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Abstract
The path of folding/unfolding to the functional state is characterized on the native
side by a multitude of conformational substates, which are characterized by different
structural and energetic properties. In this respect, the pressure-sensitive model protein
VHP35 [1] and the variant VHP35_L69A are suitable proteins for a comprehensive
biophysical analysis of the folding intermediates under changing physical conditions,
in particular pressure, by solution NMR. Within the experimentally accessible tem-
perature (278 - 368 K) and pressure (0.1 - 240 MPa) range, VHP35 reveals a hyper-
bolic phase boundary in the temperature-pressure phase space, which is the result of
pressure-induced stabilizing volumetric rearrangements, including a smaller hydration
shell leading to higher compressibility in the native state compared to the unfolded state.
The latter difference in compressibility disappears by the L69A substitution resulting
in an elliptic phase boundary and entropic pressure-induced destabilization. Supported
by control structure calculations, distinct conformational differences for the pressure-
dependent conformers are revealed between the wild type and the variant at 278 K,
essentially within the backbone and particularly in the C-terminal helix. In the case of
VHP35, this corresponds to heterogeneously distributed structural and dynamic changes
mainly within the helix α2 to helix α3 and in particular R55 and the hydrophobic core
residues F47, F51, L61, K65. In contrast, the structural changes of VHP35_L69A occur
mainly within the C-terminal helix α3, especially within the KKEK motif and R55, L63,
and K73, accompanied by increased variation in flexibility within the helix α1, especially
in D46, and helix α3. For both systems, R55 in particular plays an important role with
regard to pressure-dependent stability.
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Zusammenfassung
Der Weg der Faltung/Entfaltung zum funktionellen Zustand ist auf der nativen Seite
durch eine Vielzahl von konformationellen Unterzuständen gekennzeichnet, die durch
unterschiedliche strukturelle und energetische Eigenschaften gekennzeichnet sind. In
dieser Hinsicht sind das druckempfindliche Modellprotein VHP35 [1] und die Variante
VHP35_L69A geeignete Proteine für eine umfassende biophysikalische Analyse der Fal-
tungsintermediate unter wechselnden physikalischen Bedingungen, insbesondere Druck,
mittels Lösungs-NMR. Innerhalb des experimentell zugänglichen Temperatur- (278 - 368
K) und Druckbereichs (0,1 - 240 MPa) zeigt VHP35 eine hyperbolische Phasengrenze
im Temperatur-Druck-Phasenraum, die das Ergebnis von druckbedingten stabilisieren-
den volumetrischen Umlagerungen ist, einschließlich einer kleineren Hydrathülle, die
zu einer höheren Kompressibilität im nativen Zustand im Vergleich zum entfalteten
Zustand führt. Der letztgenannte Unterschied in der Kompressibilität verschwindet
durch die L69A-Substitution, was zu einer elliptischen Phasengrenze und einer en-
tropischen, druckinduzierten Destabilisierung führt. Unterstützt durch Kontrollstruk-
turberechnungen zeigen sich deutliche Konformationsunterschiede für die druckabhängi-
gen Konformere zwischen dem Wildtyp und der Variante bei 278 K, im Wesentlichen
innerhalb des Rückgrats und insbesondere in der C-terminalen Helix. Im Fall von
VHP35 entspricht dies heterogen verteilten strukturellen und dynamischen Veränderun-
gen hauptsächlich innerhalb der Helix α2 bis Helix α3 und insbesondere R55 und den
hydrophoben Kernresten F47, F51, L61, K65. Im Gegensatz dazu treten die struk-
turellen Veränderungen von VHP35_L69A hauptsächlich innerhalb der C-terminalen
Helix α3 auf, vor allem innerhalb des KKEK-Motivs und R55, L63 und K73, begleitet
von einer erhöhten Variation der Flexibilität innerhalb der Helix α1, vor allem in D46,
und Helix α3. Für beide Systeme spielt vor allem R55 eine wichtige Rolle im Hinblick
auf die druckabhängige Stabilität.
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1. Introduction

1.1. Proteins and the folding mechanism
Proteins are the most important functional biological molecules in life. In cells, they
perform a variety of tasks, e.g. catalyzing metabolic reactions, signal transduction, trans-
port or DNA replication. The unbranched polymers consist of L-α-amino acids linked
by amide bonds. In most organisms, the primary sequence of the polymer is composed
of a combination of 20 proteinogenic amino acids. The tertiary and quatenary structure
of proteins is determined by non-bonding intra- and intermolecular interactions. These
include the conformation of the dihedral angles of the peptide bond, hydrogen bonds,
van der Waals forces, electrostatic and hydrophobic interactions, which depend on the
sequence of the polypeptide chain and its local environment, such as the solvent [2, 3].
Thus, under physiological conditions the amino acid composition determines the native
conformation (n) of the protein and thus its function [4, 5]. The tertiary structure is
characterized by the spatial arrangement of the local secondary structure elements, like
α-helices, β-sheets and turns. From a thermodynamic point of view, the conformational
space of a protein is defined by an energy landscape in which the native state corre-
sponds to the state with the lowest free energy [6]. The de novo prediction of the three
dimensional structure of a protein from its amino acid sequence is still a challenging
task and is referred to as the protein folding problem [7]. Nevertheless, recent develop-
ments in computational biology achieved by deep-learning algorithms show interesting
progress [8, 9].
Despite these advances, protein folding is a complex dynamic process in which, even
at thermodynamic equilibrium, a multitude of conformational substates might coexist
within the ensemble of conformations of the native state [10–13]. This has been stud-
ied experimentally using a variety of methods including solution NMR spectroscopy,
fluorescence spectroscopy, circular dichroism and small angle X-ray scattering [14–16].
The function of proteins is linked to these structural fluctuations, and the perturbation
of the native conformation therefore leads to a shift in equilibrium in favor of the less
populated, higher-energy substates (n∗) [17–19]. The stability of the different folding
intermediates can be described by a funnel-shaped energy landscape with respect to a
reaction coordinate [20, 21]. In general, protein stability is defined by the Gibbs free
energy, which is an expression of internal energy, entropy and volume. The energetically
different conformations of a system thus correspond to different values of these param-
eters [22, 23].
There are several ways to induce these conformations with their different thermodynam-
ical properties, e.g. by varying the chemical (pH, denaturant), the biochemical (inser-
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1. Introduction

