how they, in combination with high pressures associated with the subsurface, would
influence the theoretical habitability of that planet.

In this work, we set out to investigate the effect of temperature, pressure, and Mars-
relevant salts, including MgCl2, Mg(ClO4)2, and MgSO4, on the binding characteristics of
the small aromatic ligand 8-anilinonaphthalene-1-sulfonic acid (ANS) to the multifunc-
tional protein bovine serum albumin (BSA). To this end, pressure-dependent fluorescence
spectroscopy was applied, supplemented by circular dichroism (CD) experiments.

2. Materials and Methods

2.1. Materials

The protein bovine serum albumin (BSA, molecular weight of 66 kDa, 583 residues)
in the form of lyophilized powder, the fluorophore 8-anilinonaphthalene-1-sulfonic acid
(ANS), the salts MgCl2, Mg(ClO4)2 and MgSO4 were all purchased from Sigma Aldrich
Chemicals (Taufkirchen, Germany). All the sample solutions were prepared in the pressure
stable 10 mM Tris-HCl buffer, at the pH of 7.4. Deionized water was used for all buffer and
sample preparations.

2.2. Samples Preparation

The stock solution of the protein BSA was prepared by dissolving the lyophilized
powder in Tris-HCl buffer. The exact concentration was determined by measuring the
absorbance at 280 nm with a UV-1800 spectrometer from Shimadzu Corporation (Kyoto,
Japan), using a molar extinction coefficient of 43600 M−1 cm−1 [17]. A stock solution of
the fluorophore ANS was prepared by dissolving it in water. After dilution in buffer, the
exact concentration was determined by measuring the absorbance, using a molar extinction
coefficient of ε (350 nm) = 4950 M−1 cm−1 [17]. All the samples were prepared by diluting
BSA and ANS in 10 mM Tris-HCl buffer, pH 7.4, in the absence and presence of 250 mM
MgCl2, Mg(ClO4)2 or MgSO4.

2.3. Steady-State Fluorescence Spectroscopy

The extent of complex formation between ANS and BSA was followed by means
of steady-state fluorescence spectroscopy using a K2 fluorometer from ISS, Inc. (Cham-
paign, IL, USA). The binding isotherms were obtained by recording ANS emission spectra
by exciting the solutions at 350 nm and recording the emission intensities in the range
400–550 nm. The width slits of the excitation and emission monochromators were both
set to 8 nm. Briefly, a series of solutions with a fixed concentration of ANS at ~5μM were
prepared, and the concentration of BSA was varied between 0 and ~40μM. Then estimation
of the binding constants (Kb) was performed by using a plot of ΔF = F − F0 (where F is
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the fluorescence intensity of ANS at the maximum in the presence of BSA, and F0 is the
intensity of ANS in the absence of BSA) as a function of total BSA concentration and fitting
the experimental data according to an equivalent and independent binding sites model
or to two classes of non-equivalent and independent binding-site models, as described in
detail in Reference [17].

For the pressure dependent measurements, the high-pressure cell system from ISS
and quartz cuvettes were used. The pressure was controlled by means of a manual pump,
and water was used as pressurizing fluid. A pressure range from 1 to 2000 bar was
explored. The ANS and BSA solutions were mixed, vortexed, and then filled into the
sample cell, which was sealed with DuraSealTM laboratory stretch film and placed into
the high-pressure vessel. The stretch film allowed for the pressure transmission in the
sample cuvette.

2.4. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy experiments were performed in the Far-UV
region (190–260 nm) in order to determine the secondary structure of the protein BSA in the
presence of 250 mM of MgCl2, Mg(ClO4)2, or MgSO4 and at the temperatures of 5, 15, and
25 ◦C. CD spectra of a 14μM BSA solution were recorded by using a 0.01 cm path-length
quartz by means of a Jasco J-715 spectropolarimeter (Jasco Corporation, Tokyo, Japan). The
instrument parameters were set as follows: scan rate of 50 nm min−1, response of 2 s, and
bandwidth of 4 nm. For each sample, a background blank (neat buffer or salts-containing
buffer) was subtracted. The recorded spectra are the results of three accumulations, and
they were normalized per mole of residue.

3. Results

In a previous study it was shown that the small aromatic ligand ANS is able to
bind to the protein BSA with a binding constant, Kb, of the order of 106 M−1 in 10 mM
Tris-HCl buffer (neat buffer conditions) at ambient temperature, i.e., 25 ◦C [11]. It was
also demonstrated that three ANS molecules are bound on average to one BSA molecule
and that the binding process can be well described by assuming that all the three ANS
molecules can interact with the same affinity [17]. In order to investigate the impact of
the Mars-relevant salts on the complex formation between ANS and BSA, we performed a
series of fluorescence spectroscopic experiments. By varying the temperature and pressure,
a temperature range from 5 to 25 ◦C and a pressure range from ambient pressure (1 bar) to
2000 bar was covered.

First, we explored the impact of 250 mM MgCl2, Mg(ClO4)2, and MgSO4 on the ligand
binding process at 25 ◦C and ambient pressure (1 bar). To be able to determine the binding
constant, it is of fundamental importance to exactly know the stoichiometry of the complex
formed. In this way, a proper binding model can be applied in the data analysis of the
measured binding isotherms, providing the most appropriate value of the binding constant,
Kb. We applied the method of continuous variation (or Job’s plot) for the estimation of
the binding stoichiometry [18–20] by means of steady-state fluorescence spectroscopy. A
series of solutions were prepared such that the total concentration (i.e., [ANS] + [BSA]) is
constant, while the mole fractions of the interacting partners were varied. Discontinuities
in the plot of fluorescence intensity vs. xANS (where xANS is the mole fraction of ANS)
are indicative of the stoichiometry of the complex formed. Figure 1 shows the Job’s plot
obtained in the presence of the three salts at T = 25 ◦C and p = 1 bar.

An inspection of Figure 1A reveals the presence of one inflection point in the presence
of MgCl2 which is centered at xANS ≈ 0.75, indicating the formation of a 1:3 (BSA:ANS)
complex. Qualitatively, the same result was also obtained in the MgSO4 containing solution:
the presence of one inflection point at xANS ≈ 0.75 suggests that, again, three ANS molecules
are bound to one BSA molecule (Figure 1B). The same stoichiometry was previously
observed in the same buffer but in the absence of any salt [17], suggesting that both
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magnesium chloride and sulfate have no significant impact on the stoichiometry of the
BSA:ANS complex.

Figure 1. Job’s plot for ANS/BSA complex formation obtained at the temperature of 25 ◦C and pressure of 1 bar in the
presence of 250 mM (A) MgCl2, (B) MgSO4, and (C) Mg(ClO4)2. The total concentration ([ANS] + [BSA]) was 35 μM. The
fluorescence intensity is reported in arbitrary units (a.u.).

A completely different scenario was observed in the presence of Mg(ClO4)2. The Job’s
plot is characterized by the presence of two distinct inflection points (Figure 1C). One is
centered at xANS = 0.5, and the other one at xANS ≈ 0.65, suggesting that only two ANS
molecules are bound to one BSA molecule. The presence of two distinct inflection points
is indicative of a non-equivalence of binding sites; otherwise, only one inflection point
should be observed, as in the case of the MgCl2 and MgSO4 solutions. Thus, Mg(ClO4)2
is able to strongly modulate the formation of the complex at the level of single binding
sites, inhibiting the binding to one site and leading to the loss of equivalence of the two
remaining sites.

Then, we explored the effect of temperature on the stoichiometry of the ANS:BSA
complex. We determined the Job’s plots also at 5 and 15 ◦C. The Job’s plot data obtained in
the presence of MgCl2, MgSO4, and Mg(ClO4)2 are reported in Supplementary Materials
Figures S1–S3, respectively. An inspection of Supplementary Materials Figures S1–S3
reveals that a decrease in temperature to 5 ◦C does not alter the stoichiometry of the
protein–ligand complex. As in the case at T = 25 ◦C, stoichiometries of 3:1, 3:1, and 2:1
ANS:BSA were observed for the complex formation in the presence of MgCl2, MgSO4, and
Mg(ClO4)2, respectively (Table 1).

Table 1. Binding constants (Kb) and stoichiometries for the BSA:ANS complex formation in 10 mM Tris-HCl buffer, pH 7.4,
in the presence of the indicated salts and at temperatures (T) of 5, 15, and 25 ◦C.

Solution Conditions T/◦C Kb1/M−1 × 106 Kb2/M−1 × 106 1n

250 mM MgCl2
5 1.0 ± 0.1 - 1:3

15 0.36 ± 0.13 - 1:3
25 4.9 ± 0.2 - 1:3

250 mM MgSO4

5 0.62 ± 0.15 - 1:3
15 0.39 ± 0.14 - 1:3
25 2.9 ± 0.3 - 1:3

250 mM Mg(ClO4)2

5 0.19± 0.13 0.19 ± 0.13 1:2
15 0.15 ± 0.04 0.13 ± 0.02 1:2
25 0.59 ± 0.22 1.2 ± 0.1 1:2

Note: 1n represents the stoichiometry of binding as BSA:ANS.
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Once the stoichiometries of the complex in the presence of the salts and at the three
different temperatures are known, it is possible to estimate the binding constants, Kb,
performing titration experiments by means of steady-state fluorescence spectroscopy. In
these experiments, a solution of ANS was titrated with a BSA solution. The ANS is
characterized by a very low quantum yield when it is free in solution [21]. Instead, when
the aromatic ligand is bound to the protein’s hydrophobic pockets, a strong increase of the
fluorescence intensity is observed. Thus, the extent of binding can be readily determined by
following the fluorescence increase of ANS. The subsequent data analysis was performed
according to the stoichiometries inferred by the Job’s plot experiments. In MgCl2 and
MgSO4 containing buffer with one class of site only, the experimental points of the titration
experiment were fitted according to an equivalent and independent binding sites model.
Instead, in the presence of Mg(ClO4)2, two distinct binding modes were observed; hence, a
two-classes-of-independent-binding-sites model was used. Figure 2A–C depict the binding
isotherms at ambient pressure, obtained in the presence of 250 mM MgCl2, MgSO4, and
Mg(ClO4)2 at 5, 15, and 25 ◦C. The values of the binding constants determined are collected
in Table 1.

Figure 2. Binding isotherms for complex formation between the bovine serum albumin (BSA) and 8-anilinonaphthalene-1-
sulfonic acid (ANS) obtained at the temperatures of 5 ◦C (black squares), 15 ◦C (red circles), and 25 ◦C (blue triangles) at
p = 1 bar in the presence of 250 mM (A) MgCl2, (B) MgSO4, and (C) Mg(ClO4)2. The solid lines represent the best fit of
experimental data according to an equivalent and independent binding sites model for the experiments performed in the
presence of MgCl2 and MgSO4, and to two classes of independent binding-sites models for the experiments carried out
in the presence of Mg(ClO4)2. The binding isotherms were obtained by plotting ΔF = F − F0 (where F is the fluorescence
intensity of ANS at the maximum in the presence of BSA, and F0 is the intensity of ANS in the absence of BSA) as a function
of total BSA concentration.

In the presence of MgCl2, decreasing the temperature from 25 to 15 ◦C, a prominent
decrease of Kb (~90%) was observed. At 5 ◦C, the Kb-value is only slightly higher compared
to the value at 15 ◦C, however. Thus, the system exhibits a complex non-linear temperature
dependence of the overall binding constant measured. A very similar behavior was
also observed in the presence of MgSO4, i.e., the decrease of the temperature disfavors
formation of the complex, but in a non-linear way. In the presence of Mg(ClO4)2, the
Kb-values decrease as well upon lowering the temperature. The decrease of Kb1 seems to
be less pronounced with respect to the decrease of Kb2, indicating that the two different
binding sites are characterized by different binding energetics, which is probably due to
the differences in the non-covalent interactions established upon binding. It is important to
note that decreasing the temperature leads to similar values of the two binding constants.

Principally, the differences observed for the effect of temperature and salt on complex
formation could be ascribed to conformational changes of the protein structure. To test
this possibility, circular dichroism (CD) spectra of BSA in the far-UV range were recorded.
In this spectral region, information about the secondary structure of the protein can be
obtained [22,23]. The spectra were acquired at temperatures of 5, 15, and 25 ◦C, and in
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the presence of the three different salts. Figure 3 shows the CD spectra of BSA recorded at
25 ◦C in the presence of 250 mM MgCl2, Mg(ClO4)2, and MgSO4. For reference, the CD
spectrum of BSA in neat buffer (10 mM Tris-HCl, pH 7.4) is also shown.

Figure 3. Far-UV CD spectra of BSA in the presence of 250 mM MgCl2 (red spectrum), MgSO4 (blue
spectrum), and Mg(ClO4)2 (green spectrum). For reference, the CD spectrum of BSA in neat buffer
condition (black spectrum) is also reported. All the spectra were acquired at the temperature of
25 ◦C, in 10 mM Tris-HCl buffer, pH 7.4. The CD spectra are reported by plotting the molar ellipticity
([θ]mrw) as a function of the wavelength, in nm.

The CD spectrum of BSA at neat buffer conditions is characterized by the presence
of two minima located at about 208 and 222 nm. In addition, a positive band centered
at around 195 nm is present. These spectral features are characteristic of a protein which
adopts an α-helical conformation, which is in agreement with its reported structure [24].
In the salt-containing media, the CD spectra of BSA show the same general features as
in the neat buffer case, signifying that even in the presence of high concentrations of
these Mars-relevant salts, the protein’s secondary structure seems to be retained. The
same result was obtained for the measurements carried out at the temperatures of 5 and
15 ◦C (Supplementary Materials Figure S4). Thus, the differences observed in the binding
affinities and stoichiometries do not seem to be related to a conformational change of the
protein structure. However, small and localized changes cannot be excluded a priori.

In the next step, we explored the impact of high hydrostatic pressure (HHP) on the
binding of ANS to BSA in the presence of the three salts and in the temperature range
between 5 and 25 ◦C. To this end, we performed the same titration experiments following
the complex formation by means of HHP fluorescence spectroscopy. As an example,
Figure 4 depicts the binding isotherms obtained for the ANS titration with a solution of
BSA in the presence of 250 mM MgCl2 at T = 25 ◦C and in the pressure range between 1
and 2000 bar. The binding constants determined for all samples are shown in Table 2.
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Figure 4. Binding isotherms for ANS/BSA complex formation obtained at T = 25 ◦C in the presence of
250 mM MgCl2, at the indicated pressure values. The solid lines represent the best fit of experimental
data according to an equivalent and independent binding sites model. All the experiments were
performed in 10 mM Tris-HCl buffer. The binding isotherms were obtained by plotting ΔF = F − F0

(where F is the fluorescence intensity of ANS at the maximum in the presence of BSA, and F0 is the
intensity of ANS in the absence of BSA) as a function of the total BSA concentration.

Table 2. Binding constants (Kb) and stoichiometries (n) for the BSA:ANS complex formation in 10 mM Tris-HCl buffer,
pH 7.4, in the presence of the indicated salts, temperatures, and pressures.

Solution Conditions T/◦C p/bar Kb1/M−1 ·106 Kb2/M−1 ·106 1n

250 mM MgCl2

5 1 1.0 ± 0.1 - 1:3
5 500 1.0 ± 0.2 - 1:3
5 1000 1.2 ± 0.3 - 1:3
5 1500 1.8 ± 0.3 - 1:3
5 2000 1.9 ± 0.3 - 1:3

250 mM MgCl2

15 1 0.36 ± 0.13 - 1:3
15 500 0.40 ± 0.16 - 1:3
15 1000 0.41 ± 0.16 - 1:3
15 1500 0.43 ± 0.17 - 1:3
15 2000 0.45 ± 0.18 - 1:3

250 mM MgCl2

25 1 4.9 ± 0.2 - 1:3
25 500 4.3 ± 0.1 - 1:3
25 1000 4.5 ± 0.1 - 1:3
25 1500 4.9 ± 0.2 - 1:3
25 2000 5.2 ± 0.1 - 1:3
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Table 2. Cont.

Solution Conditions T/◦C p/bar Kb1/M−1 ·106 Kb2/M−1 ·106 1n

5 1 0.62 ± 0.15 - 1:3
5 500 0.48 ± 0.07 - 1:3

250 mM MgSO4 5 1000 0.47 ± 0.07 - 1:3
5 1500 0.55 ± 0.20 - 1:3
5 2000 0.44 ± 0.20 - 1:3

15 1 0.39 ± 0.14 - 1:3
15 500 0.40 ± 0.16 - 1:3

250 mM MgSO4 15 1000 0.42 ± 0.15 - 1:3
15 1500 0.43 ± 0.17 - 1:3
15 2000 0.45 ± 0.18 - 1:3

25 1 2.9 ± 0.3 - 1:3
25 500 2.9 ± 0.3 - 1:3

250 mM MgSO4 25 1000 2.7 ± 0.4 - 1:3
25 1500 2.4 ± 0.7 - 1:3
25 2000 2.2 ± 0.9 - 1:3

5 1 0.19± 0.13 0.19 ± 0.13 1:2
5 500 0.32 ± 0.25 0.40 ± 0.33 1:2

250 mM Mg(ClO4)2 5 1000 0.34 ± 0.26 0.34 ± 0.26 1:2
5 1500 0.35 ± 0.19 0.52 ± 0.43 1:2
5 2000 0.39 ± 0.07 0.66 ± 0.53 1:2

15 1 0.15± 0.04 0.13 ± 0.13 1:2
15 500 0.14 ± 0.01 0.15 ± 0.10 1:2

250 mM Mg(ClO4)2 15 1000 0.19 ± 0.02 0.19 ± 0.18 1:2
15 1500 0.21 ± 0.02 0.21 ± 0.21 1:2
15 2000 0.26 ± 0.01 0.24 ± 0.20 1:2

25 1 0.59 ± 0.22 1.2 ± 0.1 1:2
25 500 0.59 ± 0.17 1.1 ± 0.1 1:2

250 mM Mg(ClO4)2 25 1000 0.38 ± 0.10 1.2 ± 0.2 1:2
25 1500 0.34 ± 0.03 1.2 ± 0.3 1:2
25 2000 0.40 ± 0.05 0.89 ± 0.05 1:2

Note: 1n represents the stoichiometry of binding as BSA:ANS.

An inspection of Table 2 reveals that pressure has an effect on the values of Kb that
depends on the temperature and on the type of salt present in solution. It is important
to note that BSA is stable in the whole pressure range covered and no unfolding and
denaturation of the protein takes place [25–27]. Thus, variations observed in the values of
Kb can most likely not be ascribed to protein conformational changes imposed by pressure.
In the presence of MgCl2, at 25 ◦C, only minor effects on the binding affinity were observed.
The same holds true for T = 15 ◦C. Instead, the pressure effect seems more pronounced
at T = 5 ◦C, were a clear increase of Kb was observed upon a pressure increase from 1
to 2000 bar. Thus, the application of pressure favors the formation of the complex at
lower temperatures.

Instead, in the MgSO4 containing buffer, at 25 ◦C, a slight decrease of the affinity is
detected upon pressurization. The volume changes observed are very small (for compari-
son, the molar volume of one water molecule is about 18 mL mol−1). The pressure effect
seems to be slightly favorable for binding at 15 ◦C. At T = 5 ◦C, Kb decreases slightly with
increasing pressure. Thus, depending on the temperature, the complex formation in the
presence of MgSO4 is slightly favored or disfavored. The changes are quite small or even
negligible, however.

In the presence of Mg(ClO4)2, at T = 25 ◦C, the first binding constant of the two
remaining binding sites, Kb1, decreases slightly with increasing pressure. Instead, the
second binding mode, Kb2, does not seem to be significantly affected by pressure changes
up to the 2000 bar regime. At 15 ◦C, Kb1 and Kb2 increase slightly upon pressurization.
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Moreover, at the lowest temperature, at T = 5 ◦C, Kb1 and Kb2 increase with increasing
pressure. Thus, the two binding modes respond to pressure in different ways, highlighting
that the packing properties and hydration effects upon binding, which largely contribute
to volume changes, are different for each binding site of the protein.

From the pressure dependence of the Kb values, the volume change upon binding,
the protein–ligand binding volume ΔVb, can be determined (for an in-depth discussion of
pressure effects on ligand binding, please refer to Reference [28] and references therein):

[
∂ ln Kb

∂p

]
T
= −ΔVb

RT
(1)

Here, [∂lnKb/∂p]T is the derivative of the logarithm of the binding constant (Kb) with
respect to pressure (p) at constant temperature (T). R is the universal gas constant. ΔVb is the
binding volume defined as the difference between the partial molar volume of the complex
(PL, where P is the protein and L the ligand) and the sum of the partial molar volumes
of the uncomplexed state (P+L). Thus, the binding volume can be directly estimated by
taking the slope of a plot of lnKb vs. p, assuming that the volume change is independent of
pressure in the (here rather small) pressure range covered. Figure 5A–D depict the plots of
lnKb vs. p obtained in the salt-containing media and at the three temperatures measured.
All ΔVb values obtained are collected in Table 3.

Figure 5. Pressure dependence of the binding constant (Kb) for the complex formation between BSA and ANS in the
presence of 250 mM MgCl2 (A), MgSO4 (B), and Mg(ClO4)2 (C) and (D) at the temperatures of 5 ◦C (black squares), 15 ◦C
(red circles), and 25 ◦C (blue triangles). The plot in (C) refers to the pressure dependence of the binding constant of the
first binding site (Kb1), the plot in (D) to that of the second binding site (Kb2). From the slopes of ln(Kb) vs. p, the binding
volume (ΔVb) can be calculated by means of Equation (1).
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Table 3. Binding volumes (ΔVb) for the BSA:ANS complex formation at the indicated temperatures and in the presence of
250 mM MgCl2, MgSO4, and Mg(ClO4)2. The ΔVb values are reported in mL mol−1 of protein.

MgCl2 MgSO4 Mg(ClO4)2 Mg(ClO4)2

T/◦C ΔVb/mL mol−1 ΔVb/mL mol−1 ΔVb1/mL mol−1 ΔVb2/mL mol−1

5 −7.9 ± 0.1 2.0 ± 1.0 −7.4 ± 2.4 −12.9 ± 3.2
15 −2.5 ± 0.4 −2.0 ± 1.0 −6.0 ± 1.0 −5.0 ± 1.0
25 −1.0 ± 1.0 3.6 ± 0.5 6.0 ± 2.0 2.0 ± 1.0

At T = 25 ◦C, the binding volume in the presence of MgCl2 is close to zero, highlighting
the negligible effect of pressure on the complex formation. Instead, in the sulfate-containing
solution, the volume change is slightly positive, i.e., the application of pressure does not
favor the interaction between the protein and the ligand. In the presence of perchlorate, the
binding volumes of both binding sites are positive. However, ΔVb1 > ΔVb2, indicating that
the two binding sites are characterized by different packing and hydration properties. In
the presence of MgCl2, the decrease of temperature is accompanied by more negative ΔVb
values; this is to say, decreasing temperature and increasing pressure both favor the complex
formation. Instead, in the MgSO4-containing buffer, ΔVb-changes with temperature are
less pronounced. A small decrease of ΔVb was observed, only. Interestingly, in the presence
of Mg(ClO4)2, the temperature had a comparably strong impact on the volume changes.
Both binding volumes become negative, reaching values of −7.4 and −12.9 mL mol−1 for
the first and the second binding site, respectively. Thus, when magnesium perchlorate
is present in solution, the combined increase of pressure and decrease of temperature
strongly favor the complex formation. To highlight the changes of binding volume with
temperature, ΔVb (T) is shown for the different salts in Figure 6.

Figure 6. Plot of binding volumes, ΔVb, as a function of temperature for the indicated 250 mM
salt solutions.
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4. Discussion

In this work, the combined effects of temperature and pressure on the binding charac-
teristics of ANS to BSA were determined in the presence of Mars-relevant salts, including
MgCl2, Mg(ClO4)2, and MgSO4. We found that the binding of the small aromatic ligand
ANS to BSA depends significantly on the type of salt, i.e., the anion, on temperature, and
on pressure. At ambient conditions (T = 25 ◦C and p = 1 bar), the presence of 250 mM
MgCl2 and MgSO4 has no impact on the stoichiometry and no major effect on the binding
strength of the complex formed. Both the binding stoichiometry and Kb are similar to those
previously determined in neat buffer solution (three ANS molecules are bound to one BSA
with a Kb = 4.2·106 M−1 at 25 ◦C) [17].

Conversely, the presence of perchlorate perturbs the binding characteristics of ANS
to BSA. Only two ANS molecules are now bound to BSA, and the two binding sites are
characterized by different binding constants, i.e., the equivalence of binding sites is lost.
This phenomenon could be due to the direct interaction of the perchlorate anion with
BSA. Indeed, an interaction of perchlorate ions with charged residues of lysozyme was
previously reported [29]. The interaction with BSA of other anions of such low charge
density (e.g., iodide) was also reported [30]. Furthermore, owing to its low charge density,
perchlorate has almost hydrophobic characteristics and can establish interactions with
hydrophobic patches of proteins as well.

BSA is a heart-shaped protein of about 66 kDa with high homology with the human
counterpart, HSA [24,31]. Its structure is composed by three domains, each of which is
composed of two subdomains. A docking study performed on this system identified two
potential binding sites for ANS in the subdomain IIIA and another one in the subdomain
IB [17]. The two sites in the subdomain IIIA are buried in the inner core of the protein.
Conversely, the other site is localized in the more solvent-exposed subdomain IB. Thus, it
is possible that perchlorate can easily get access to the site in the subdomain IB, thereby
completely hampering the binding of ANS to this site. The binding of perchlorate can
occur through both hydrophobic and electrostatic interactions. Indeed, an inspection of
the crystal structure revealed the presence of several positively charged residues (Lys, Arg,
and His) that could establish interactions with anions such as perchlorate. Instead, the two
sites in the subdomain IIIA are buried in the inner core of the protein. In this subdomain,
some positively charged residues are also present. The loss of equivalence between the two
different sites can most likely be ascribed to the interaction of perchlorate with one of the
sites that, in this case, can partially occlude it, which leads to the observed decrease in the
binding affinity (Kb1 = 5.9·105 M−1, Kb2 = 1.2·106 M−1 at T = 25 ◦C).

A decrease of temperature, at ambient pressure, leads to an overall decrease of the
binding constant of the ligand. Such a decrease could be due to an enhancement of the
transient interactions of the salt anions and the protein in the binding area, and possibly
also of the Mg2+ cation with the ligand, which decreases the activity (coefficient) of ANS.
Indeed, the binding of anions such as chloride and perchlorate to carbonic anhydrase II, for
example, is characterized by negative enthalpy changes [32], pointing out that a decrease
of temperature should favor their binding process. It is important to recall that the binding
of ANS to proteins is mainly but not exclusively due to hydrophobic interactions. The
negatively charged sulfate moiety of ANS is able to establish electrostatic interactions with
positively charged residues of the protein [33–35]. Consequentially, the presence of bound
anions can partially affect the binding of ANS, leading to a reduction of the Kb-values
with decreasing temperature. From the temperature dependence of Kb, it is possible to
determine the enthalpy change for the binding process by means of the van’t Hoff relation,
assuming that the enthalpy change is independent of temperature [36]. Here, we found that
the lnKb vs. 1/T plots are non-linear for all solution conditions studied (data not shown).
The non-linearity could be ascribed to the complexity of the systems where more than one
ANS molecule is bound to BSA, with the binding sites having different binding enthalpies
owing to their different chemical makeup. Further, competitive binding by salt anions such
as SO4

2− and ClO4
− will be temperature-dependent as well.
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Small but significant effects of pressure were observed for the binding process of ANS
to BSA, with the effect being dependent both on the temperature and on the nature of
the salt anion. Inspection of Table 3 and Figure 6 discloses several interesting points. In
the presence of MgCl2, the binding volume, ΔVb, is close to zero at 25 ◦C; that is, there
is no pressure effect on the complex formation at ambient temperature (up to 2 kbar).
However, at lower temperatures, pressure favors the interaction, reaching a ΔVb value of
about −8 mL mol−1 at T = 5 ◦C, which translates to an increase of Kb by about a factor of
two. A similar behavior was observed in the presence of Mg(ClO4)2, for which a negative
ΔVb was found for both binding sites at 5 ◦C. Negative ΔVb-values imply that the partial
molar volume of the complexed state (VPL) is smaller than that the partial molar volumes
of the uncomplexed state (VP + VL). A possible reason for such a negative binding volume
could be dense packing and a decrease of void volume in the binding site upon ligand
binding, which might be expected to be more pronounced at low temperatures, where the
dynamics of the protein’s surface groups is expected to be reduced. Upon ligand binding,
in an induced-fit kind of scenario, tightening of the internal atomic packing of the protein
molecule might take place, which leads to a decrease of the volume fluctuations of the
protein and hence a decrease of the partial molar volume of the protein. A possible origin
for a positive ΔVb-value is most likely a change in the hydration of the protein binding site
and/or the ligand(s). As hydration water of proteins generally has a slightly higher density
compared to bulk water [37], dehydration results in a small volume increase of the system,
with the effect being more pronounced at low temperature. In the presence of solutions of
high ionic strength, where large electrostrictive effects prevail in bulk solution, in particular
in the presence of small cations and anions of high charge density, such an effect might
become less pronounced or even reversed, however. Positive ΔVb-values could also be due
to creation of void volume upon ligand binding if, for example, the binding site is partially
obstructed by salt ions, which might be the case for the sulfate anion at low temperatures.
Further, the strength of the binding of the anions to the protein might also be pressure
sensitive. Application of high pressure could disfavor the binding of the salt anions to the
proteins by weakening electrostatic interactions, which would allow an enhancement of
the interaction between the ligand ANS and BSA, leading to an increase of Kb [38,39]. The
sulfate and perchlorate data do not seem to support this idea, however.

5. Conclusions

In summary, we have found that the binding of a small aromatic ligand such as
ANS to an archetypical multifunctional protein, BSA, depends not only significantly on
temperature, but also on the type of salt and, to a lesser extent, on pressure. A significant
decrease in the binding constant is observed at ambient conditions only in the presence of
high concentrations the perchlorate. Interestingly, an increase in pressure and a decrease
in temperature favor the binding process of the ligand, rendering the binding volume
more negative.

Aside from advancing our general understanding of how ions influence protein–ligand
interactions under non-standard temperatures and pressures, our work was specifically
focused on ions found on Mars. Our motivation was to understand whether the more
water-rich past of that planet, and the potentially more liquid, water-rich subsurface of
the planet even today, hosts conditions theoretically conducive to life. In other words,
do conditions such as high pressure and the presence of perchlorate ions render a planet
uninhabitable with respect to known biochemistry? As our data show, chloride and sulfate
ions do not significantly alter protein–ligand interactions under a range of temperature
and pressure conditions. However, the chaotropic perchlorate ion does influence protein–
ligand binding more profoundly, but it does not abolish it, implying that with respect
to temperature, pressure and the presence of perchlorate ions, Martian conditions do
not necessarily exclude protein–ligand interactions of the type examined here, but that
modifications in binding sites could be required for life to theoretically persist under such
geochemical conditions. We note that our data also imply that protein–ligand interactions
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would not necessarily be substantially altered in the high concentrations of sulfate ions
associated with crustal fluids in the terrestrial deep subsurface, providing new insights
into the environment for deep subsurface biochemistry on our own planet.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology10070687/s1. Figure S1: Job’s plot for ANS:BSA complex formation obtained in
the presence of 250 mM MgCl2 at the temperature of (A) 5 ◦C and (B) 15 ◦C and at the pressure of
1 bar. The total concentration ([ANS] + [BSA]) was 35 μM. Figure S2: Job’s plot for ANS:BSA complex
formation obtained in the presence of 250 mM MgSO4 at the temperature of (A) 5 ◦C and (B) 15 ◦C
and at the pressure of 1 bar. The total concentration ([ANS] + [BSA]) was 35 μM. Figure S3: Job’s plot
for ANS:BSA complex formation obtained in the presence of 250 mM Mg(ClO4)2 at the temperature
of (A) 5 ◦C and (B) 15 ◦C and at the pressure of 1 bar. The total concentration ([ANS] + [BSA])
was 35 μM. Figure S4: Far-UV CD spectra of BSA at the temperature of (A) 5 ◦C and (B) 15 ◦C,
in the presence of 250 mM MgCl2 (red spectrum), MgSO4 (blue spectrum), and Mg(ClO4)2 (green
spectrum). For reference, the CD spectrum of BSA in neat buffer condition (black spectrum) is also
reported. All the spectra were acquired in 10 mM Tris-HCl buffer, pH 7.4, using a 0.01 cm path-length
quartz cuvette.
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Simple Summary: Viroids remain the smallest infectious agents ever discovered. They are found in
plants and consist of single-stranded non-coding circular RNA. Due to their simplicity, viroids are
considered relics of an ancient RNA World that may have originated in the deep seas near hydrother-
mal vents where temperature and pressure are both elevated. To test this hypothesis, a synthetic
avocado sunblotch viroid, whose structure contain an autocatalytic hammerhead ribozyme, was
subjected to increased pressure (from atmospheric pressure to 300 MPa) at different temperatures
(0–65 ◦C) and the reaction rate constant of the catalytic activity was calculated for each condition.
The results obtained allowed calculation of the positive activation volume of this viroid and re-
vealed a compensatory effect between pressure and temperature. In conclusion, these results not
only exemplify the plasticity of RNA and support the RNA World hypothesis, but also highlight
the usefulness of the hydrostatic pressure in understanding the structure–function relationships
of biomacromolecules.

Abstract: A high pressure apparatus allowing one to study enzyme kinetics under pressure was used
to study the self-cleavage activity of the avocado sunblotch viroid. The kinetics of this reaction were
determined under pressure over a range up to 300 MPa (1–3000 bar). It appears that the initial rate
of this reaction decreases when pressure increases, revealing a positive ΔV �= of activation, which
correlates with the domain closure accompanying the reaction and the decrease of the surface of the
viroid exposed to the solvent. Although, as expected, temperature increases the rate of the reaction
whose energy of activation was determined, it appeared that it does not significantly influence
the ΔV �= of activation and that pressure does not influence the energy of activation. These results
provide information about the structural aspects or this self-cleavage reaction, which is involved in
the process of maturation of this viroid. The behavior of ASBVd results from the involvement of the
hammerhead ribozyme present at its catalytic domain, indeed a structural motif is very widespread
in the ancient and current RNA world.

Keywords: viroid; hydrostatic pressure; temperature; structure–activity relationship; RNA World
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1. Introduction

Viroids are the smallest pathogens of plants characterized by a compact rod-like
circular RNA 246–401 nucleotides long [1,2]. They have no envelope, no capsid, and they
do not code for any protein. Viroids are divided into two families, the Pospiviroidae, and
the Avsunviroidae family whose members possess a catalytic RNA with a hammerhead
ribozyme (HHR) motif responsible for a crucial cleavage step during viroid replication,
such as the avocado sunblotch viroid (ASBVd) [3]. Figure 1 shows the structure of ASBVd
with the location of the HHR motif of about 35 nucleotides with a 3D structure composed
of three helical junctions (I, II and III) and a core of invariant nucleotides required for
its activity.

Chemically, metal ions are involved in HHR activity within the cleavage sites (C–U
and C–G) [4]. Cleavage of HHR is a transesterification reaction that converts a 5′, 3′ diester
to a 2′, 3′ cyclic phosphate diester via an SN2 mechanism [5]. During replication, (+) and (−)
complementary strand sequences of Avsunviroidae are generated through the symmetric
rolling circle mechanism. The analysis of the ASBVd contents in avocado extracts [6]
revealed the presence of RNA of both polarities in multimeric forms, from monomers
to octamers for ASBVd(+) and monomers to dimers for ASBVd(−). This difference in
oligomeric sizes reveals a less efficient in vivo cleavage activity of ASBVd(+) than of
ASBVd(−) that was observed by in vitro cleavage. The viroid moves within the cell due to
intrinsic RNA signals but it is also likely that it recruits supporting protein or RNA factors.
Due to the diversity of structures and dynamics that participate in viroid trafficking within
the cell and between cells and during infectivity, it is of crucial interest to characterize the
structural elements involved in viroid processing. Despite the large amount of information
regarding the molecular biology of Avsunviroidae, much less is known regarding the
structure and conformational aspects of the cleavage of minus and plus ASBVd strands
and the catalytic role of Mg2+ in efficient self-cleavage of such viroids.

Over the last few decades, high hydrostatic pressure has been gaining attention as
a key thermodynamic and kinetic parameter that brings insights into the structure–activity
relationships in biomolecules, such as proteins and nucleic acids, but also as a tool that
has been increasingly used in biotechnology [7,8]. Pressure increases the surface of these
molecules, which is exposed to the solvent but the volume of their solution decreases. This
is due to the electrostriction phenomenon in which water molecules come to pack around
the ionized and polar groups presents at the surface of the macromolecule [9]. Pressure
favors this process since the negative ΔV of electrostriction is −3 mL/mole of water [10].
Consequently, pressure tends to expose the charged groups to the solvent thus altering the
tertiary structure of protein and to dissociate oligomeric proteins leading to the abolition
of their biological role and to the inactivation of enzymes. In the case of nucleic acids,
this methodology was applied to hairpin [11–13] and hammerhead [14] ribozymes, but
not yet to complete genomes such as viroids. The previous studies focused only on the
minimal self-cleaving sequence of RNA because of the technical difficulties, yet it is likely
that sequences outside the catalytic core may affect the global conformational change and
thus the fitness of the viroid in vivo. In this regard, Hui Bon Hoa et al. [15,16] studied the
structures of both, ASBVd(−) and ASBVd(+) strands (Figure 1), by Raman spectroscopy
and showed that both molecules exhibited a typical A-type RNA structure with an ordered
double-helical content as expected. Nonetheless, small but specific differences between the
two strands were found in the sugar puckering and base-stacking regions. Furthermore,
both stands responded differently to deuteration and to the temperature increase, since
both conditions differentially perturbed the double-helical content and the phosphodiester
conformation of viroids, as revealed by the corresponding Raman spectral changes. These
structural differences suggested that the rigidity and stability were higher and the D2O
accessibility to the H-bonding network was lower for ASBVd(+) compared to ASBVd(−),
which correlated to the catalytic activity, ASBVd(−) being 3.5 times more active than
ASBVd(+).
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Another interesting aspect for the study of viroids’ behavior under high pressures
and high temperatures is that viroids are often deemed relics of the “RNA World” [17].
Indeed, viroids are functional nucleic acids that operate under unusual conditions [18]
and might have once strived under conditions that are considered today to be extreme.
Such conditions are also prevalent in terrestrial subsurface environments, which nurture
a massive microbial reservoir, estimated at about 70% of the Earth’s microbial life [19,20].
Some of these bacteria, for instance the subseafloor Petrocella atlantisensis, are able to strive
in the laboratory, if cultured under high hydrostatic pressure [21]. It is also imaginable that
such extreme conditions of high-pressure high-temperature are ordinary on other rocky
planets, or even exoplanets. Furthermore the “intraterrestrial” life asked the question:
would these intraterrestrials have appeared first? What if life was not born “on” Earth, but
“in” Earth? Yet, how exactly viral and subviral particles behave under these conditions
is unknown. In this investigation, pressure and temperature and their combination were
used to obtain information concerning the activation volume and the activation energy
associated to the formation of the transition state of the self-cleavage reaction of the full
ASBVd(−) viroid.

 

Figure 1. RNA 2D structures of the avocado sunblotch viroid (ABSVd(−)) and ASBVd(+) (top and
bottom, respectively). The full-length genome of ASBVd can fold into 2D structures that preserve
the hammerhead ribozyme (HHR) motif (regions in black) in both the (−) and (+) strands; the HHR
motif of ASBVd(−) is more stable, with 3 base-pairs in stem III but only two base-pairs in ASBVd(+).
(Reprinted with permission from ref. [22]. Copyright 2019 Marie-Christine Maurel).

2. Materials and Methods

2.1. In Vitro Synthesis of ASBVd(−)

Experiments were performed on synthetic linearized ASBVd(−) as follows: a previ-
ously cloned pkS plasmid with the ASBVd monomer between BamH1 and EcoR1 restriction
sites [23,24] was subjected to a PCR amplification using 5′-TAATACGACTCACTATAGGA-
AGAGATTGAAGACGAGTG-3′ and 5′-GATCACTTCGTCTCTTCAGG-3′, as forward and
reverse primers, respectively, with the underlined sequence corresponding to the T7
promoter. After a clean-up step by an ethanol precipitation, verification of its size on
a 2% agarose gel, and its quantification by ImageJ (NIH, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, accessed on 13 May 2021), the PCR product was used in an
overnight in vitro RNA synthesis at 37 ◦C as previously detailed [16].
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2.2. Kinetics Studies

All kinetics reactions, with the exception of one (at 0 ◦C and atmospheric pressure),
were performed using a high-pressure high-temperature apparatus (Top-Industrie, France)
as described previously [14]. Briefly, ASBVd(−) was denatured at 94 ◦C for 1 min and
slowly (3 ◦C/min) renatured until reaching 23 ◦C, before dilution in the reaction buffer
(50 mM HEPES, pH 7.5). The solution was loaded into the apparatus and equilibrated
at the given pressure/temperature before starting the reaction by addition of 50 mM
MgCl2. Aliquots were withdrawn at appropriate times, quenched with stop solution (7 M
urea, 0.01% xylene cyanol, and 50 mM EDTA). The reaction products were analyzed by
a 10% denaturing PAGE and quantified using ImageJ as previously described [14]. The
percentage of cleavage was plotted as a function of time and the plots were fitted to a
single-exponential equation: F = Fmax(1 − e−kobst) where F is the percentage of the cleaved
viroid at time t, Fmax, the maximum percentage of cleaved viroid, and kobs, the observed
rate constants for cleavage. As the exact significance of the plateau observed is not known,
kobs was not deconvoluted into the rate constants for cleavage (kcleav) and ligation (klig).

2.3. ASBVd(−) Structural Modeling

RNAfold WebServer [25,26] (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.
cgi, accessed on 23 May 2021) was used with the default parameters [27] and only the temper-
ature was varied from 0 to 65 ◦C. To model the ASBVd(−) tertiary structure, the dot-bracket
notations of the centroid secondary structures were input in the RNAComposer [28] and
the CentroidFold secondary structure prediction method was selected. The pdb structures
were visualized using iCn3D, a Web-based 3D Viewer for Sharing 1D/2D/3D Represen-
tations of Biomolecular Structures [29]. As for the ASBVd(−) solvent accessibility, it was
predicted using RNASol an RNA solvent accessibility prediction WebServer [30].

3. Results

3.1. Influence of Pressure on the Reaction Rate

The self-cleavage activity was measured as indicated in “Materials and Methods”
under a range of pressure going from 1 to 300 MPa and at 30 ◦C. The progress curves
obtained are shown in Figure 2a where it can be seen that pressure had a significant negative
effect on this reaction, 50% inhibition being observed at 300 MPa. The rate constants of this
reaction were used to draw the variation of the Log of the rate constant as a function of
pressure. This is shown in Figure 2b. The linear plot of such a representation allows the
determination of the activation volume of the reaction, ΔV �=, since the slope of the line is
equal to –ΔV �=/RT [31]. In the present case, Figure 2b indicates that at low pressure this
activation volume was 18.5 mL/mole and became 5 mL/mole at high pressure. Thus, it
appears that pressures inferior to 100 MPa provoke a conformational change in the viroid
that is less pronounced at higher pressures (150–300 MPa), although the additional effect
was still measurable.

The fact that the slopes were negative indicates that during the formation of the
transition state the surface of the viroid exposed to the solvent decreased together with
the extent of the electrostriction, due to the exposure of charged and hydrophobic residues
to the solvent. This is in accordance with the previous conclusion that the formation of
the transition state of this viroid involves a domains’ closure [32]. Thus, pressure had an
effect on the initial conformation of the viroid in such a way that its conformation becomes
closer to what it was in the transition state of the reaction. The above-described influence
of pressure on the activity of the viroid is fully reversible.
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(a) (b) 

Figure 2. Kinetics of the ASBVd(−) self-cleavage reaction. (a) Time course of the reaction at 30 ◦C and
different pressures. (b) Plot of Ln k against pressure providing the activation volumes of the reaction.

3.2. Influence of Temperature on the Reaction Rate

The temperature dependence of the self-cleavage reaction is shown on Figure 3a. As
expected, the temperature increased the rate of the reaction up to 55 ◦C then it decreased it,
irrespective of the pressure. Since the rate of the self-cleavage reaction is independent of
the viroid concentration, the initial rates of this reaction directly reflected the rate constants
and were thus used here to draw the variation of Ln k as a function of pressure. That did
not change the slope of the line obtained and allowed us to graph the Arrhenius plot, which
provided a value of 64.9 KJ/mol for Ea, the activation energy of the reaction (Figure 3b).

 

(a) (b) 

Figure 3. Effects of temperature on the ASBVd(−) self-cleavage reaction. (a) Rates of reaction as a
function of temperature at different pressures. (b) Corresponding Arrhenius plot at atmospheric
pressure providing the energy of activation of the reaction.

3.3. The 2D and 3D Structural Modeling of ASBVd(−) at Different Temperatures

To gain additional insight into ASBVd(−) conformational changes during autocataly-
sis, 2D and 3D models depicting the secondary and tertiary structures of ASBVd(−) were
simulated at the different experimental temperatures, ranging from 0 to 65 ◦C. In the 2D
models, two prediction methods were used: the minimum free energy prediction and the
thermodynamic prediction. The first method yields the “optimal secondary structure”,
which has the minimum free energy (MFE), and the second yields the “centroid secondary
structure”, which has the minimum total base-pair distance to all structures in the ther-

93



Biology 2021, 10, 720

modynamic ensemble [27,33]. The MFE for both prediction methods are given in Table 1,
showing an expected increase with the temperature.

Table 1. Minimum free energy (MFE) 1 of the different secondary structures of ASBVd(−) at differ-
ent temperatures.

Temperature (◦C)
Minimum Free Energy
Prediction (kcal/mol)

Thermodynamic Ensemble
Prediction (kcal/mol)

0 −118.4 −119.71
20 −83.78 −86.79
25 −75.16 −78.84
30 −66.63 −71.05
35 −58.54 −63.44
40 −50.75 −56.11
45 −43.13 −49.09
55 −28.64 −36.01
65 −17.16 −24.64

1 Values determined using the RNAfold WebServer with the default parameters.

The MFE secondary structures, generally rod-like, did not significantly change be-
tween 0 and 45 ◦C, especially around the cleavage site (Figure 4). In fact, structures at
0–20–25 ◦C were identical, similarly for structures at 35–40–45 ◦C. Structures at 55 ◦C
and 65 ◦C, although branched and different from those at lower temperatures, were also
identical to each other.

 

Figure 4. Optimal secondary structures of ASBVd(−) at different temperatures as determined using
the RNAfold WebServer. Arrows denote C86, the cleavage site.

On the other hand, the centroid secondary structures were unique at each temperature
and showed an expected gradual opening of the molecule, although the overall rod-like
structure was persistent (Figure 5). Furthermore, the 3D tertiary structure, calculated using
these centroid secondary structures as input, were also different at different temperatures
(Figure 6). Specifically, at 0–30 ◦C the structures were largely twisted, at 35 ◦C both
ends were antiparallel, at 40 ◦C a molecular closure in which the two ends came close
to each occurred, and this was more pronounced at 55 ◦C. Interestingly at 45 ◦C, the
viroid assumed a unique ohm-shape conformation in which the cleavage site pointed to
the inside of the structure, an indication of a possible change in the solvent accessibility,
and a novel active conformation for catalytic RNAs. Finally at 65 ◦C, the viroid assumed
a partially open and less twisted structure, although the rod-like structure around the
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cleavage site was still maintained. In addition, ASBVd(−) accessibility to the solvent was
also predicted and the result showed that, unsurprisingly, the cleavage site had the highest
solvent accessible surface area among its surrounding nucleotides (Figure 7). Altogether,
these results illustrated the importance of the conformational changes that accompany the
RNA autocatalysis.

 

Figure 5. Centroid secondary structures of ASBVd(−) at different temperatures as determined using
the RNAfold WebServer. Arrows denote C86, the cleavage site.

 

Figure 6. The 3D structures of ASBVd(−) at different temperatures as determined using the RNAComposer. The dot-bracket
notations of the centroid secondary structures shown in Figure 5 were used as input and the CentroidFold secondary
structure prediction method was selected. Arrows denote C86, the cleavage site. The nucleotides are rainbow-colored (3′-red,
orange, yellow, green, turquoise, blue, indigo, and violet-5′). 3′ and 5′ indicate the 3′-OH and 5′-phosphate extremities of
the viroid.
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Figure 7. Accessible surface area of ASBVd(−) nucleotides as determined using the RNASol Web-
Server. The inset is the enlarged graph around the cleavage site, denoted with an arrow.

3.4. Reciprocal Effects of Pressure and Temperature on the Activation Energy

Pressure had no influence on the temperature dependence of the self-cleavage reaction
as explained below. This temperature dependence was determined under pressures going
from 1 to 200 MPa. As shown in Figure 3a the temperature dependence profiles were
exactly the same at all pressures. The rate of reaction was measured at four pressures
and three temperatures. The results are shown in Figure 8. Although accurate energy
of activation cannot be calculated on three points, the interesting observation is that the
plots of Ln k f(1/T) obtained at various pressures were nearly parallels, indicating that the
energy of activation of the reaction was not significantly affected by pressure.

 

Figure 8. Arrhenius plots of the autocleavage reaction of ASBVd(−) at different pressures.

Pressure and temperature exert reciprocal compensatory effects. This is visualized
in Figure 9. This property illustrates the adaptability of RNA molecules and viroids
in particular. It might have played an important role in the early development of life,
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particularly in the environment of the deep-sea vents, which have been proposed to be the
cradle of life [34].

Figure 9. Reciprocal compensatory effects of pressure and temperature in the ASBVd(−) autocatalytic
reaction. The plot was determined by estimating the temperature required at each pressure to achieve
a 5% cleavage of the viroid in 1 min.

4. Discussion

The importance of hydrostatic pressure and temperature as critical physical parame-
ters in the understanding of the structure–function relationships of enzymes has long been
established [35–39]. Regarding small autocatalytic RNAs, or ribozymes, the conformational
changes accompanying the catalytic activity have also been characterized. For instance,
a hairpin ribozyme requires a ΔV �= ranging between 23 and 34 mL/mole depending on the
particular RNA [11–13]. The hairpin ribozyme ΔV �= was about 2–3 fold larger than that of
a viroid-derived hammerhead ribozyme, ranging between 3 and 12 mL/mole and reflecting
the presence in the solution of two isomer populations with different conformations [14]. In
this study, ASBVd(−) also exhibited at least two conformers with measurable ΔV �= of 5 and
18.5 mL/mole (Figure 2b). The fact that ΔV �= of the entire ASBVd(−) was similar to that of
the minimal ribozymic motif suggests that the measured activation volume corresponds
exclusively to a local conformational change near the catalytic site and the viroid region
outside the catalytic core does not play a significant role in the catalytic reaction. This
explanation is in-line with the hypothesis that the viroid sequences outside the catalytic
core have essentially evolved to stabilize its overall structure and optimize its activity.

Another interesting observation is that a relatively slow ASBVd(−) autocatalytic
reaction had a ΔV �= comparable to that of a fast-cleaving minimal hammerhead ribozyme,
indicating that ΔV �= alone does not necessarily correlate with enzymatic activity, and rather
depends on the structural moieties of the molecule. For instance, the lower activity of
ASBVd(−) compared to the minimal hammerhead and hairpin ribozymes may be due to
the relatively larger size of the viroid requiring more Mg2+ ions to shield the phosphate
groups, before triggering the specific chemical reaction of cleavage. Furthermore, it is
possible that large regions outside the catalytic site might be at play, in such a way that
despite the large conformational changes, the overall ΔV �= is compensated and, hence,
small. In this regard, ASBVd(−) tertiary structure modeling at different temperatures,
revealed that, indeed, both ends of the rod-like structure of the viroid were involved in
large conformational changes in a way that the structure bent around the cleavage site at
55 ◦C, where the viroid was most active. This molecular closure was similar to that of the
small ribozymes.

The temperature-dependent activity is extensively studied in the case of small ri-
bozymes [40–44]. However, little is known about the temperature dependence of viroids
self-cleavage activity. It is shown here that, as expected, ASBVd(−) autocatalytic activity in-
creased with temperature up to 55 ◦C and then rapidly dropped above 55 ◦C, and that also

97



Biology 2021, 10, 720

occurred at different pressures (Figure 3a). With this strong dependency on temperature,
one could expect that the energy of activation would change under pressure. For instance,
the higher the pressure, the slower the catalytic reaction will be, and, as a consequence,
the higher the activation energy. However, this was not the case (Figure 8). A possible
explanation could be that the domain closure contributes poorly to the energy of activation,
which could be essentially linked to the chemistry of the reaction. By contrast, pressure
and temperature have had compensatory effects on the autocatalytic reaction (Figure 9).
This finding has direct relevance to the possible sites of the origins of life on Earth, where
viroids may have evolved [45], and suggests that near hydrothermal vents environments,
where pressure and temperature are high [46], may elicit a comparable activity to that
occurring at warm ponds on the early Earth’s surface [47]. The significance of these results
also extend to the extant biology where ribozymes are omnipresent and ultraconserved,
particularly in the human genome [48].

5. Conclusions

In summary, the present study reported measurable compensatory effects between
pressure and temperature on the self-cleavage activity of ASBVd(−). We conclude that
viroids, despite their simplicity, exhibit exceptional plasticity and adaptability to a wide
array of physical conditions that may have once existed on early Earth.
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Simple Summary: It is well known that nucleic acids adopt a double-helical structure that is essential
in the storage and replication of genetic code. However, noncanonical structures of DNA are less
explored. The most important of these structures are the G-quadruplexes, which are formed by
guanine-rich sequences of the genome. These G-quadruplexes were found in several crucial positions
of the genome; they regulate important processes such as cell proliferation and death. Here we are
investigating the quadruplex structures appearing in the genome of the hepatitis B, whose infection
is among the ten leading causes of death. Our unique approach—the high-pressure technique—
allowed us to characterize the stability of these quadruplexes in wide temperature and pressure
ranges. Pressure experiments gave us the volume changes occurring at the unfolding, e.g., the
embedded volume of the folded structure. Volumetric parameters are especially important because
the space available for molecules is quite limited in the crowded environment of the cell. We also
investigated how the stability of the viral quadruplexes can be increased by the binding of TMPyP4,
a special ligand developed for cancer therapy.

Abstract: G-quadruplexes are noncanonical structures formed by guanine-rich sequences of the
genome. They are found in crucial loci of the human genome, they take part in the regulation of
important processes like cell proliferation and cell death. Much less is known about the subjects
of this work, the viral G-quadruplexes. We have chosen three potentially G-quadruplex-forming
sequences of hepatitis B. We measured the stability and the thermodynamic parameters of these
quadruplexes. We also investigated the potential stabilization of these G-quadruplexes by binding a
special ligand that was originally developed for cancer therapy. Fluorescence and infrared spectro-
scopic measurements were performed over wide temperature and pressure ranges. Our experiments
indicate the small unfolding volume change of all three oligos. We found a difference between
the unfolding of the 2-quartet and the 3-quartet G-quadruplexes. All three G-quadruplexes were
stabilized by TMPyP4, which is a cationic porphyrin developed for stabilizing the human telomere.

Keywords: G-quadruplex; hepatitis B; DNA; oligo; FRET; FTIR; spectroscopy; pressure; volume
change; TMPyP4

1. Introduction

Guanine-rich nucleic acid sequences can form non-canonical structures. One of the
most important among these structures are the four-stranded G-quadruplex (GQs), in
which four guanines are arranged in one plane. They are connected by Hoogsteen-type
hydrogen bonds instead of the Watson–Crick-type ones (Figure 1), and they are stabilized
by eight hydrogen bonds. A GQ is typically composed of two or three G-quartets. A central
metal ion is essential, as it is necessary to stabilize the structure. GQs can have a number
of different conformations they can be formed by one, two or four different strands. The
monomers are the most important forms, in these structures one nucleic acid chain is
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folded to form the GQ. As for the orientation of the strands, they can appear in parallel,
antiparallel or hybrid forms [1,2]. GQs, in vitro and in vivo, can interact with various ions
and molecules that give them special biological significance. In vivo, GQs take part in the
regulation of gene expression; in vitro, they are used in analytical biochemistry [3]. Their
in-vivo relevance is mostly related to the stabilization of the DNA or RNA. GQs came
into the focus of the research, when their abundance in the telomere region of the human
genome was reported [4,5]. Formation of GQs in this region inhibits the telomerase activity.
Additionally, they were found in the promoter region of several oncogenes [6,7], which
made them a potential target for cancer treatment [4,8]. Recently, potentially GQ-forming
sequences were found in several viral genomes, and it opens the possibility to target viral
GQs using molecules developed for cancer research. Additionally, an interaction between
viral proteins and GQs was also reported recently, which underlines the importance of GQs
in viral research [9].

Figure 1. (a) Structure of a G-quartet formed by four guanine bases. The figure was made by the
Viewerlite 4.2 program, selecting one quartet from the 2HY9 pdb structure. (b–d) Typical structures
of a two-quartet GQ. The panels show the parallel, hybrid and basket forms respectively.

In this paper we report the evaluation of three GQ-forming sequence of the hep-
atitis B virus (HBV). HBV is one of the most frequent chronic viral infections, around
350–400 million people are currently infected worldwide [10]. HBV infection was among
the ten leading causes of death in 2010 [11]. HBV has a small circular DNA genome with
a length of approximately 3.2 kilobase pairs [10–13]. HBV has four overlapping reading
frames that encode seven proteins (including S for surface or envelope gene, C for the core
gene and P for the polymerase gene) [12,14].

Lavezzo et al. [15] were searching for potential GQ-forming sequences in genomes of
several viruses. For the HBV, the highest G-score was associated to the GGC TGG GGC
TTG GTC ATG GGC CAT CAG (NC_003977.2:1204..1230 (+strand)) sequence, which can
be found in the coding region of the polymerase protein.

Several other potential GQ-forming sequences with slightly lower score were also
identified. Biswas et al. [12] found a conserved sequence containing GGG tetrads in the pro-
moter region of the envelope-coding gene, the S protein of the virus. This GGG AGT GGG
AGC ATT CGG GCC AGG G sequence is also worthy of investigation. Another promis-
ing GQ-prone sequence might be the GGG TGG CTT TGG GGC ATG G (NC_003977.2
NC_003977.2:1886..1904 (+strand)) which can be found in the C protein’s signaling region
in the virus.

In experimental practice, pressure is a highly overlooked variable of thermodynamics,
although it is equally important as temperature [16–22]. The low number of high-pressure
studies can be partially explained by technical difficulties. Experiments performed at few
kilobars are considered by some as non-physiological. Of course, high temperatures or a
few moles of GuHCl—which are frequently used in stability studies of macromolecules—
are not physiological either. However, high-pressure experiments give the unique possibil-
ity of revealing the volumetric properties of the system under study.

The usefulness of high-pressure experiments has been proven in a wide range of
publications [22–30]. According to the Le Chatelier’s principle, the pressurized system
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prefers the state that has the smallest volume. This is how protein unfolding is induced by
pressure [31–33]. Typically 5 kbar pressure is enough to unfold an average protein, like
myoglobin [34], although there are much more stable ones as well [35]. Intermolecular
interactions are even more sensitive to pressure; typically 2 kbar leads to disaggregation of
oligomeric structures [29,34,36]. Lipid-phase transition lines are also shifting with pressure,
which is again a nice example for the Le Chatelier’s principle: pressure stabilizes the more
tightly packed gel phase [37,38].

Nucleic acids were treated as pressure insensitive for a long time. The unwinding of
the double helix structures is hardly influenced by pressure, but noncanonical structures,
like GQs and i-motifs show volume changes during their unfolding [22,26,39–41]. There-
fore, they are appropriate for such high-pressure studies that can provide volumetric data.
The volume change of the folded GQ structure allows characterization of the tightness and
stability of this noncanonical form.

This paper focuses on the stability and volumetric parameters of the above mentioned
three GQ-prone sequences of the hepatitis B virus. The investigation of these structures is
of vital importance for designing methods wherein the life cycle of the virus is influenced
by targeting these noncanonical structure-forming parts of the genome.

2. Materials and Methods

Three oligonucleotides—named HepB1, HepB2 and HepB3—were investigated. Their
sequences are: HepB1: GGC TGG GGC TTG GTC ATG GGC CAT CAG, HepB2: GGG AGT
GGG AGC ATT CGG GCC AGG G HepB3: TTG GGT GGC TTT GGG GCA TGG AC. The
oligonucleotides were purchased from IDT (Coralville, IA, USA) and Sigma-Aldrich Kft
(Budapest, Hungary).

For the fluorescence studies, the oligos were labeled with the FRET pair FAM and
TAMRA. (FRET: Förster resonance energy transfer, FAM: Carboxyfluorescein CAS Number:
3301-79-9, TAMRATM: Tetramethylrhodamine) The labeling was performed by IDT or
Sigma-Aldrich, where the oligos were synthetized. The oligos were obtained from the
manufacturers in lyophilized form.

For the fluorescence experiments, the HepB_FRET samples were first dissolved in
MilliQ water in a concentration of 100 μM, according to the suggestion of IDT. This stock
solution was kept frozen and diluted with an appropriate buffer during sample preparation.
The final concentration of the oligos in the samples was 1 μM, unless stated otherwise. For
the heating experiments, 100 mM K-phosphate buffer (pH 7.4) was used, because of its
insensitivity to temperature changes. For experiments with Li+ and Rb+, Tris buffer was
used. TMPyP4 (meso-5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)porphine) was purchased
from Merck KGaA, (Darmstadt, Germany) and ChemCruz (Dallas, TX, USA).

In the infrared experiments much higher concentration of HepB was required. The
oligos were dissolved in D2O-based Bis-Tris buffer (100 mM, pD 7.4) in a concentration of
20 mg/mL. The metal ion concentrations were 100 mM. All chemicals not specified above
differently were purchased from Sigma-Aldrich.

Fluorescence experiments were performed as described earlier in details [25,42].
Fluorolog-FL3 fluorimeter (Horiba Jobin Yvon, Longjumeau, France) was used mainly
for the temperature scans. It was equipped with a programmable temperature-controlled
cell (DI instruments, Budapest, Hungary). An HH802U thermometer and the correspond-
ing software from Omega were used to record the temperature by a thermocouple directly
in the cuvette (Omega Engineering Inc., Norwalk, CT, USA). The temperature was in-
creased by 0.2 ◦C/min. Spectra were recorded every 5 min, resulting in spectra of ca. 1 ◦C
intervals. Fluorescence intensity was divided with the signal of the reference diode of the
spectrometer in order to standardize the experiments. For the high-pressure experiments, a
homemade reflection-mode diamond cell was adopted for the sample holder. The pressure
was measured by recording the ruby fluorescence. A small ruby chip was placed into
the pressure cell, and it was excited by a green HeNe laser (Coherent, Santa Clara, CA,
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USA). The emitted light was detected by a CCD camera (Andor, Belfast, UK) attached to a
THR1000 monochromator (Jobin Yvon, Longjumeau, France).

FTIR spectra were measured with a Bruker Vertex 80v spectrometer. A total of 256 spec-
tra were averaged at a 2 cm−1 resolution. D2O buffer was used as solvent, in order to
avoid the large absorption band of water around 1640 cm−1. The samples were measured
in a temperature-controlled diamond anvil cell (Diacell, Leicester, UK). The pressure was
measured using the 983 cm−1 line of BaSO4 [43]. The experiments were performed by
increasing the temperature with a rate of 12 ◦C/hour at constant pressure. Spectra were
recorded in 5 min intervals, i.e., in ca. 1 ◦C steps.

CD (circular dichroism) spectra were recorded with Jasco J-720 spectrometer in a 1 mm
cuvette with 0.1 nm steps. The spectra were smoothed with Fourier filter.

The transition temperature was determined by fitting the temperature dependence of
spectral parameters by the following sigmoidal function:

y(T) = a + bT +
Δa + ΔbT

1 + exp
(

ΔH
R

(
1
T − 1

Tm

)) (1)

Here, y is the physical parameter to be fitted (e.g., fluorescence intensity, ratio of
fluorescence intensities at two different wavelengths or absorbance at certain wavenumber
of the infrared spectrum), a and b are the parameters describing the linear dependence of
y(T) below the transition, T is the thermodynamic temperature, Δa and Δb are the changes
of a and b during the transition, ΔH is the enthalpy change, R is the universal gas constant,
and Tm is the transition midpoint.

The Clausius–Clapeyron equation was used to calculate the volume changes taking
place during the pressure experiments:

ΔV =
ΔH
Tm

dTm

dp
(2)

It has to be mentioned, that in this paper the volume change is defined as the unfolding
volume, that means ΔV = Vunfolded − Vfolded.

3. Results and Discussion

3.1. Temperature Stability of HepB1-3 Detected by FRET

Figure 2a–c shows the change of the fluorescence spectra of the three oligos during
the temperature scan. All the oligos were labeled by FRET pair, and K+ ions were present
to stabilize the GQs. An increase of the donor fluorescence intensity at 520 nm can be
observed while the fluorescence of the acceptor is decreasing. The intensity at the acceptor
position seems to be constant in case of HepB1, but this is due to the emission of the donor
at 580 nm. Indeed, the high temperature spectra contain purely the donor emission, and
the acceptor emission is completely lost. For comparison, a spectrum of GQ with FAM
labeling only is shown in Figure 2d. In this case energy transfer is not possible, so it shows
the spectrum of the donor without energy transfer. This spectrum is quite similar to the
high temperature spectra on Figure 2a–c. Consequently, we can state the absence of—or at
least a considerable reduced—energy transfer in the high-temperature spectra of HepB1-3.
The increase of the donor fluorescence and the simultaneous decrease of the acceptor
fluorescence clearly indicates the unfolding of the GQ structure at high temperatures. The
Förster distance of the FAM-TAMRA FRET pair is 5.5 nm. In case of the folded GQ, the
distance between the quartets is around 0.3 nm, while the width of the structure is around
2.5 nm. The distance between the first and last phosphorus atoms is around 2.5 nm in a
three-quartet hybrid GQ. Since a 3D structure is not available for any HepB variants, these
values were calculated using the 2HY9.pdb structure, which is a hybrid-form GQ found
in human telomere sequences [44]. In this form the two terminal bases are at the different
sides of the three-dimensional structure, having the biggest possible distance from each
other. This means, that the highest possible distance in the two terminal bases in the folded
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GQ is much smaller than the Förster distance of the FRET pair we used. Therefore, the
energy transfer in the low temperature spectra shows unequivocally a folded GQ form.
Our HepB1, HepB2 and HepB3 oligos had 27, 25 and 23 bases respectively. The contour
lengths of oligos containing 27, 25 and 23 bases were 8.1, 7.5 and 6.9 nm, which, together
with the lengths of the linker of the chromophores (ca. 2 and 1 nm), were definitely larger
than the Förster distance of the FAM-TAMRA pair. This means the loss of the energy
transfer, i.e., the high intensity of the donor fluorophore is a clear sign of the unfolding of
the GQ structure.

Figure 2. Fluorescence spectra of (a) HepB1, (b) HepB2, (c) HepB3 and (d) human telomere (Htel) at atmospheric pressure.
The HepB oligos are labeled by the FRET pair FAM (as donor) and TAMRA (as acceptor), Htel was labeled only with FAM.
The fluorescence intensity is divided with the signal of the reference diode of the spectrometer in order to standardize the
experiments. The lowest temperature spectrum has the lightest color while the high temperature one is dark. Additionally a
red arrow shows the direction of the spectral changes during temperature increase. The inserts in (a–c) show the fit of the
donor intensity with the function of Equation (1). The oligos were measured in presence of 140 mM K-phosphate buffer
(pH 7.4). The oligo labeled with FAM only can be seen in panel (d) to show the case, when there is no energy transfer.

The folded state can be characterized by the relative FRET efficiency (Erel) [45]. It is
defined as:

Erel = Ia/(Ia + Id) (3)

where Ia and Id are the fluorescence intensities at the acceptor and donor positions. Since
the donor also emits slightly at the acceptor position, the value 0.11 means complete
absence of the FRET.

The Erel values are summarized in Table 1. All the folded values are around 0.65. The
small variation of Erel suggests that the folded forms have the same or at least similar folded
conformation. In our earlier circular dichroism spectroscopic studies, we found a hybrid
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structure for the potassium-stabilized HepB1 [46]. We measured the CD spectra of HepB2
and HepB3 in presence of K+ ion. These spectra are shown in the Supplementary Materials
(Figure S1a,b). Based on these spectra we can rationalize the hybrid structure for all the
HepB variants in the presence of K+ ion [47,48]. The small Erel values at high temperatures
indicate the single-stranded (unfolded) conformation. Oliva et al. [45] measured Erel = 0.33
for the unfolded Htel, which was shorter than our oligos. Their Erel value for the folded
hybrid form was a bit higher than our values, but HepB1 was proven to form a hybrid
structure in presence of potassium ion. The discrepancy can be explained, again, by the
different oligo lengths.

Table 1. Relative fluorescence efficiency values of HepB oligos in folded and unfolded conformations.
All experiments were performed in presence of potassium ion.

Oligo Name
Relative FRET Efficiency Erel

Folded Unfolded

HepB1 0.65 0.21
HepB2 0.64 0.27
HepB3 0.69 0.24

We evaluated the donor emission intensity to characterize the unfolding quantita-
tively. The donor intensity versus temperature is plotted in the inserts. A sigmoid curve
(Equation (1)) was fitted, which was obtained from the two state thermodynamics. These
are shown in the inserts. The transition temperatures were 53.8, 51.9 and 41.4 ◦C for HepB1,
HepB2 and HepB3 respectively. It is noteworthy that HepB1 is the most stable, although
HepB2 would be able to form a three-quartet GQ, which is considered more stable than the
two-quartet one. Transition temperatures around 50 ◦C are typical for two-quartet GQs.
As for the unfolding temperature of the two-quartet thrombin-binding aptamer (TBA),
53 ◦C was measured [41], while the three-quartet Htel unfolds at around 65 ◦C [42,49]. This
means that either HepB2 does not form a three-quartet GQ, or it was somehow destabi-
lized. Guedin et al. [50] investigated the effect of the loop length, and they found a clear
destabilization caused by long loops. Since HepB2 has a long loop in the middle, this can
be the reason for its low stability. The low stability of HepB3 may be surprising at the first
sight, but it can only form two G-quartets; if we compare it with HepB1—which also has a
two-quartet structure—HepB1 is more stable. We can hypothesize, that the last guanine of
the HepB1 sequence can turn back and it can form a stability-increasing structure with two
other guanines. This is not possible in case of HepB3, which results its lower stability.

3.2. Stabilizing Effect of Monovalent Cations

All the GQs have to be stabilized by metal ions that are located in the middle of the
G-quartet, or in between of the quartets, depending on the geometrical constraints. We
investigated four ions of the first column of the periodic table, namely: Li+, Na+, K+, Rb+.
They have different ionic radii, which would predict differences in their stabilizing ability.
We measured the temperature stability (i. e. the transition temperature, Tm) for all the
HepB oligos in the presence of all four ions. The results can be seen in Table 2.

Table 2. Transition temperature (Tm) of the three studied HepB oligos in presence of different cations.
The order of stabilizing ability is indicated as well.

Oligo Li+ Na+ K+ Rb+ Stabilizing Order

HepB1 58.5 56.6 53.8 54.4 Li+ > Na+ > Rb+ � K+

HepB2 46.9 51.0 51.9 45.6 K+ > Na+ > Li+ � Rb+

HepB3 49.4 48.1 41.4 44.4 Li+ > Na+ > Rb+ > K+

� means a little bit larger.
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As it can be seen, there is a difference between the values of HepB2 and the other GQs.
This can be explained by the different sequences, which result in different structures. HepB2
contains four GGG repeats, while in the other two sequences there are GG sequences as
well. This means, that HepB1 and HepB3 can only form a two-quartet GQ, while in HepB2
a three-quartet structure can be formed. Moreover, different cations can stabilize different
conformations. In our earlier study we have shown, that HepB1 forms parallel structure
in the presence of Li+, Na+ and Rb+, while K+ induces a hybrid structure. There is no
common rule for the order of stabilization among the monovalent cations. Earlier studies
suggested that K+ is the most potent stabilizer, followed by Na+ and Rb+ ions [51–53].
Li+ was reported to be too small to considerably stabilize the GQ form. Our results show
somehow different order in stabilization. This can be explained by the fact, that earlier
studies mainly focused on three-quartet GQ-forming, while HepB1 and HepB3—where
the order of the stabilizing ions is different from the conventional one—can only form
two-stage GQs. In case of two-stage GQs lithium is the most potent stabilizer. This implies
a more closely packed structure, which can be stabilized by a relatively small ion, too.
However, the differences in the stabilizing abilities of the ions are quite small. This fact
suggests that the main factor in the stability of the quadruplexes is not the size of the central
ion, but the hydrogen bonds stabilizing the GQ structure.

3.3. Pressure Experiments
3.3.1. FRET Experiments under Pressure

Volumetric characterization of the GQs can be obtained from the pressure dependence
of the system. The experiments described hereafter were performed in the presence
of potassium ions, since this is the one that is present in highest concentration in vivo.
The temperature unfolding experiments described above were also repeated at different
elevated pressures. Unfortunately, this work is not as straightforward as it could be,
using the pure thermodynamic description. This is due to the pH-dependence of the
GQs. Although they are quite pH-insensitive, the slight pH-induced shift in the unfolding
temperature can also lead to the distortion of the analysis.

This result inspired us to control and take into account the pH-alterations more
carefully than is usually done. All of the experiments were pH-corrected, which means,
that the pH was calculated for the actual pressure and temperature of the transition point.
We used the dpH/dT values from Good et al. [54] This allowed us to perform a three
dimensional fit afterwards, using the following function:

Tm = a + b·pH + c·p. (4)

This way we obtained the pH- and pressure dependence of the unfolding temperature.
Since the pH-dependence is not important, from the point of view of our volumetric study,
and the three-dimensional plots are difficult to interpret, we made a pH-correction. (See
the three-dimensional fits in Figures S2–S4) We corrected all the measurement points to
the physiological pH value, pH = 7.4. Plots of the corrected Tm values as function of the
pressure are shown in Figure 3. A linear fit was applied to the points to obtain the dTm/dp
value, which was used to determine the volume change values. The slope of the line is
actually the same as the c value deriving from the 3D fit (Equation (4)).

The volume change of the unfolding can be obtained from the slope of these lines
using Equation (2). This also requires the ΔH values, which were obtained from the fit of
the donor emission intensity data to Equation (1). The entropy changes decreased slightly
with the pressure, therefore the value extrapolated to zero pressure was used. The ΔH
values are: 192 ± 4 kJ/mol for HepB1, 124 ± 10 kJ/mol for HepB2 and 82 ± 9 kJ/mol for
HepB3. The smaller enthalpy changes are reflected in the transition curves too; they are
much less sharp, in the cases of HepB2 and HepB3, compared with HepB1.

Using these values, we can calculate the volume changes for each oligo.
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Figure 3. Pressure dependence of the unfolding temperature values for the three HepB variants. (a) HepB1, (b) HepB2,
(c) HEpB3. The temperature values are pH-corrected as described in the text.

3.3.2. Unfolding of GQ as Seen from the Infrared Spectroscopy

FTIR spectra were recorded in the diamond anvil cell (DAC). The transmission cell has
two diamond windows and requires a very small sample volume (few × 10 nl). However,
the concentration of the sample should be much higher compared with the fluorescence
experiments, in order to obtain good quality spectra. This is because the absorption of
water in the infrared range limits the path length.

The infrared spectrum contains absorption bands belonging to the molecular vibra-
tions. The most conformation-sensitive vibration in the HepB GQs is the one in the range
of 1660–1680. This band comes mainly from the C6 = O6 carbonyl vibration of the guanine
base [42,55]. Since this takes part in the Hoogsteen-type hydrogen bond network, unfolding
of the GQ alters the vibrational frequency [56]. Figure 4 shows this spectral region in case
of HepB1 at a few selected temperatures. The position of the band is at 1660–1665 cm−1 for
free guanine, it is near 1672 cm−1 in case of Hoogsteen-type hydrogen bonding, and it is at
1689 cm−1 in the Watson–Crick type double helix [42,57]. The presence of the 1672 cm−1

band in the low-temperature spectra is clear, and its disappearance in high-temperature
spectra is also unequivocal. Simultaneously, the absorption in the middle of the 1660 cm−1

band is increasing. To determine the transition temperature, we fitted the absorbance
values at 1660 cm−1 with Equation (1). We performed the same experiments at different
pressure values. The transition temperatures are plotted against pressure in Figure 5. The
ΔV value was obtained using calculations similar to the ones used for the fluorescence
experiments earlier (see Table 3).

The other two HepB variants seemed to have different structure at high concentration
needed for the infrared measurements. Their stability was considerably higher even at
atmospheric pressure. This could be the sign of the stacking aggregation [58] or formation
of the intermolecular GQs, which can be formed by two or four oligos. Therefore, we
do not report their pressure behavior, here. The volume-change values obtained from
the fluorescence and infrared experiments are in agreement in case of HepB1. One can,
however, observe a slight curvature in both the fluorescence and infrared phase boundaries.
This curvature points toward the possibility of the elliptic boundary, which is typical in
case of proteins [16,19,59]. A similar phase diagram has been suggested by Chalikian and
Macgregor [22] on the basis of theoretical calculations, but this is the first example, where
such curved phase boundary is measured experimentally. Unfortunately, the experimental
points cover only a small fraction of the ellipse; therefore, the fitting of the elliptic phase
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boundary is not possible. This is why we used the simple linear fit. Most probably, the
rest of the ellipse lies out of the relevant and experimentally reachable region of the p-T
diagram, if we take into account the freezing curve of the water [16,60].

Figure 4. Infrared spectrum of HepB1 in the range of the C=O vibration at selected temperatures.

Figure 5. Transition temperatures of HepB1 versus pressure determined by FTIR spectroscopy.

Table 3. Pressure dependence of unfolding temperature and the calculated volume-change values
for the HepB oligos in the presence of potassium ions.

Oligo Name Technique dTm/dp (◦C/kbar) dV (cm3/mol)

HepB1 FRET 3.04 ± 0.58 17.8 ± 3.8
IR 2.75 ± 0.28 16.1 ± 2.0

HepB2 FRET −0.96 ± 0.22 −3.7 ± 0.6
HepB3 FRET 0.79 ± 0.38 2.0 ± 1.1

3.3.3. Volume Changes at the Unfolding of HepB GQs

As was mentioned at the end of Materials and Methods, ΔV is defined as the unfolding
volume change. This is important to clarify, because not all the publications follow this
convention. Positive ΔV means that the unfolded state has a larger volume compared
with the folded one. This means that pressure favors the folded state. If the sample is
pressurized, the unfolding temperature raises, i.e., dTm/dp > 0. The phase diagram looks
like the one in Scheme 1a. If the phase boundary is crossed in the direction of the unfolding,
a positive experimental ΔV can be obtained. If ΔV is negative, i.e., the folded state is more
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compact than the unfolded one; the phase-boundary line has a negative slope, dTm/dp < 0
(Scheme 1b). All these considerations are valid only if the unfolding is an endothermic
reaction, as it is in the case of GQs [61].

Scheme 1. Shape of the temperature–pressure phase diagram, in the cases of different signs of the
unfolding volume ΔV. (a) ΔV > 0 and (b) ΔV < 0. Vf and Vu are the volumes of the folded and
unfolded molecules respectively.

A further important remark is that we always measure the volume change of our
sample during the unfolding. ΔV is not only the volume change of the GQ itself, volume
changes in the hydration shell contribute to it, as well.

As was mentioned earlier, the double-helix DNA does not really respond to pressure,
due to its almost-zero unwinding volume. However, in GQs clear pressure effect has been
measured for several different forms [25,42,49,62]. The rehydration of the coordinated
cations and the volume changes of the DNA molecule itself are believed to be responsible
for the volume change during the unfolding [49]. Measurements performed earlier using
the thrombin binding aptamer (TBA) showed negative unfolding volume change [41]:
ΔV = −55 ± 4 cm3/mol. For Htel, −92 ± 5 cm3/mol was measured by Takahashi et al. [62].
These authors observed reduction of the ΔV in the presence of crowding agents such as
polyethylene glycol. Considerably smaller value (−43 ± 7 cm3/mol) was measured by
Li et al. [49]. In our earlier experiments, we investigated four human GQs—c-MYC, KIT,
VEGF and Htel—wherein we obtained ΔV = −17 ± 1, −6 ± 1, −18 ± 5, −19 ± 3 cm3/mol
values respectively [25,42]. The variation in the experimental values points to the im-
portance of slight environmental parameters like crowding, concentration, etc. We have
also noticed (looking into the details of the presumably multistep process) that different
experimental techniques can provide slightly different transition temperatures.

As mentioned earlier, the rehydration of the central ions was suggested to be re-
sponsible for the pressure sensitivity of GQs. Rehydration decreases the volume of the
system, since the hydration shell is denser than the bulk water. It could not be, however,
the only contribution, because similar values were measured for the GQs containing the
same number of quartets, consequently the same number of stabilizing ion. Chalikian’s
group studied the volumetric aspects of the GQ folding in the case of Htel [63]. They
distinguished four terms in the volume change:

ΔV = ΔVM + ΔV T + ΔVH + nVK+ (5)

where ΔV is the measured unfolding volume change, ΔVM is the molecular volume, i.e.,
the volume impenetrable to other molecules, ΔVT is the thermal volume, which is a result
of molecular vibrations and imperfect packing, ΔVH is the volume change due to the
uptake of water molecules into the hydration shell, and VK+ is the partial molar volume
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of the K+ ion. (Our equation differs from the Equation (4) of ref [63] since they study the
folding, while we describe the unfolding volume changes.)

Their calculations based on Htel experiments show more than ten-times higher hydra-
tion volume change (779 cm3/mol), compared with the experimental value (69 cm3/mol).
This was compensated however by high thermal volume of the opposite sign. ΔVM and
VK+ are small (6 and 6.3 cm3/mol, respectively) compared with the other two terms.
This means that the volume change of GQs is a delicate balance between hydration and
thermal volumes.

According to the results of our pressure experiments we obtained both negative and
positive volume changes. As it was mentioned earlier, HepB1 and HepB3 can form two-
quartet GQs, while HepB2 is able to form three G-quartets. This correlates with the signs
of the volume change values, which is negative only in case of the three-quartet GQ. The
positive unfolding volumes in case of HepB1 and HepB3 are unusual for the GQs. There
is however a unique feature in these sequences: they contain longer G repeats with three
and four guanines. Since there are only two quartets, not all of the guanines of such long G
repeats can participate in the stabilization of the GQ form; they might even destabilize the
GQ structure and can be responsible for the positive volume changes.

3.4. Stabilization of the HepB GQs with TMPyP4

The cationic porphyrin compound TMPyP4 was developed to stabilize the human
telomere GQ, in order to inhibit the telomerase enzyme, which elongates the telomere
region of the DNA, contributing to the immortality of cancer cells. We investigated whether
this porphyrin molecule is able to stabilize the GQs in the genome of the hepatitis B virus.
The porphyrin was added to the FRET-labeled GQs at a four-fold excess. The unfolding
temperature increased considerably for all the HepB variants. In some cases, the transition
shifted out of our experimental range, which only allowed us to obtain a lower estimate
for the stabilization. Table 4 shows the extent of stabilization.

Table 4. Temperature stabilization of HepB variants by the cationic porphyrin TMPyP4. All experi-
ments were performed in the presence of potassium ion.

Oligo Name

HepB1 HepB2 HepB3

ΔTm (◦C) = Tm,HepB+TMPyP4 − Tm,HepB 23 >36 >47

As can be seen, all the HepB GQs are considerably stabilized by the binding of TMPyP4.
One can, however, ask as to whether the ligand binds to the unlabeled oligos, too, or only to
the FRET-labeled ones. The binding of TMPyP4 to the unlabeled HepB GQs can be proven
by a competitive binding assay, similar to the one described by Luo [64]. The principle is,
briefly: 1. The unfolding temperature of a FRET-labeled oligo is measured (Tm1). 2. The
increased unfolding temperature (Tm2), in presence of the ligand, is determined. 3. Finally,
the sample containing both the labeled and unlabeled oligo, together with the ligand, is
measured. If the ligand binds to the unlabeled oligo, the fluorescence curve in the third
and first experiments are similar, the Tm3 is near to Tm1 rather than to Tm2. The results are
shown in Figures S5–S7. Our results show clearly that TMPyP4 binds to all tree unlabeled
oligos, however, with different strength. HepB2 binds TMPyP4 with smaller affinity than
the others, as can be seen from the results of the competitive study.

The stabilization of HepB oligos by TMPyP4 points toward practical applications:
TMPyP4 can shift the equilibrium between the double helix and the GQ form and might
hinder the transcription and the proliferation of the virus.

4. Conclusions

We found that all of the three potential GQ-forming sequences of the hepatitis B
virus fold into a GQ structure. They can be stabilized by Li+, Na+, K+, and Rb+. Lithium
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is the most potent stabilizer for the two-quartet GQs, formed by the HepB1 and HepB3
oligos. This suggests that these GQs have a more closely packed structure that allows the
stabilization by the small Li+ ion. Pressure studies resulted in a positive unfolding volume
for HepB1, while, for HepB2 and HepB3, we obtained small negative and positive values.
Volumetric parameters are important factors in crowded environment, which is typical
for biological systems. Under this molecular crowding condition, the available volume is
limited, which can shift the folding equilibrium of GQs. All the HepB oligos were stabilized
by TMPyP4, which was developed to increase the stability of the human telomere GQ.
The stabilization effect was very pronounced—more than 20 ◦C—which points toward
practical applications: TMPyP4 might shift the equilibrium between the double helix and
the GQ form and might hinder the transcription of the virus. This might have a medical
importance, since the stabilization of GQs in the viral DNA shifts the equilibrium between
the double helix and the GQ form, which is believed to influence the transcription of
the genome.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10111173/s1, Figure S1: CD spectra of HepB2 (a) and HepB3 (b) in presence of K+ ion.
Figures S2–S4: Three dimensional fits of unfolding parameters of HepB1, HepB2 and HepB3 in the
pressure-temperature-pH parameter space. Figures S5–S7: Competitive binding assays of HepB1,
HepB2 and HepB3.
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Simple Summary: The volumetric properties of biomolecules define their pressure stability, while also
characterizing their intrinsic and hydration properties. In this paper, we review the recent progress
in volumetric investigations of G-quadruplexes and i-motifs, four-stranded secondary structures of
DNA that have been found in the cell and implicated in regulatory genomic functions. Although the
volumetric studies of G-quadruplexes and i-motifs are still in their nascent state, the data on volume,
expansibility, and compressibility accumulated to date have begun to provide insights into the balance of
forces governing the stability of these non-canonical structures. We present the available volumetric data
and discuss how they can be rationalized in terms of intra-and intermolecular interactions involving
G-quadruplexes and i-motifs including their solute-solvent interactions.

Abstract: Four-stranded non-canonical DNA structures including G-quadruplexes and i-motifs
have been found in the genome and are thought to be involved in regulation of biological function.
These structures have been implicated in telomere biology, genomic instability, and regulation
of transcription and translation events. To gain an understanding of the molecular determinants
underlying the biological role of four-stranded DNA structures, their biophysical properties have been
extensively studied. The limited libraries on volume, expansibility, and compressibility accumulated
to date have begun to provide insights into the molecular origins of helix-to-coil and helix-to-helix
conformational transitions involving four-stranded DNA structures. In this article, we review the
recent progress in volumetric investigations of G-quadruplexes and i-motifs, emphasizing how
such data can be used to characterize intra-and intermolecular interactions, including solvation. We
describe how volumetric data can be interpreted at the molecular level to yield a better understanding
of the role that solute–solvent interactions play in modulating the stability and recognition events of
nucleic acids. Taken together, volumetric studies facilitate unveiling the molecular determinants of
biological events involving biopolymers, including G-quadruplexes and i-motifs, by providing one
more piece to the thermodynamic puzzle describing the energetics of cellular processes in vitro and,
by extension, in vivo.

Keywords: G-quadruplex; i-motif; volumetric properties; pressure-temperature phase diagram;
thermodynamics

1. Introduction

DNA molecules rich in guanine are prone to folding into four-stranded G-quadruplex
structures, while cytosine-rich molecules tend to fold into four-stranded i-motif structures
at slightly acidic pH [1–9]. G-quadruplexes are formed by stacking of two or more G-
tetrads on top of each other. A G-tetrad represents a cyclic planar construct in which four
guanine bases are linked together via Hoogsteen hydrogen bonds as shown in Figure 1a.
The stacking results in the formation of a central cavity in which mono- or divalent cations
are coordinated to the O6 atoms of guanines [1–3,7,10–12]. Sodium and potassium are
the two biologically most relevant cations stabilizing G-quadruplex structures. The four
consecutive G-runs involved in the formation of stacked tetrads in an intramolecular G-
quadruplex are connected to each other via three single stranded linkers known as loops.

Biology 2021, 10, 813. https://doi.org/10.3390/biology10080813 https://www.mdpi.com/journal/biology115
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The polarity of the loops defines the specific topology assumed by the G-quadruplex. G-
quadruplexes can assume a parallel, antiparallel, or hybrid topologies with the molecularity
ranging from mono to tetra (Figure 1b) [7,8,13].

Figure 1. (a) Structure of a G-quartet with a coordinated ion; (b) Schematic representation of
antiparallel, parallel, and hybrid intramolecular G-quadruplexes.

Cytosine-rich DNA molecules can fold into the four-stranded i-motif conformation in
which two parallel duplexes interact in an anti-parallel manner through mutual interca-
lation of hemiprotonated cytosine base pairs (Figure 2a,b) [4–6,14–16]. Although i-motif
structures are favored at slightly acidic pH, they may exist at neutral pH, making the study
of i-motifs biologically relevant [4,14,17–20]. In fact, there is increasing evidence suggesting
that four-stranded nucleic acid structures, including G-quadruplex and i-motif structures,
exist in the cell and are involved in regulation of genomic events including telomere control,
gene expression, and DNA replication [10,21–30]. The existence of i-motifs in vivo may
be related to an increase in the pKa of cytosine protonation in the crowded environment
of the cell [31]. In addition, given the excluded volume effect, crowders may stabilize the
compact i-motif conformation relative the extended unfolded conformation [31].

Figure 2. (a) A hemiprotonated cytosine-cytosine+ base pair; (b) Schematic representation of an
i-motif structure.

116



Biology 2021, 10, 813

The thermodynamic and kinetic properties of interconversions between the duplex,
tetraplex, and single-stranded conformations will necessarily constrain and define the role
these structures play in vivo [7,32,33]. The stability characteristics of G-quadruplex and
i-motif structures have been extensively and systematically studied by varying parameters
such as temperature, pH, salt, and the concentration of cosolvent [4,5,7,31,32,34–42]. These
studies have provided a wealth of information about the modulation of the differential free
energy of the folded and unfolded conformations of the two tetrahelical DNA structures as
a function of temperature, pH, salt, and the identity and concentration of cosolvents [32].
Comparative analyses of thermodynamic data have provided valuable insights into the
contributions of intra- and intermolecular interactions (e.g., counterion-DNA interactions)
and individual structural features (e.g., the length and nucleotide content of loops) to the
stability of G-quadruplexes and i-motifs [32].

The volumetric data obtained from pressure-dependent measurements complement
the stability data afforded by more conventional temperature-, pH-, salt-, and cosolvent-
dependent studies [43–49]. Analysis of the effect of hydrostatic pressure on the equilibrium
between the folded and unfolded DNA structures yield molar changes in volume, ex-
pansibility, and compressibility that accompany formation of the folded structures. The
volumetric properties of solutes are determined by the entire ensemble of intra- and in-
termolecular interactions involving the solute, including solute–solvent interactions, and
volume and energy fluctuations of the solute molecule [45–47,50–55]. The volumetric char-
acteristics of G-quadruplexes and i-motifs reflect their structural and hydration properties,
which differ significantly from those of other nucleic acid secondary structures, such as the
B-form DNA duplex. The four-stranded structures are globular in shape with a surface
charge density lower than that of other DNA structures; in addition, the G-quadruplex
exhibits a compressible and expandable internal cavity [34,35,56,57].

In this work, we describe the current state of the art and give an overview of the studies
that have dealt with the volumetric characterization of G-quadruplex and i-motif structures.
We begin by defining volumetric properties. Next, we outline the experimental methods
that have been used in volumetric investigations and explain how macroscopic volumetric
properties can be rationalized to gain microscopic insights. We subsequently proceed
to reviewing published data on changes in volume, expansibility, and compressibility
accompanying conformational transitions involving tetraplex DNA structures. Finally, we
discuss the use of volumetric properties to construct the pressure–temperature diagram of
G-quadruplex stability.

2. Definitions and Experimental Methods

2.1. Observables

The partial molar volume of a solute, V◦, is the pressure slope of its chemical potential, μ:

V◦ = (
∂μ

∂P
)

T
= lim

C→0
(

∂V
∂N

)
T,P

(1)

where P is the pressure; T is the temperature; V is the volume of solution; N is the number
of moles of a solute in solution; and C is the concentration of a solute.

The partial molar expansibility of a solute is the temperature derivative of its partial
molar volume:

E◦ =
(

∂V◦

∂T
)P =

(
∂2μ

∂P∂T
) = lim

C→0
(

∂αV
∂N

)
T,P

(2)

where α = 1
V ( ∂V

∂T )P is the coefficient of thermal expansibility of solution; and E = αV is the
expansibility of solution.

The partial molar isothermal compressibility of a solute is the negative pressure
derivative of partial molar volume:

K◦
T =

(
∂V◦

∂P
)T = −(

∂2μ

∂P2 )T
= lim

C→0
(

∂βTV
∂N

)
T,P

(3)
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where βT = − 1
V ( ∂V

∂P )T is the coefficient of isothermal compressibility of solution; and
KT = βTV is the isothermal compressibility of solution.

The partial molar adiabatic compressibility of a solute is given by:

K◦
S = lim

C→0
(

∂βSV
∂N

)
T,P

(4)

where βS = − 1
V ( ∂V

∂P )S is the coefficient of adiabatic compressibility of solution; S is the
entropy; and KS = βSV is the adiabatic compressibility of solution.

Partial molar isothermal and adiabatic compressibilities are related to each other via
the relationship [58,59]:

K◦
T = K◦

S +
Tα2

0
ρ0CP0

·(2E◦

α0
− C◦

P
ρ0cP0

) (5)

where α0, ρ0, and cP0 are the coefficient of thermal expansion, density, and specific heat
capacity of the neat solvent, respectively; and C◦

P is the partial molar heat capacity of a solute.
According to scaled particle theory, the partial molar volume, V◦, can be broken down

into the following terms [60,61]:

V◦ = VC + VI + βT0RT (6)

where VC is the volume of the cavity comprising a solute; it is given by VC = VM + VT; VM
is the molecular volume of a solute; VT is the void volume around a solute (the thermal
volume); VI is the interaction volume that is a change in solvent volume under the influence
of solute-solvent interactions; and βT0 is the coefficient of isothermal compressibility
of solvent.

Interaction volume, VI is related to the properties of water of solute hydration via
VI = nh(V◦

h − V◦
0), where nh is the hydration number (the number of water molecules

influenced by the solute), and V◦
h and V◦

0 are the partial molar volumes of water of
hydration and bulk water, respectively.

The partial molar expansibility, E◦, and adiabatic compressibility, K◦
S, of a solute are

related to its intrinsic and hydration properties as follows:

E◦ = EM + nh(E◦
h − E◦

0) (7)

K◦
S = KM + nh(K◦

Sh − K◦
S0) (8)

where EM and KM are, respectively, the intrinsic expansibility and compressibility of the
solute molecule; E◦

h and E◦
0 are the partial molar expansibilities of water of hydration and

bulk water, respectively; and K◦
Sh and K◦

S0 are the partial molar adiabatic compressibilities
of water of hydration and bulk water, respectively.

The volumetric properties of a solute can be expressed more rigorously based on the
concepts of statistical thermodynamics in which water of hydration is represented by a
heterogeneous network of solvent molecules with varying affinities for the solute [62–64].
The statistical thermodynamic formalism has been extended to the analysis of the vol-
umetric properties of solutes in binary solvents consisting of water and water-miscible
cosolvents [51,65].

2.2. Experimental Techniques

Differential measurements of density of solution and solvent have been widely em-
ployed to measure the partial molar volume, V◦, of solutes and changes in volume, ΔV,
accompanying their binding events and conformational transitions [66–77]. The partial
molar volume, V◦, of a solute can be determined from density data as follows:

V◦ = M
ρ0

− ρ − ρ0

ρ0C
=

M
ρ

− ρ − ρ0

ρρ0m
(9)
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where ρ and ρ0 are the densities of solution and solvent, respectively; M is the molecular mass
of a solute; and C and m are the molar and molal concentrations of a solute, respectively.

If measurements of volume are carried out as a function of temperature, the resulting
data can be used to determine the partial molar expansibility, E◦, of a solute or a change in
expansibility, ΔE, accompanying a reaction involving a solute such as a conformational
transition or ligand binding [78]. Pressure-perturbation calorimetry (PPC) offers an alter-
native way to determine the partial molar expansibility, E◦, of a solute as a function of
temperature [79–83]. If a change in temperature within the experimental range causes a
conformational transition of the solute, the measured E◦(T) profile will display a character-
istic peak. Given E◦ = ( ∂V◦

∂T )P [see Equation (2)], a change in volume, ΔV, accompanying
the conformational transition equals the area under the peak:

ΔV =
∫ T2

T1

Eo(T)dT (10)

A combination of density and sound velocity measurements can be used to deter-
mine the partial molar adiabatic compressibility, K◦

S, of solutes and changes in adiabatic
compressibility, ΔKS, accompanying binding events and conformational transitions [84,85].
Sound velocity, U, in a medium is related to its density, ρ, and coefficient of adiabatic
compressibility, βS, via the Newton-Laplace equation: U2 = (ρβS)−1. Differentiation of this
equation with respect to the concentration of a solute yields the following relationship for
its partial molar adiabatic compressibility for the limit of infinite dilution [84,86,87]:

K◦
S = βS0

(
2V◦ − 2[U]− M

ρ0

)
(11)

where βS0 is the coefficient of adiabatic compressibility of solvent; [U]= U−U0
U0C is the relative

molar sound velocity increment of a solute; U and U0 are the sound velocities in solution
and solvent, respectively.

Pressure-dependent measurements of conformation-sensitive spectroscopic parameters
(typically, light absorption, fluorescence, NMR, and, more recently, circular dichroism) have
been used to monitor pressure-induced shifts in the conformational equilibria of proteins and
nucleic acids [88–91]. Provided that the solute population is restricted to two conformations
(folded and unfolded), such measurements enable one to determine the equilibrium constant,
K, as a function of pressure. In turn, the pressure dependence of K can be used to calculate a
change in volume, ΔV, accompanying the conformational transition:

ΔV = −RT
(

∂lnK
∂P

)
T

(12)

Alternatively, ΔV can be determined from the Clausius–Clapeyron relation:

dTM
dP

= TM
ΔV
ΔH

(13)

where TM is the transition temperature; and ΔH is the transition enthalpy.

3. Differential Volume of Four-Stranded and Single-Stranded Conformations

3.1. G-quadruplexes

Table 1 presents a compilation of literature data on changes in volume accompanying
unfolding transitions of G-quadruplexes differing in topology and sequence. Inspection of
Table 1 reveals that G-quadruplex-to-single strand transitions are accompanied by negative
changes in volume, ΔV [48,92–97]. To rationalize a change in volume accompanying G-
quadruplex unfolding, one needs to carefully consider the entire set of molecular interactions
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that may contribute to the change. Equation (6) can be modified to analyze the molecular
origins underlying the negative values of ΔV observed for G-quadruplex unfolding:

ΔV = ΔVM + ΔVT + ΔVI + nM+VM+ (14)

where nM+ is the number of stabilizing cations released from the central cavity to the bulk;
and VM+ is the partial molar volume of the stabilizing cation.

The differential molecular, ΔVM, and thermal, ΔVT, volumes of the G-quadruplex and
coiled states of DNA can be computed from the X-ray or NMR structure of the G-quadruplex
conformation and the molecular dynamics-simulated single-stranded conformations. A
change in thermal volume, ΔVT, is related to a change in solvent-accessible surface area, ΔSA,
via ΔVT = δΔSA, where δ = 0.5 Å is the thickness of the thermal volume [98].

Table 1. Changes in volume, ΔV, accompanying the unfolding transitions of G-quadruplexes differing
in sequence, topology, and stabilizing cation determined at temperature, T.

Sequence (DNA) Topology Cation T, ◦C
ΔV, cm3

mol−1

d(G2T2G2TGT-G2T2G2) (TBA) a Antiparallel K+ 58.1 ± 1.4 −54.6 ± 4.2

d[A(G3T2A)3G3](Tel22) b Antiparallel Na+ 54.6 ± 0.9 −38.4 ± 10.1

d[A(G3T2A)3G3](Tel22) c Antiparallel Na+ 40.0 ± 0.6 −66 ± 3

d[A(G3T2A)3G3](Tel22) b Hybrid K+ 64.6 ± 2.2 −42.7 ± 6.7

d[TGA(G3TG3TA)2A](c-MYC) d Parallel K+ 83.4 ± 1.1 −16.9 ± 1.8

d(AG3AG3CGCTG3-AG2AG3)
(KIT) d Parallel K+ 58.5 ± 0.4 −6.2 ± 0.9

d(T2G4CG3C2G5C-G4T2) (VEGF) d Parallel K+ 78.8 ± 1.1 −18.1 ± 4.6

d[A3(G3T2A)3G3A2](Tel26) e Hybrid K+ 25.0 −69 ± 7

d[TGA(G3TG3TA)2A](c-MYC) f Parallel K+ 25.0 −34 ± 15
a from ref. [94]; b from ref. [97]; c from ref. [92]; d from ref. [96]; e from ref. [93]; f from ref. [99].

Table 2 shows the computed changes in intrinsic (molecular) volume, ΔVM, and
solvent accessible surface area, ΔSA, associated with the unfolding transitions of three
G-quadruplex structures, specifically, the Na+-stabilized antiparallel human telomeric
G-quadruplex Tel22 [d(A(G3T2A)3G3)], the K+-stabilized hybrid human telomeric G-
quadruplex Tel26 [d(A3(G3T2A)3G3A2)], and the K+-stabilized parallel c-MYC G-quadruplex
[d(TGAG3TG3TAG3TG3T2)]. It is tempting to ascribe the negative change in volume to the
presence of the intramolecular cavity within the G-quadruplex, which makes it distinct
from other secondary structures (e.g., double- and triple-stranded DNA). However, elimi-
nation of the central cavity due to unfolding provides just one of the negative contributions
to the change in volume. This source of negative volume change must be considered in con-
cert with other contributions such as the release of counterions and changes in hydration
and thermal volume.

Table 2. Changes in volume, ΔV (cm3 mol−1), determined at 25 ◦C, intrinsic volume, ΔVM

(cm3 mol−1), solvent accessible surface area, ΔSA (Å2), thermal volume, ΔVT (cm3 mol−1), and
interaction volume, ΔVI, accompanying G-quadruplex unfolding transitions.

G-Quadruplex ΔV ΔVM ΔSA ΔVT = δΔSA ΔVI
a

Tel22 −67 −233 b 1230 b 370 −186

Tel26 −69 −4 c 2348 c 707 −779

c-MYC −34 2 d 879 d 265 −306
a ΔVI = ΔV − (ΔVM + ΔVT + nM+VM+); b computed based on PDB entry 143D [92]; c computed based on PDB
entry 2HY9 [93]; d computed based on PDB entry 1XAV [34].
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The release of cations internally bound inside the central cavity contributes to the vol-
umetric properties of G-quadruplex transitions. The nM+VM+ term in Equation (14) serves
to take this contribution into account. On the other hand, G-quadruplex unfolding is not
accompanied by a pronounced release of externally bound (condensed) counterions [34,35,56].
In this respect, G-quadruplexes are distinct from other DNA structures, such as the double-
stranded B-DNA. Depending on the specific G-quadruplex topology and loop and flanking
sequences, the unfolding transition may lead to a very slight release, no release, or sig-
nificant uptake of external counterions [34,35,56]. Thus, the uptake or release of these
counterions should contribute only modestly to the observed changes in volume.

Inspection of data in Table 2 reveals a change in molecular volume, ΔVM, which
involves the contribution due to the elimination of the central cavity, is not the main
component of the experimentally measured change in volume accompanying the unfolding
transitions of G-quadruplexes. The thermal, ΔVT, and interaction, ΔVI, contributions are
large and play a decisive role in determining the magnitude and the sign of the overall
change in volume, ΔV, associated with G-quadruplex unfolding.

Changes in volume, ΔV, accompanying G-quadruplex unfolding transitions have been
combined with structural data on ΔVM and ΔSA to estimate the values of ΔVI and changes
in hydration, Δnh [92,93]. The estimates of Δnh were 103, 432, and 170 for the Tel22, Tel26,
and c-MYC G-quadruplexes, respectively [92,93]. Thus, G-quadruplex-to-coil transitions
are all accompanied by an increase in hydration with a considerable uptake of water from
the bulk. The estimated changes in hydration represent the differential hydration of the
folded and unfolded states. A recent crystallographic study revealed elaborate, topology-
dependent, organized networks of water molecules in the grooves and loop regions of
G-quadruplexes [100]. It was found that the primary sphere water molecules make direct
contacts with groove and loop atomic groups, thereby contributing to the stability of the
specific G-quadruplex topology and loop conformations [100]. Disruption of such water
networks contributes to the changes in hydration that are observed in and evaluated from
the results of volumetric measurements.

3.2. Influence of the Bases in the Loops

The Sugimoto and Macgregor groups simultaneously published systematic studies of
the extent to which the loops of G-quadruplex structures influence the effect of hydrostatic
pressure on the stability of these tetrahelical structures [97,101]. The experimental space in
such measurements is very large; for each simple, monomolecular oligonucleotide that can
fold into a G-quadruplex, there are three different loops, each of which can have a different
sequence and number of bases (or other linking moieties). In this respect, loops are highly
polymorphic; and we are still a long way from an understanding of how the loops influence
molar changes in volume that accompany folding of intramolecular G-quadruplexes.

Two systems have been studied; these are the thrombin binding aptamer (TBA) and the
human telomeric sequence (Tel22) [97,101]. In order to attempt to isolate the factors that arise
solely from the loops, the sequence of the loops has been systematically altered while preserving
the topology of the folded structure [97,101]. The original and altered G-quadruplex-forming
oligonucleotides that have been investigated are shown in Tables 3 and 4. In addition to nucleic
acid base substitutions, Takahashi and Sugimoto examined the behavior of TBA derivatives
in which the loops were replaced by a 12-carbon methylene linker, (-CH2-)12 [101]. These
substitutions remove the ability of the bases in the loops to stack with the G-tetrads in TBA.
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Table 3. Molar chanes in volume (ΔV) accompanying the unfolding transitions of thrombin binding
aptamer (TBA) and thrombin binding aptamers with altered loops determined from the pressure
dependences of the unfolding temperature, TM. The values were calculated from analysis of the
effect of hydrostatic pressure on the thermal unfolding of the G-quadruplex using the Clapeyron
equation. For TBA 1LC12 and TBA 2LC12, a 12-carbon methylene chain replaces the nucleobases in
the respective loops. The changes in the original TBA sequence are underlined.

DNA Sequence TM, ◦C e ΔV, cm3 mol−1

TBA a,c d(G2T2G2TGTG2T2G2) 52.6 ± 3.4 −54.6 ± 4.2

TBA T3A b,c d(G2ATG2TGTG2T2G2) 45.1 ± 0.1 −75.5 ± 2.2

TBA G8T b,c d(G2T2G2TTTG2T2G2) 47.1 ± 6.6 −41.1 ± 2.4

TBA 1LC12 b,c d[G2-(CH2)12-G2TGTG2T2G2] 49.0 ± 3.9 −57.8 ± 8.4

TBA 2LC12 b,c d[G2T2G2-(CH2)12-G2T2G2] 36.5 ± 0.6 −103.4 ± 8.0

TBA a,d d(G2T2G2TGTG2T2G2) 59.3 ± 2.3 −12.9 ± 0.9

TBA T3A b,d d(G2ATG2TGTG2T2G2) 56.7 ± 2.2 −14.7 ± 4.9

TBA G8T b,d d(G2T2G2TTTG2T2G2) 54.5 ± 0.7 −13.2 ± 2.1

TBA 1LC12 b,d d[G2-(CH2)12-G2TGTG2T2G2] 56.6 ± 6.0 −9.7 ± 5.2

TBA 2LC12 b,d d[G2T2G2-(CH2)12-G2T2G2] 62.4 ± 0.3 −5.6 ± 1.7
a from ref. [94]; b from ref. [101]; c the solutions contained 30 mM Tris-HCl at pH 7.0 and 100 mM KCl; d the
solutions contained 30 mM Tris-HCl at pH 7.0, 100 mM KCl, and 40 wt% PEG200; e the unfolding transition at
atmospheric pressure.

Table 4. Volume changes associated with the unfolding of the original and modified human telomeric
G-quadruplexes in the presence of Na+ or K+ at 57 ◦C, ΔV57 (cm3 mol−1), presented by Li et al. [97].
The changes to the original Tel22 sequence are underlined. Values were obtained by analyzing
the effect of hydrostatic pressure on the equilibrium between the folded and unfolded states of
the respective G-quadruplexes assuming a two-state monomolecular reaction. The values were
extrapolated to a common temperature of 57 ◦C which corresponds to the average TM of the G-
quadruplexes studied. All samples contained 10 mM Tris at pH 7.4, 0.1 mM EDTA, and either
100 mM NaCl or 100 mM KCl.

DNA Sequence
(ΔV, cm3 mol−1)

Na+ K+

Tel22 d(AG3T2AG3T2AG3T2AG3) −38.4 ± 10.1 −42.7 ± 6.7

L1AAT d(AG3AATG3T2AG3T2AG3) −29.4 ± 5.6 −38.0 ± 7.3

L2AAT d(AG3T2AG3AATG2T2AG3) −29.8 ± 10.1 −35.6 ± 8.0

L3AAT d(AG3T2AG3T2AG3AATG3) −34.5 ± 1.1 −27.2 ± 6.4

L1TTT d(AG3TTTG3T2AG3T2AG3) −35.2 ± 3.0 −35.2 ± 3.9

L2TTT d(AG3T2AG3TTTG3T2AG3) −26.2 ± 8.0 −30.5 ± 11.1

L3TTT d(AG3T2AG2T2AG3TTTG3) −38.6 ± 4.0 −21.9 ± 7.9

L1AAA d(AG3AAAG3T2AG3T2AG3) −37.7 ± 9.0 −37.7 ± 4.8

L2AAA d(AG3T2AG3AAAG3T2AG3) −30.2 ± 13.1 −37.8 ± 1.0

L3AAA d(AG3T2AG3T2AG3AAAG3) −41.4 ± 6.8 −31.7 ± 1.0

Inspection of the data in Tables 3 and 4 reveals that the response of the TBA- and Tel22-
based systems to hydrostatic pressure is qualitatively similar. The unfolding transitions of
the studied G-quadruplexes shift to lower temperatures with increasing pressure regardless
of the sequence of the loops, even when a (-CH2-)12 linker substitutes the bases of the loops;
changes in volume, ΔV, accompanying unfolding of the G-quadruplexes are all negative.
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However, the magnitude of ΔV depends on the nature of the substitution. In some cases,
the substitution leads to a greater pressure sensitivity, while, in other cases, it does not result
in an appreciable change in ΔV. Note that Takahashi and Sugimoto [101] reported their
ΔV values at the TM of G-quadruplex unfolding, whereas the data reported by Li et al. [97]
were extrapolated to a common temperature of 57 ◦C (near the transition temperatures).
Although the TM values of the G-quadruplexes in the two studies appear to be similar,
a more accurate picture of the role of the loops in the volume change of G-quadruplex
unfolding would emerge if the values of ΔV from the two studies are extrapolated to the
same temperature.

Takahashi and Sugimoto have also studied the pressure dependence of the stability of
the TBA-based G-quadruplexes in aqueous solutions containing ethylene glycol, PEG200,
and PEG4000 [94,95,101]. The values of ΔV for the TBA G-quadruplex and its derivatives
in the presence of PEG200 are shown in Table 3. The purpose of including cosolvents is to
study the role of solvation of the loops in the observed pressure dependences. Independent
of the type of the cosolvent, the effect of pressure on the stability was significantly reduced
in solutions containing cosolvents relative to the values of ΔV obtained in an aqueous
buffer. For example, a change in volume, ΔV, accompanying the unfolding of TBA G-
quadruplex decreases from −54.6 cm3 mol−1 in water to −12.9 cm3 mol−1 in PEG200 [94].
This finding was rationalized in terms of changes in interaction volume, ΔVI, in Equation
(14); it appears that the effect of the loop sequence on the molar changes in volume arises
predominantly from the differential hydration of the loops.

It is apparent that other factors such as topological differences (i.e., parallel, anti-
parallel, etc.) may also contribute to the observed behavior. In addition, it seems reasonable
to propose that the stacking of the G-tetrads or the stacking of the bases in the loops with
the G-tetrads might also significantly contribute to the molar volume change of unfolding.
The role of the stacking of the G-tetrads has not been directly assessed to date. The data
originating from the -(CH2)12-substituted oligonucleotides provide insights into how the
stacking of the bases in the loops with the two terminal G-tetrads influence the volume
change. Currently, however, it is difficult to assign with any degree of confidence the
differential volumetric properties of the oligonucleotide constructs with and without the
-(CH2)12- links to any one specific molecular interaction. Additional measurements are
required in order to parse the roles of stacking and folding topology in the pressure-
dependent stability of G-quadruplexes.

3.3. i-Motifs

Table 5 lists changes in volume, ΔV, measured for heat-induced and pH-induced
i-motif-to-coil transitions. In contrast to G-quadruplexes, which are characterized by large
negative changes in volume upon unfolding, i-motif-to-single strand transitions exhibit
near-zero changes in volume [57,102,103]. Because of the small value of the volume change,
the stability of i-motifs is nearly insensitive to hydrostatic pressure. In agreement with
this expectation, the transition temperatures of the heat-induced i-motif-to-coil transitions
do not change or change very weakly with pressure [57,102,103]. When treating the
volumetric properties of i-motif structures derived from measurements at high pressures,
it is important to account for the pressure-induced changes in the pH of the solution, as
the stability of an i-motif critically depends on pH. It is easy to confound the resulting
pH-induced change in i-motif stability for its pressure dependence with the resulting
change in volume.
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Table 5. Changes in volume, ΔV, and adiabatic compressibility, ΔKS, accompanying the unfolding
transitions of i-motif structures determined at temperature, T.

Sequence (DNA) pH T, ◦C
ΔV, cm3

mol−1
ΔKS, 10−4 cm3

mol−1bar−1

d(C3TA2)3C3 (Tel22-iM) a 4.6 36 ~0

d(C3TA2)3C3 (Tel22-iM) b 5.15 45.5 −11 ± 2

d(T2AC3AC3TAC3A-C3TCA)
(c-MYC-iM) c 5.0 25.0 ~0 ~0

a from ref. [102]; b from ref. [103]; c from ref. [57].

In the absence of structural data on i-motifs, one cannot reliably estimate the mag-
nitude or even the sign of ΔVM in Equation (14). As mentioned above, the value of ΔVT
correlates with a change in solvent-accessible surface area, SA, of the DNA associated
with the i-motif-to-coil transition. Since the i-motif conformation is more compact than
the unfolded conformation (ΔSA is negative), the change, ΔVT, should be negative. The
magnitude and the sign of ΔVI are more difficult to assess. On the one hand, polar groups
of hemiprotonated cytosine residues that are hydrogen-bonded with water in the coil
state become buried within the interior of the i-motif, thereby diminishing the extent
of solute−solvent interactions. On the other hand, the proximity of negatively charged
phosphate groups within i-motif conformation should increase the charge density and en-
hance the volume-reducing effect of solute−solvent interactions, ΔVI. The experimentally
measured value of ΔV ≈ 0 suggests a near perfect compensation between the ΔVM, ΔVT,
and ΔVI terms in Equation (14).

4. Differential Expansibility

Table 6 presents changes in expansibility, ΔE, associated with G-quadruplex-to-coil
transitions of the Tel22 and Tel26 telomeric sequences. The partial molar expansibilities,
E◦, of the two G-quadruplexes increase upon unfolding. The relationship for ΔE can be
obtained by modifying Equation (7):

ΔE = ΔEM + Δnh(E◦
h − E◦

0) + nM+EM+ + ΔErel (15)

where EM+ is the is the partial molar expansibility of the stabilizing cation; ΔErel is the
change in the relaxation contribution, Erel = (<ΔHΔV> − <ΔH><ΔV>)/RT2; <ΔH> and
<ΔV> are, respectively, the ensemble average changes in enthalpy and volume relative to a
“ground state” conformation.

Table 6. Changes in adiabatic compressibility, ΔKS, and expansibility, ΔE, accompanying the unfolding transitions of
G-quadruplexes varying in sequence, topology, and stabilizing cation at 25 ◦C.

Sequence (DNA) Topology Cation ΔKS, 10−4 cm3 mol−1bar−1 ΔE, cm3 mol−1K−1

d[A(G3T2A)3G3](Tel22) a Antiparallel Na+ −236 ± 20 0.87 ± 0.16

d[A3(G3T2A)3G3A2](Tel26) b Hybrid K+ −332 ± 18 0.92 ± 0.07

d[TGA(G3TG3TA)2A](c-MYC) c Parallel K+ −304 ± 26
a from ref. [92]; b from ref. [93]; c from ref. [99].

The intrinsic term in Equation (15) is given by ΔEM = αMUVMU − αMFVMF, where αMU
and αMF are the intrinsic coefficients of thermal expansibility of the unfolded (coil) and
folded (G-quadruplex) states, respectively; and VMU and VMF are the intrinsic volumes of
the unfolded (coil) and folded (G-quadruplex) states, respectively. The intrinsic coefficient
of thermal expansibility of the unfolded state, αMU, is close to zero. There are currently no
data on the value of αMF; however, one would expect the intrinsic coefficient of thermal
expansibility of the folded state, αMF, to be a sizeable quantity owing to the expandable
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central cavity. Therefore, ΔEM should be negative for G-quadruplex unfolding. In the
absence of data, it seems reasonable to propose that the value of αMF is on the order of
the intrinsic coefficient of thermal expansibility of globular proteins. In common with
G-quadruplexes, globular proteins are characterized by potentially expandable internal
voids [104,105]. The average intrinsic coefficient of thermal expansibility of globular
proteins is ~1 × 10−4 K−1 [50].

The relaxation component, ΔErel, originates from the existence of a broadly distributed
isoenergetic population of unfolded conformations differing in enthalpy and volume.
An increase in temperature shifts the population of coil-like conformations towards the
species with a greater enthalpy, which would result in a positive or negative value of
ΔErel depending on the sign of the volume difference between the high and low enthalpy
subpopulations [93].

At room temperature, all low molecular weight model compounds studied to date
exhibit positive partial molar expansibilities, E◦ [106–113]. The intrinsic expansibility,
EM, of low molecular weight compounds is close to zero. Hence, according to Equation
(7), the positive values of E◦ of small molecules are suggestive of the positive values of
the differential expansibility of water of hydration and bulk water, (E◦

h − E◦
0), for all

functional groups independent of their chemical nature. The hydration term in Equation
(15), Δnh(E◦

h − E◦
0), is positive given the positive values of Δnh (water is taken up by the

hydration shell of the DNA upon its G-quadruplex-to-coil transition) and (E◦
h − E◦

0).

5. Differential Compressibility

5.1. G-quadruplexes

Table 6 presents changes in adiabatic compressibility, ΔKS, accompanying unfolding
transitions of the Tel22, Tel26, and c-MYC G-quadruplexes. The partial molar adiabatic
compressibilities, K◦

S, of the three G-quadruplexes all decrease upon their unfolding. The
relationship for ΔKS can be obtained by modifying Equation (8):

ΔKS = ΔKM + Δnh(K◦
Sh − K◦

S0) + nM+KSM+ + ΔKSrel (16)

where KSM+ is the partial molar adiabatic compressibility of the stabilizing ion. The
relaxation contribution in Equation (16) is given by KSrel = (<ΔV2> − <ΔV>2) / RT, where
<ΔV> is the ensemble average changes in volume relative to a “ground state” conformation.
The intrinsic compressibility, KM, of a solute is given by KM = βMVM, where βM is the
intrinsic coefficient of adiabatic compressibility.

Owing to the presence of the central cavity, a G-quadruplex possesses a compressible
interior that is absent in its unfolded state. In other words, the value of βM of the native
G-quadruplex is sizeable, but reduces to near zero in the unfolded state, which is devoid
of a compressible interior. There are no estimates of the value of βM for G-quadruplexes.
However, given the structural similarity of G-quadruplexes and globular proteins, the βM
of a G-quadruplex can be expected to be on the order of 25 × 10−6 bar−1, the average coef-
ficient of adiabatic compressibility of a globular protein [46,50,114–116]. Further studies,
particularly, the pressure-dependent NMR characterization of native G-quadruplexes, may
help evaluate the value of βM = − 1

VM

(
∂VM
∂P

)
T

, which, in turn, would assist in a more reli-
able estimate of the molecular determinants of changes in compressibility accompanying
conformational transitions involving G-quadruplexes.

For nucleic acids, the hydration term, Δnh(K◦
Sh − K◦

S0), in Eq.(16) is negative given the
positive sign of Δnh and the negative sign of (K◦

Sh − K◦
S0) [44,47,117–119]. The volumetric

properties of water of hydration of nucleic acids are dominated by the hydration of charged
and clustered polar groups, which exhibit partial molar adiabatic compressibilities, K◦

Sh, of
water of hydration lower than that of bulk water, K◦

S0 [45,120]. In contrast, isolated polar
groups and nonpolar groups may exhibit partial molar compressibilities that are greater
than that of bulk water [45,120]. Currently, it is difficult to come up with a reliable estimate
of the value of (K◦

Sh − K◦
S0) for parsing the measured changes in compressibility, ΔKS,
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in terms of specific components using Equation (16). For charged solutes, such as DNA,
the partial molar adiabatic compressibility, K◦

Sh, of water of hydration is ~25% smaller
than that of bulk water [64]. However, the functional groups that become solvent exposed
and subsequently solvated when a G-quadruplex unfolds are not all charged. In contrast,
many of them are polar uncharged or even nonpolar; for example, the functional groups of
nucleic acid bases that, due to their participation in base pairing and stacking interactions in
the folded state, are shielded from the solvent, but become solvent-exposed and hydrated
when the structure unfolds. Consequently, there is no clarity about the specific value of
(K◦

Sh − K◦
S0) that should be used in the analysis.

The relaxation component, ΔKrel, originates from the broadly distributed ensemble
of nearly isoenergetic unfolded single-stranded conformations that vary in volume. An
increase in pressure shifts the ensemble of unfolded conformations towards the species
with smaller volumes that gives rise to an additional positive contribution to the observed
change in compressibility associated with G-quadruplex unfolding [93].

5.2. i-Motifs

There is only a single work that reports a change in adiabatic compressibility, ΔKS,
accompanying the helix-to-coil transition of an i-motif [57]. For the c-MYC i-motif, the value
of ΔKS for the pH-induced helix-to-coil transition at 25 ◦C is nearly zero (see Table 5) [57].

As mentioned above, the intrinsic compressibility term, KM, in Equation (16) represents
the compressibility of the water-inaccessible interior core of the solute. While the intrinsic
compressibility, KM, of the ensemble of unfolded conformations is close to zero, that of
the folded i-motif conformation is less certain and, in principle, may be significant. The
sign and the magnitude of hydration contribution to compressibility in Equation (16),
Δnh(Kh − K0), is also unclear. The differential partial molar compressibility of hydration
and bulk water, (Kh − K0), is negative for the unfolded, coil-like state. On the other hand, in
the folded i-motif conformation, the value of (Kh − K0) may be more negative relative to the
coil state (because the negatively charged phosphates are brought closer together), it may
be the same, or it may be less negative (e.g., due to a more effective mutual neutralization
of the positively charged cytosines and negatively charged phosphates). Should the change
in intrinsic compressibility, ΔKM, in Equation (16) be near zero, that is the interior of the
i-motif conformation is rigid, the observation that ΔKS ≈ 0 suggests the similarity of the
hydration of the i-motif and coil states with ΔΔKh ≈ 0. Although the current data do
not enable us to discriminate between the various scenarios, the observed ΔKS ≈ 0 is an
indication of a near-perfect offsetting of the ΔKM and ΔΔKh terms in Equation (16). In
addition, it should be noted that there may be a relaxation component in analogy with
G-quadruplexes.

In the aggregate, the current volumetric data on i-motifs collected to date suggest that
fortuitous compensations between the intrinsic and hydration contributions to volume and
compressibility result in ΔV and ΔKS of zero. A compressibility change of zero implies
that the compensations leading to ΔV being zero are not restricted to ambient pressure, but
also act at elevated pressures.

6. Pressure-Temperature Phase Diagram

The stability of a G-quadruplex (or any other biopolymer) as a function of temperature
and pressure can be presented analytically as follows [121–126]:

ΔG(P, T) = ΔHM

(
1 − T

TM

)
+ ΔCP

(
T − TM − Tln T

TM

)
+[ΔV(TR) + ΔE(T − TR)](P − PR)− 0.5ΔKT

(
P2 − PR

2) (17)

where ΔHM is the differential enthalpy of the folded and unfolded states at the
transition temperature, TM, and reference pressure, PR; ΔCP is the differential heat capacity
of the folded and unfolded states; ΔV(TR) is the differential volume of the folded and
unfolded states at the reference temperature, TR, and pressure, PR; and ΔE and ΔKT are,

126



Biology 2021, 10, 813

respectively, the differential expansibility and isothermal compressibility of the folded and
unfolded states.

The relationship for pressure-temperature phase diagram can be derived by equating
Equation (17) to zero and solving it with respect to the denaturation pressure, PM:

ΔHM

(
1 − T

TM

)
+ ΔCP

(
T − TM − Tln

T
TM

)
+ [ΔV(TR) + ΔE(T − TR)](P − PR)− 0.5ΔKT

(
P2 − PR

2
)
= 0 (18)

The reference pressure, PR, is generally set equal to ambient pressure (1 bar). It can be
ignored relative to pressures, PM, at which proteins and nucleic acids denature. The latter
are, typically, on the order of ~1 kbar and higher:

0.5ΔKT PM
2 − [ΔV(TR) + ΔE(T − TR)]PM − ΔHM

(
1 − T

TM

)
− ΔCP

(
T − TM − Tln

T
TM

)
= 0 (19)

Solving Equation (19) with respect to PM, one obtains the following:

PM =
ΔV(TR) + ΔE(T − TR)±

√
D

ΔKT
(20)

where D = [ΔV(TR) + ΔE(T − TR)]
2 + 2ΔKT

[
ΔHM

(
1 − T

TM

)
− ΔCP

(
T − TM − Tln T

TM

)]
.

Equation (20) has been used to compute the pressure-temperature phase diagram of
the c-MYC G-quadruplex [99]. In the computation, the change in heat capacity, ΔCP, has
been evaluated based on the results reported by Majhi et al. [127].

Figure 3 presents the pressure–temperature stability phase diagram for the c-MYC
G-quadruplex [99]. As is seen from Figure 3, the diagram is elliptic. It resembles that of
a globular protein [121,122,124,128], while being distinct from that of duplex DNA [129].
We propose that the similarity of the pressure–temperature stability phase diagram of a G-
quadruplex and a globular protein reflects their shared structural and volumetric features.
In particular, both G-quadruplexes and globular proteins are compact and characterized
by compressible intramolecular voids. The order-disorder transitions of both structures
are accompanied by an increase in expansibility, ΔE, and reductions in volume, ΔV, and
compressibility, ΔKT.

Figure 3. The pressure-temperature phase diagram for the stability c-MYC G-quadruplex at 50 mM
CsCl and 0.1 mM KCl computed with Equation (20) from ref. [99].
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Pressure-induced structural changes in nucleic acid structures and the resulting inhi-
bition of genomic processes may contribute to pressure-induced cell death and injury in
microorganisms. We have previously suggested that the fine-tuned, differential pressure
sensitivity of the duplex, G-quadruplex, and i-motif conformations adopted by specific
genomic loci may be involved in regulation of genomic processes in barophilic organisms
thereby governing their survival at high pressures [57]. The differential stability phase
diagram of G-quadruplex and duplex DNA [129] may provide an additional platform for
developing this hypothesis.

7. Conclusions

There is only a decade of volumetric studies of G-quadruplex and i-motif structures.
In some ways, our understanding of the volumetric characteristics of these four-stranded
structures is reminiscent of the situation with the volumetric studies of proteins in the 1980s.
Despite their scarcity, the volumetric data accumulated so far have established several
regularities that are common for each of these four-stranded structures. In particular, all
G-quadruplex-to-coil transitions studied to date are accompanied by negative changes in
volume, ΔV, and compressibility, ΔKS, and positive changes in expansibility, ΔE. The few i-
motif-to-coil transitions studied are accompanied by near zero changes in volume, ΔV, and
compressibility, ΔKS. While it is still difficult to reliably rationalize volumetric observations
in terms of intrinsic and hydration contributions, they establish an experimental framework
for deriving the pressure–temperature stability diagrams of tetraplex DNA structures.
Further studies involving a wide range of G-quadruplex and i-motif structures are needed
to understand the generality and molecular origins of these results.
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Simple Summary: High hydrostatic pressure generally has an adverse effect on the biological
systems of organisms inhabiting lands or shallow sea regions. Deep-sea piezophiles that prefer
high hydrostatic pressure for growth have garnered considerable scientific attention. However, the
underlying molecular mechanisms of their adaptation to high pressure remains unclear owing to
the challenges of culturing and manipulating the genome of piezophiles. Humans also experience
high hydrostatic pressure during exercise. A long-term stay in space can cause muscle weakness
in astronauts. Thus, the human body indubitably senses mechanical stresses such as hydrostatic
pressure and gravity. Nonetheless, the mechanisms underlying biological responses to high pressures
are not clearly understood. This review summarizes the occurrence and significance of high-pressure
effects in eukaryotic cells and how the cell responds to increasing pressure by particularly focusing
on the physiology of S. cerevisiae at the molecular level.

Abstract: High hydrostatic pressure is common mechanical stress in nature and is also experienced
by the human body. Organisms in the Challenger Deep of the Mariana Trench are habitually exposed
to pressures up to 110 MPa. Human joints are intermittently exposed to hydrostatic pressures of
3–10 MPa. Pressures less than 50 MPa do not deform or kill the cells. However, high pressure
can have various effects on the cell’s biological processes. Although Saccharomyces cerevisiae is not
a deep-sea piezophile, it can be used to elucidate the molecular mechanism underlying the cell’s
responses to high pressures by applying basic knowledge of the effects of pressure on industrial
processes involving microorganisms. We have explored the genes associated with the growth of
S. cerevisiae under high pressure by employing functional genomic strategies and transcriptomics
analysis and indicated a strong association between high-pressure signaling and the cell’s response
to nutrient availability. This review summarizes the occurrence and significance of high-pressure
effects on complex metabolic and genetic networks in eukaryotic cells and how the cell responds to
increasing pressure by particularly focusing on the physiology of S. cerevisiae at the molecular level.
Mechanosensation in humans has also been discussed.

Keywords: yeast; Saccharomyces cerevisiae; high-pressure response; genetic manipulation; transcrip-
tomics; piezophysiology

1. General Effects of High Hydrostatic Pressure on Biological Systems

While high hydrostatic pressure is a commonly known characteristic of deep-sea
environments, the human body also experiences high pressure. However, it is important to
distinguish between the isostatic pressure acting equally in all directions and uniaxial stress.
While deep-sea organisms are constantly exposed to the isostatic pressure, uniaxial (or
directional) pressure can act on human bones. This review primarily focuses on biological
responses to isostatic hydrostatic pressure. A hydrostatic pressure of 10 MPa or higher
generally has an adverse effect on the biological systems of organisms inhabiting lands or
shallow sea regions [1,2]. Hydrostatic pressure increases by 0.1 MPa (0.1 MPa = 1 bar =

Biology 2021, 10, 1305. https://doi.org/10.3390/biology10121305 https://www.mdpi.com/journal/biology133
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0.9869 atm; for clarity, “MPa” is used throughout) for every 10-m depth. Therefore, deep-
sea organisms are exposed to a high pressure of 110 MPa in Challenger Deep, which is the
deepest point in the Marina Trench (10,900 m). Deep-sea microorganisms or piezophiles
that prefer high hydrostatic pressure for growth have garnered considerable scientific atten-
tion [2–5]. However, the molecular mechanism underlying the high-pressure adaptation
has not been elucidated in piezophiles because of the difficulties in their cultivation and
genetic manipulation (e.g., gene disruption, overexpression, or mutagenesis). Humans
also experience high hydrostatic pressure when hip joints are exposed to a pressure of
18 MPa during exercise [6]; the back of the teeth is also exposed to the same levels of
pressure. A long-term stay in space can cause muscle weakness in astronauts. Thus, the
human body indubitably senses mechanical stresses such as hydrostatic pressure and
gravity. Nonetheless, the mechanisms underlying biological responses to high pressures
are not clearly understood. Figure 1 illustrates pressure ranges, research fields, and the
main subjects in high-pressure bioscience and biotechnology.

Figure 1. Pressure ranges, research fields, and main subjects in high-pressure bioscience and biotechnology. Thin double-
headed arrows indicate approximate pressure ranges for corresponding research. The lethality of organisms under high
pressure greatly depends on the species and duration of applied pressure and temperature.

Approximate pressure ranges affecting various biological processes are listed in
Table 1 [7]. Generally, microorganisms can survive at high hydrostatic pressures in the
range of several dozen MPa; a pressure higher than 200 MPa is lethal to most microorgan-
isms but not to spores of Clostridium species, which are resistant to pressures greater than
400 MPa. The non-thermal sterilization of food materials using ultra-high pressure has been
studied previously [8,9]. The effects of high pressure depend on the magnitude, pressur-
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izing periods, temperature, pH, oxygen availability, and nutrient composition, which are
complex and difficult to interpret. Oxygen supply is one of the limiting factors to cultivating
aerobic organisms in a closed hydrostatic chamber. Yeast species isolated from mud sam-
ples obtained through submersible explorations with SHINKAI 6500 at the Japan Trench
(~6500 m depth) were strictly aerobic, probably because of the oxygen-rich environment
and scarcity of fermentable sugars such as glucose in the deep-sea. Saccharomyces cerevisiae
is a facultative anaerobe, which makes it a useful model organism for studying the effects
of high hydrostatic pressure. The S. cerevisiae genome encodes 6611 genes (Saccharomyces
Genome Database, Genome Snapshot: https://www.yeastgenome.org/genomesnapshot;
accessed on 8 December 2021). Global functional screening using a S. cerevisiae gene
knockout mutant library revealed many unexpected genes and intracellular pathways
that are associated with environmental stress resistance [10–12]. Figure 2 illustrates the
bioinformatic tools employed to elucidate the mechanisms of high-pressure responses and
adaptation in S. cerevisiae, as a model organism.

Table 1. Approximate pressure ranges affecting various biological processes.

Cellular Function Inhibitory/Effective Pressure (MPa<)

Nutrient uptake 10
Cell division 20

Alcohol fermentation 15–20
Membrane protein function 25–50

DNA replication 25–50
RNA transcription 50–100
Protein synthesis 50
Microbial death 100–200

Protein oligomerization 50–100
Soluble enzyme activity 100
Protein tertiary structure 200–1000

DNA double strand formation 1000

Figure 2. Bioinformatic tools for studying S. cerevisiae as a model to elucidate the mechanisms of high-pressure responses
and adaptation.
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In any reaction, the application of pressure yields a fundamental physical parameter,
the volume change. The following two equations describe the effect of hydrostatic pressure
on equilibrium A � B and reaction A → B, respectively:

(∂lnK/∂p)T = −ΔV/RT (1)

(∂lnk/∂p)T = −ΔV �=/RT (2)

where K is the equilibrium constant, k is the rate constant, p is the pressure (MPa), T
is the absolute temperature (K), R is the gas constant (mL·MPa·K−1·mol−1), ΔV is the
difference between final and initial volumes in the entire system at equilibrium (reaction
volume) including the solute and the solvent, and ΔV �= is the apparent volume change
in activation (activation volume), representing the difference between the volumes of
the ground and transition states. The effects of high pressure depend on the sign and
amplitude of the change in volume associated with any reaction; thus, an increase in
volume promotes inhibition of the reaction due to a pressure increase, and vice versa. While
temperature accelerates any reaction, per the Arrhenius equation, pressure accelerates,
inhibits, or does not affect reactions depending on the ΔV and ΔV �= values. Although the
thermodynamic law is straightforward, estimating whether the expression of individual
genes and levels of proteins increase or decrease when living cells are exposed to high
pressure is difficult. Nevertheless, many informative studies have reported the biophysical
effects of high pressure on biological machinery. In general, a pressure approximately
greater than 100 MPa dissociates multimeric proteins as the hydration of charged groups
and exposure of nonpolar groups to water is usually accompanied by negative volume
changes [13,14]. Therefore, dissociated forms of proteins are formed in the aqueous solution
under high pressure. Pressures greater than 60 MPa cause dissociation of ribosome subunits
in Escherichia coli (at least in part), thereby limiting their growth [13]. Furthermore, the level
of eukaryotic elongation factor-2 is decreased under continuous high-pressure culture at
30 MPa in HeLa carcinoma and T/C28a4 chondrocyte cell lines, suggesting that, at least in
part, downregulated elongation factor-2 is attributed to the attenuation of protein synthesis
under high pressure [15].

A deep-sea bacterium Moritella profunda optimally grows under 20–24 MPa at 6 ◦C
under a laboratory condition [16] and is, thus, a psychrophillic piezophile. Interestingly,
the dihydrofolate reductase of this bacterium is optimally active at 50 MPa and its sec-
ondary structure is stable up to 80 ◦C [17]. Therefore, a microbial growth profile does
not always reflect intracellular enzymatic properties. Indeed, numerous studies have
revealed that many deep-sea animal proteins intrinsically exhibit less sensitivity to high
pressure than their orthologs from shallow species. Presumably, these differences reduce
volume changes occurring in reactions [18]. For example, the formation of cytoskeletal
actin filaments is more resistant to high pressure in deep-sea fish species than in their
shallow sea counterparts [19]. The acquisition of this pressure tolerance in actin occurs,
in part, due to the presence of more salt-bridges between amino acids associated with
ATP-binding and structural stability [19]. It has been well-documented that trimethylamine
N-oxide (TMAO) is the key osmolyte in marine fish, which can effectively counteract the
inhibitory effects induced by high pressure on numerous proteins. Accordingly, TMAO
content in marine fish increases with depth of capture (see Reviews: [20–22]). In fact, recent
whole genome sequencing of a snailfish from the Yap Trench (~7000 m depth) revealed
the presence of five copies of a gene encoding a flavin-containing monooxygenase-3 that
catalyzes trimethylamine (TMA) to TMAO. In the fish, TMA can be supplied from gut
bacteria [23].

Although high pressure induces the unfolding of protein monomers [14,24,25], the
effect elicited by pressure is highly dependent on the actual objects and temperature within
the range of a few hundred MPa to 1 GPa. Meanwhile, GFP and heat shock proteins are
stable even above 1 GPa [26,27]. During protein unfolding, water molecules penetrate
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the cavities within the proteins and nonpolar groups are exposed to the solvent [28].
Consequently, proteins form aggregates within the cell that are harmful to cells.

The phase transition of lipid bilayers in biological systems is highly sensitive to
high pressure. High pressure and low temperature reorder acyl chains of phospholipids,
making the membrane stiffer [29,30]. In dipalmitoylphosphatidylcholine lipid bilayers, the
temperature for the transition (Tm) from the ripple gel (Pβ’) phase to the liquid crystalline
(Lα) phase increases by 24 ◦C with an increase in pressure of 100 MPa [31]. Although a
clear phase transition is not observed in natural membranes in living cells, high pressures
indubitably harden the membranes, which in turn affects the functionality and structure of
transmembrane proteins. The occurrence and response of S. cerevisiae cells to high pressure
are described in the following sections.

2. Effects of High Pressure on Cultured Human Cells and Tissues

The meniscus is a “C” shaped cartilage-like tissue located inside and outside of the
knee joint that absorbs shock and stabilizes the knee joint. However, intense physical exer-
cise and aging can damage the meniscus. The force applied to the meniscus is anisotropic
and is complicated by the addition of shear stress, thus making molecular quantitative
analysis of the cellular responses difficult. Hydrostatic pressure can regulate the metabolic
activities of meniscal cells. For instance, the static application of 4 MPa pressure for 4 h
suppresses the transcription of MMP-1 and MMP-13 genes in human meniscal cells in
alginate beads [32]. In contrast, cyclic hydrostatic pressure at 1 Hz upregulates genes
encoding type I collagen, TIMP-1, and TIMP-2. Meanwhile, upon explant, rabbit meniscal
cells increase the transcription of genes encoding MMP-1, MMP-3, TIMPs, NOS2, COX2,
IL-1β, and IL-6 [33]. However, the cyclic application of pressure of 1 MPa at 0.5 Hz for
4 h blocked the culture-induced increases in catabolic gene expression. Collectively, these
studies indicate that mechanical loading on the meniscus can modulate the physiology of
meniscal cells at the transcriptional level to maintain homeostasis in the meniscal tissue
during culture [33].

Osteoarthritis is a disease in which the cartilage between the joint bones deteriorates
and causes pain, swelling, and ultimately joint deformation. As per statistics, 10 million
people of more than 50 years of age in Japan experience knee pain due to knee osteoarthritis.
Attempts have been made to solve these problems using regenerative medicine based on
cells cultured under high pressure. A pressure of 1 to 15 MPa was used to differentiate
between the mesenchymal stem cells isolated from the human body and chondrocytes,
which were reviewed by Elder et al. [34] and Pattappa et al. [35]. They tried to determine
how the applied pressure leads to the upregulation of specific genes inside the cell. Iden-
tifying the sensor molecule that first senses hydrostatic pressure in the cell was difficult.
Various candidates for sensor proteins in the induction of chondrogenesis, such as estro-
gen receptors, voltage-gated ion channels, G-protein-coupled receptors, integrin α10β1,
and Ca2+ signaling pathways via TRPV4 channels have been reported. Nevertheless, the
molecular basis of pressure-induced activation has not been established [35]. As unique
applications in medical engineering, hydrostatic pressures at levels much higher than
those found in physiological conditions were used to disinfect bone, tendons, and cartilage.
The administration of short-term high pressure at 600 MPa to resected bone segments
immediately after surgery offers an alternative to the conventional cancerous bone treat-
ment. Under this condition, normal and malignant cells are irreversibly damaged, thereby
efficiently blocking the outgrowth of cells from cancerous bone and cartilage segments (see
Review [36]). Moreover, high hydrostatic pressure treatment at 480 MPa for 10 min has
been applied to devitalize human cartilage with the goal of inducing subsequent cultivation
of chondrocytes and mesenchymal stem cells on the devitalized tissue [37]. Meanwhile, the
treatment of skin tissues at a moderate pressure of 50 MPa for more than 36 h induces cell
death via apoptosis. Subsequent in vivo grafting of the apoptosis-induced inactivated skin
was successful. This method is thought to have an advantage over inducing complete cell
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death via necrosis, as apoptotic cells do not generally promote inflammation [38]. Future
progress can be expected for feasible applications of high pressure in medical engineering.

3. Effects of Lethal Levels of High Pressure on Yeast Survival

Figure 3 illustrates the occurrences and responses of S. cerevisiae cells upon exposure
to various levels of hydrostatic pressure. In a pioneering study, Rosin and Zimmerman
reported that when a pressure of 96.6 MPa is applied for 4 h, the occurrence of cytoplasmic
petite mutants increases, which are characterized by a small colony size and respiration defi-
ciency and reflect the high-pressure sensitivity of mitochondrial functions [39]. Pressures in
the range of 100–150 MPa cause disruption of the spindle pole bodies and microtubules [40],
and those of 200–250 MPa induce tetraploids and homozygous diploids [41]. A moderate
heat treatment (e.g., 42 ◦C for 30 min) dramatically increases the survival rate after a subse-
quent heat-mediated toxic treatment (e.g., 50 ◦C for 10 min). Among heat shock proteins
(Hsps), the molecular chaperone Hsp104 plays a primal role in this acquired heat tolerance
mechanism by facilitating the unfolding of the denatured intracellular proteins [42]. This
moderate heat treatment enhances cell survival against lethal levels of high pressure at 140–
180 MPa with a 100–1000-fold increase in viability [43]. After 140 MPa pressure treatment,
Hsp104 associate with insoluble protein aggregates, suggesting the contribution of Hsp104
contributes for the unfolding of high pressure-induced denatured proteins [44,45]. The
hsp104Δ mutant did not acquire heat-inducible high-pressure tolerance (hereafter referred
to as piezotolerance; [44]. Iwahashi et al. reported that piezo-tolerant mutants surviving at
180 MPa for 1 h (25 ◦C) also display resistance to 1% H2O2 for 60 min (0 ◦C) [46]. Moreover,
Palhano et al. reported that treatment of cells with a moderate concentration of H2O2
(0.4 mM [0.0012%], 45 min) or 6% ethanol can increase the piezotolerance of yeast cells at
220 MPa for 30 min [47]. H2O2 is known to induce many antioxidant genes, including GSH1
(which encodes γ-glutamylcysteine synthetase, an enzyme in glutathione (GSH) biosynthe-
sis). The addition of GSH (>1 mM) increases piezotolerance in S. cerevisiae [47]. Meanwhile,
ethanol stress upregulates genes involved in energy metabolism, protein destination, and
stress tolerance including the cytoplasmic catalase T (Ctt1) and mitochondrial superoxide
dismutase Sod2. CTT1 and SOD2 are also upregulated by high pressure [48]. A deletion
mutant for COX1 encoding the subunit I of cytochrome c oxidase in mitochondria is also
sensitive to pressure at 200 MPa [49]. Taken together, these findings indicate that high
hydrostatic pressure of approximately 200 MPa is likely to exert oxidative stresses in yeast
cells, and the cellular defense systems against high pressure, at least in part, converge
on oxidative stress responses for “cell survival.” Consistently, our recent study indicated
that the scavenging activity of superoxide anion O2

•– by superoxide dismutase 1 (Sod1) is
required for “cell growth” under a moderate growth-permissive pressure at 25 MPa [50].
Moreover, high pressure promoted the accumulation of O2

•– in the mitochondrial inner
space and the cytoplasm. Meanwhile, mutations in Sod1 that compromise the scavenging
activity (or CCS1 deletion), encoding a molecular chaperone that delivers copper to Sod1,
cause deficient growth under 25 MPa [50].

Pressure pre-treatment at a sublethal level (50 MPa for 1 h) increases the viability of
cells at 200 MPa [51]. This acquired piezotolerance via moderate pressure treatment is
governed by two transcription factors, namely, Msn2 and Msn4, which are induced by
various stresses. The loss of both MSN2 and MSN4 genes results in susceptibility to high
pressure [51]. HSP12 is a well-known target of Msn2/Msn4. In fact, the application of a
pressure of 50 MPa increases the HSP12 transcript level in wild-type S. cerevisiae cells but
does not in the msn2Δmsn4Δ mutant [51]. However, the single deletion of HSP12 did not
decrease cell viability at 125 MPa for 1 h [52]. Therefore, a certain set of genes, under the
control of Msn2/Msn4, could be required for the development of piezotolerance in yeast.
Other genes highly upregulated by pressure at 25 MPa, such as the DAN/TIR family [53],
that encode cell wall mannoproteins are not under the control of Msn2/Msn4 (see below).
How high pressure regulates Msn2 and Msn4 after the transcription of their downstream
genes remains unknown. Trehalose is a nonreducing disaccharide that protects proteins,
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membranes, and other macromolecules against various stresses. Trehalose also plays a
role in the piezotolerance of yeast by preventing the formation of protein aggregates and
promoting the refolding of Hsp104. Trehalose is hydrolyzed by the neutral trehalase Nth1,
generating two glucose molecules from one trehalose molecule. Yeast mutants lacking
Nth1 are susceptible to high pressures [45]. Neutral trehalase is required for recovering
from the damage after high-pressure treatments, whereas it is dispensable for cell survival
under high pressure. Accordingly, the recovery process from pressure-induced damage in
yeast requires glucose at atmospheric pressure.

Figure 3. Occurrences and significance of intracellular changes in yeast responding to high hydrostatic pressure. Note that
the figure only depicts limited aspects of the effects of high pressure on cellular functions in S. cerevisiae.

The composition of fatty acids affects the survival of the cell under lethal pressure
of 150–200 MPa. A deletion mutant of OLE1 encoding a membrane-bound Δ9 desaturase
was cultured in a medium supplemented with various fatty acids such as palmitoleic acid
(C16:1), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3). Subsequently,
the cells were exposed to pressures of 150–200 MPa for 30 min. The effect of increasing
cell viability was in the order of linolenic acid > linoleic acid > oleic acid > palmitoleic
acid. Therefore, a higher proportion of unsaturated fatty acids is likely to contribute to
maintaining appropriate membrane fluidity under high pressure and reduced membrane
fluidity would be fatal under high pressure [54]. However, reduced membrane fluidity is
not the sole reason for cell death at 150–200 MPa because low temperatures (0–4 ◦C) are
not lethal for the cells.
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4. Tryptophan Uptake Is Crucial for Yeast Physiology under High Pressure

The hydrostatic pressure of 15 to 25 MPa is relatively mild for microorganisms and
most of them can grow despite their decreased growth rate. The growth properties of
experimental yeast strains differ greatly under high pressure and are dependent on the
strain’s requirement for tryptophan from the external medium. Experimental S. cerevisiae
strains usually exhibit nutrient auxotrophic markers (e.g., ade2, ura3, his3, lys3, leu2, and
trp1) for plasmid selection, that is, these strains require some elements (e.g., adenine, uracil,
histidine, lysine, leucine, and tryptophan) for growth from their external medium. The
auxotrophic characteristics of experimental yeast strains are similar to animals, including
humans, because they also require histidine, lysine, leucine, and tryptophan from their diet.
Tryptophan auxotrophs (Trp−) are highly sensitive to high pressures. Trp− cannot grow
under 15–25 MPa, whereas tryptophan prototrophs (Trp+) that can synthesize tryptophan,
can grow under the same level of pressure [55,56]. Trp− strains also exhibit growth defi-
ciency at low temperatures of 10–15 ◦C, which is consistent with an earlier report [57]. The
high-pressure sensitivity is attributed to properties specific to tryptophan uptake, which
in S. cerevisiae is mediated by the tryptophan permeases Tat1 and Tat2: (i) the transport
activity of Tat1 and Tat2 is readily impaired if the membrane is ordered either by high
pressure or low temperature; and (ii) Tat1 and Tat2 undergo degradation via ubiquitination
under high pressure (see below). Excessive addition of tryptophan or overexpression of
TAT1 or TAT2 enables Trp− cells to grow under 25 MPa [55,56]. Accordingly, S. cerevisiae
can grow at pressures of up to 25 MPa if tryptophan is available in the external medium.

5. High Pressure Induces Degradation of Tryptophan Permeases via Ubiquitination

Ubiquitin is a small protein consisting of 76 amino acid residues and is highly con-
served among eukaryotes. Ubiquitin covalently binds to the lysine residue of the target
protein to be degraded via the ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzyme (E2), and ubiquitin ligase (E3). The ubiquitinated protein is then transported to the
26S proteasome or vacuole (lysosome in animal cells) for degradation [58,59]. Deficiency in
the ubiquitin system causes human diseases such as developmental anomalies, cancer, or
neurological disorders; thus, clearance of unwanted proteins by ubiquitination is crucial.
Hydrostatic pressure leads to the structural perturbation of biological membranes, which
directly or indirectly affects the membrane proteins. As mentioned above, Trp− strains
are sensitive to moderate pressures of 15–25 MPa. Our research group has isolated many
mutant strains that acquired the ability to grow under high pressure from the tryptophan-
requiring strain YPH499 (a strain that cannot grow at 25 MPa) [56]. Genetic analysis
showed that one of these mutations, HPG1, occurs in the catalytic domain of the E3 enzyme
Rsp5 (Figure 3). E3 plays an important role in the target recognition, and Tat2 is a substrate
for Rsp5 ubiquitin ligase. Therefore, Tat2 levels were high in the plasma membrane of
the HPG1 mutant, allowing sufficient tryptophan uptake by the cell, whereas Tat2 was
degraded in the wild-type strain. HPG2 mutation sites are located within the cytoplasmic
tails of Tat2 [60], which are accompanied by the loss of negative charge within the cytoplas-
mic tail. Therefore, the negatively charged amino acid residues in the cytoplasmic tails may
be required for Tat2 to interact with the Rsp5 complex via ionic interactions. However, how
the denatured states of Tat1 and Tat2 can be structurally characterized and how denatured
proteins are recognized by the Rsp5 complex remain to be elucidated.

6. Transcriptional Analysis of Genes Responsive to High Pressures

The yeast genome consists of approximately 12 million base pairs that encode 6611
genes. Among them, the functions of 5229 genes are known or predicted, whereas the rest
are poorly characterized (Saccharomyces Genome Database). In addition to house-keeping
genes that are essential for survival (such as energy metabolism and cell division), many
genes are transcriptionally induced when the cells are exposed to critical situations such
as heat or oxidative stress. Transcriptionally induced genes are necessary for establishing
a cellular defense system in adverse conditions. DNA microarray hybridization and the

140



Biology 2021, 10, 1305

more recent RNA-Seq techniques are widely used to comprehensively investigate the tran-
scriptional level in response to environmental changes. Under the pressure of 30 MPa and
a temperature of 25 ◦C, which allows for the growth of tryptophan prototrophs, 366 genes
were upregulated by more than 2-fold, and 253 genes were downregulated by more than 2-
fold [61]. According to the functional categories of the MIPS database, homology data, and
yeast genome, the highly upregulated genes were essential for cell cycle, DNA processing,
cell rescue, defense and virulence, and metabolism. Heat shock-responsive genes including
HSP12 and HSP104 are induced by high pressure during acquired piezotolerance [61].
In our DNA microarray analysis, gene expression was compared under conditions of
atmospheric pressure (0.1 MPa, 24 ◦C), high pressure (25 MPa, 24 ◦C), and low temperature
(0.1, 15 ◦C), and found that the DAN/TIR family genes that encode mannoprotein of the
cell wall were highly upregulated. Cells pre-exposed to high pressure or low temperature
acquired tolerance when treated with moderate concentrations of SDS and zymolyase or a
lethal level of high pressure because mannoproteins maintain cell wall integrity (125 MPa
for 1 h) [53]. The DAN/TIR family genes are significantly induced under hypoxic condi-
tions [62]. Therefore, intracellular signaling pathways responsive to high pressure, low
temperature, and hypoxia might interact to establish defense systems.

7. Global Functional Analysis of Genes Required for Growth under High Pressure

Among the 6611 genes encoded by the S. cerevisiae genome, the single deletion of
approximately 4800 genes is not lethal under normal culture conditions. These genes are
considered to contribute to efficient cell growth or survival under hostile environmental
conditions; therefore, some of them are functionally redundant. PCR-based systematic dele-
tion of genes was performed (http://www-sequence.stanford.edu/group/yeast_deletion_
project/project_desc.html#intro; accessed on 8 December 2021) [63], and deletion (gene
knockout) libraries are available for purchase.

Using the deletion library, mutations causing hypersensitivity to high pressure (25 MPa
and 24 ◦C) or low temperature (0.1 MPa and 15 ◦C) were identified within 4828 non-
essential genes. To the best of my knowledge, this is the only study to perform a large-
scale screening of the yeast deletion library to identify genes required for growth under
a moderate high pressure. This analysis revealed 84 genes, of which 75 were found
to be required for growth at 25 MPa and 24 ◦C and 57 were found to be required for
growth at 0.1 MPa and 15 ◦C [64,65]. There was a marked overlap of 48 genes, implying
that various biological functions have common roles allowing cell growth under high
pressure and low temperature [64]. These 84 genes were classified into biological processes
using STRING, a tool for functional enrichment analyses (https://string-db.org; accessed
on 8 December 2021) (Table 2) [66]. Interestingly, there are several distinct clusters in
physical or functional protein-protein interactions among the 84 proteins predicted on
STRING (Figure 4). Therefore, these specific cellular functions must be highly important
for growth under high pressure and low temperature. The 84 deletion mutants displayed
variable sensitivity toward high pressure and low temperature. Consistent with earlier
observations of growth deficiency in Trp− strains [55,56], aromatic amino acids are crucial
for high-pressure and low-temperature growth. Indeed, it has also been reported that
mutants defective in tryptophan biosynthesis are cold sensitive [57]. Three mutants lacking
one of the redundant ribosomal subunits displayed sensitivity to high pressure and low
temperature (Figure 4). This is consistent with well-known knowledge that E. coli and
S. cerevisiae mutants with defective ribosome assembly are cold sensitive [67–70]. The lack
of Ccr4 and Pop2 (which comprise the Ccr4-Not transcriptional regulator [71]), is known to
cause marked cold sensitivity; however, the underlying mechanism remains unknown [72].
The deletion of these genes also causes high-pressure sensitivity (Figure 4). Despite the
determination of the transcriptional regulator, it is difficult to identify which target genes,
of the Ccr4-Not complex, are responsible for high-pressure growth as numerous genes are
under the control of this regulator. Although a global screening was performed to identify
genes required for tolerance to freeze–thaw stress [73], no overlapping genes required
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for growth under cold or high-pressure environments [64], were identified. Therefore, a
distinctive set of genes support these physiological characteristics of yeast. Deletion of
genes involved in the later steps of ergosterol biosynthesis promoted the accumulation
of sterol derivatives in cells [74]. Such mutations cause sensitivity to high pressure and
low temperature [64]. Thus, ergosterol maintains membrane property by opposing the
hardening of the membrane caused by high pressure and low temperature.

Figure 4. Prediction of protein-protein interactions among the 84 proteins encoded by high-pressure (25 MPa, 24 ◦C) and/or
low-temperature (0.1 MPa, 15 ◦C) growth genes on STRING including direct (physical) and indirect (functional) associations
(https://string-db.org; accessed on 8 December 2021).

Table 2. Biological processes (gene ontology) for proteins required for growth under high pressure and/or low temperature.

Term Description Observed Gene Count Background Gene Count Strength

Lysosome organization 3 3 1.9
Tryptophan biosynthetic process 4 6 1.73

Inositol phosphate biosynthetic process 3 5 1.68
Aromatic amino acid family biosynthetic process 6 24 1.3

Ergosterol biosynthetic process 5 25 1.2
Alcohol biosynthetic process 8 54 1.07

Positive regulation of transcription elongation from
RNA polymerase II promoter 6 46 1.02
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Table 2. Cont.

Term Description Observed Gene Count Background Gene Count Strength

Organic hydroxy compound biosynthetic process 9 76 0.97
Transcription elongation from RNA

polymerase II promoter 6 55 0.94

Cellular amino acid biosynthetic process 10 131 0.78
Small molecule biosynthetic process 19 324 0.67
Carboxylic acid biosynthetic process 11 186 0.67

Cellular amino acid metabolic process 12 246 0.59
Positive regulation of cellular biosynthetic process 16 424 0.48

Organic cyclic compound biosynthetic process 30 931 0.41
Small molecule metabolic process 21 693 0.38

Aromatic compound biosynthetic process 25 871 0.36
Organic substance biosynthetic process 46 1810 0.31

Cellular biosynthetic process 44 1764 0.3
Cellular nitrogen compound biosynthetic process 31 1261 0.29

The 84 genes required for Saccharomyces cerevisiae cell growth under high pressure (15 MPa, 24 ◦C) and/or low temperature (0.1 MPa,
15 ◦C) were classified into biological processes using STRING, a tool for functional enrichment analyses (https://string-db.org; accessed
on 8 December 2021). The observed gene count indicates how many proteins in the network are associated with a particular term. The
background gene count indicates how many proteins in total (in the network and in the background) have this term assigned. The strength
indicates Log10 (observed/expected), which describes how large the enrichment effect is.

8. High Pressure Activates a Nutrient Sensor Protein Kinase Complex TORC1

The aforementioned global screening methods revealed that the deletion of genes
encoding the EGO complex (EGO1, EGO3, GTR1, and GTR2) [64,75] results in severe
growth deficiency under high pressure and low temperature (Figures 3 and 4). The EGO
complex is required to tether the target of rapamycin complex 1 (TORC1). TOR is an evolu-
tionarily serine/threonine kinase in eukaryotes. It regulates the cellular homeostasis by
coordinating anabolic and catabolic processes when nutrients are present [76–80]. TORC1
promotes cell growth by activating synthesis of proteins and ribosomes in the presence of
favorable nutrients [81]. However, when the cells are starved or exposed to lethal stresses,
TORC1 signaling is repressed, which leads to the downregulation of protein synthesis and
effectively arrests cell growth [81–84]. A pressure of 25 MPa stimulated TORC1 to promote
the phosphorylation of a downstream effector protein such as Sch9 [85]. This stimulation
depends on the intracellular glutamine sensor protein, Pib2. Mutants with deleted EGOC
complex have an aberrant increase in glutamine levels. Therefore, the EGOC–TORC1 com-
plex plays a critical role in maintaining an appropriate glutamine level under high pressure
by downregulating the de novo synthesis of glutamine [85]. Although the mechanism by
which high pressure causes glutamate accumulation is unclear, these findings provide a
unique framework for understanding metabolic adaptation to high pressure. Few reports
in other organisms have addressed the amino acid requirement for growth under high
pressure. One such report by Catio et al. demonstrated that piezo–hyperthermophilic
archaeon Thermococcus barophilus requires only three amino acids (glutamate, cysteine,
and tyrosine) for growth under atmospheric pressure at 85 ◦C in peptone replacement,
whereas this organism required 17 amino acids (other than alanine, glutamine, and proline)
for growth under 40 MPa [86]. Since the strain exhibits uptake activity of amino acids at
40 MPa, the increased requirement for amino acids cannot be explained by attenuation of
substrate transport systems by high pressure. Instead, the authors suggested that there is a
metabolic shift between atmospheric pressure and high pressure [86].

9. Identification of Novel S. cerevisiae Genes Required for Growth under
High Pressure

Among the 84 gene deletion mutants that display growth deficiency under high
hydrostatic pressure and/or low temperature, 24 deletion mutants can be reversed by
the introduction of four plasmids (LEU2, HIS3, LYS2, and URA3) together that allow the
growth at 25 MPa, thereby suggesting a close association between the genes and nutrient
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uptake [87]. Most highly ranked genes associated with high-pressure growth, including
MAY24, are poorly characterized. May24 is localized in the endoplasmic reticulum (ER)
membrane. Therefore, the gene is designated as EHG1 (ER-associated high-pressure growth
gene 1) [87]. The deletion of EHG1 caused decreases in nutrient transport rates and reduced
nutrient permease levels when the cells were cultured at 25 MPa. Thus, Ehg1 is required
for the stability and functionality of permeases under high pressure (Figures 3 and 4) [65].
Ehg1 physically interacted with the histidine permease Hip1, leucine permease Bap2, and
uracil permease Fur4. By functioning as a novel chaperone that facilitates coping with
high-pressure-induced perturbations, Ehg1 could exhibit a stabilizing effect on nutrient
permeases when they are present in the ER [87]. The acquisition of nutrients is one of the
crucial biological processes in organisms under normal or harsh environmental conditions.
The poorly characterized proteins including Ehg1 play a role in ensuring nutrient uptake
via stabilizing the permeases present in the plasma membrane.

10. Conclusions

The use of genetic databases and functional genomic screening of S. cerevisiae can
improve our fundamental understanding of the effects of high hydrostatic pressure on
living cells. Many yeast strains belonging to the genera Candida and Debaryomyces are
found in deep-sea environments and share many common genes with S. cerevisiae, which
is not found in deep-sea environments. This review summarizes the mechanisms and
biological processes associated with high-pressure adaptation in eukaryotes, especially
yeasts.

Hydrostatic pressure is a thermodynamic variable that solely affects the equilibrium
or the rate associated with any chemical reactions, not introducing any composing elements
into the experimental system. The system reverts to its original state after decompression;
hence, hydrostatic pressure can be utilized as a cleaning tool to modulate intracellular
biochemical processes and may be applied for the production of any useful substances
while saving energy. In the studies on “piezophysiology,” high hydrostatic pressure is
used as a variable to elucidate biological processes accompanying considerable structural
changes in living cells. However, we continue to know very little about the effects of
high pressure on complex intracellular networks or how to deal with cellular responses
to high pressure. A mechanistic understanding of the effects of high pressure on proteins,
membranes, and small intracellular molecules is necessary to understand the complete
mechanism of cellular responses to high pressure. Advanced transcriptomics, proteomics,
and metabolomics studies of yeast under high pressure will be helpful in the selection of
yeast strains, media, temperature, and holding time.
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