tion of point mutations) or the physical (temperature, pressure) environment. Despite
the limitations of each of the strategies, changes in temperature, for example, provide
thermal insights or chemical perturbations provide information under stable physical
conditions. In contrast, varying pressure redistributes populations between the folded
and the unfolded states via volume differences [24–28]. In general, when hydrostatic
pressure is used, a change from 0.1 MPa to about 300 MPa leads to dissociation of
oligomeric proteins or to conformational fluctuations in the case of monomeric proteins,
and a change of up to 1 GPa leads to the unfolding of monomeric proteins [29,30]. The
physical basis of this process is the shift toward conformations with a smaller overall
volume (Le Chatelier’s principle) due to the elimination of the solvent-excluded voids by
imperfect protein packing [31–33]. This is accompanied by a weakening of hydrophobic
interactions caused by the solvent water through increased solvent density on exposed
surfaces in the unfolded state and electrostriction of polar and charged groups [34–36].
In general, hydrogen bonds are strengthened under pressure, while hydrophobic inter-
actions are weakened by water molecules penetrating the inner cavities of the protein
core [37–41].
On this basis, the pressure cells commonly used in NMR spectroscopy (limit 300 MPa)
[42–46] can be used to reversibly shift the equilibrium of a globular, monomeric system,
which is sensitive to changes in partial molar volume, to less populated, higher energy
substates or partially unfolded states and, in rare cases, to complete unfolding [47–50].
NMR spectroscopy methods allows one to obtain the structure, thermodynamic proper-
ties and conformational dynamics of these conformations with atomic resolution. The
pressure-dependent thermodynamic properties determined by quantitative analysis of
population shifts underpin the changes of partial molar volumes and internal cavities
revealed by high-resolution NMR structures [50, 51]. Information about changes in the
dynamics and the nonlinear shift dependence of the backbone complement the ther-
modynamic and structural picture on a residue-specific level [52–60]. In this context,
the biophysical characterization of the pressure-dependent folding reaction is another
promoting contribution to the elucidation of the protein folding mechanism.

1.2. The thermostable 35-residue subdomain within
villin headpiece

The approach to understanding protein folding also depends on the complexity of the
system under consideration. Compared to full-length proteins, in vitro or de novo de-
rived, independently folding, small polypeptide chains or subdomains of proteins with
a well-defined tertiary structure are more feasible models to study. An example of this
property is the monomeric, 35 residues subdomain (VHP35) of the villin headpiece do-
main from chicken villin and the derived, physically similar, recombinant VHP36 (retains
an additional N-terminal initiator methionine residue) [61]. Both have been extensively
studied and have been shown to be useful tools in bridging the gap between experimental
and computational approaches to protein folding.
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1.2. The thermostable 35-residue subdomain within villin headpiece

L42

F47

V50

F51

M53

K65

L69

F58

L61
A                                  B

K70

    42       45        48       51         54       57       60       63         66        69        72        75
M L S D E D F K AV F G M T R S A FA N L P LW K Q Q N L K K E KG L F

            α 1                  α 2                   α 3

Figure 1.1.: NMR structure and sequence of VHP36 (PDB: 1VII): (A) shows
the energy minimized average structure of VHP36 with the three α-helices
(green), α1 to α3, and the turns, N- and C-terminus (red). The residues of
the hydrophobic core (L42, F47, V50, F51, M53, F58, L61, K65, L69, K70)
are shown without hydrogens [62–65]. (B) shows the rotation by 180◦ about
the y-axis. Below the amino acid sequence with background color corre-
sponding to the secondary structure. The residues are numbered according
to their position in the 76 amino acid headpiece domain.

The sequence of VHP35 is part of the 92.5 kDa F-actin-binding protein villin, which is
involved in the maintenance of the microvilli in the absorptive epithelial cells [66–68].
It consists of six repeating gelsolin-like domains of 150 residues each forming the core
domain and a headpiece domain of 76 residues at the C-terminus [69]. Within the 8 kDa
headpiece, VHP35 spans residues 42 - 76 (residues 791 - 825 of the intact chicken villin),
including a KKEK motif essential for binding of villin to actin [70]. The subdomain
is one of the smallest known naturally occurring sequences whose tertiary structure
corresponds to that in the intact headpiece domain [62, 63, 65, 71]. With a midpoint of
the temperature transition (Tm) in the range of 337 - 343 K of VHP35 or a Tm of about
340 - 346 K of VHP36, the proteins show similar thermal stability as also the intact
headpiece domain with a Tm of about 347 - 349 K [61, 65, 72–76]. This is accompanied
by a free energy of unfolding (∆G◦

u) of about 7 - 13 kJ/mol of VHP35 or a ∆G◦
u of about

11.8 - 13.8 kJ/mol of VHP36, which is a significant amount compared to to the overall
thermodynamic stability of the headpiece with a ∆G◦

u of about 18 kJ/mol.
Both the biologically isolated VHP35 as well as the recombinant protein fold autonomous-
ly and cooperatively into a globular structure without disulfide bonds and binding of
ligands or metals. The structure is a motif of three α-helices surrounding a closed-packed
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1. Introduction

hydrophobic core (Fig. 1.1). The nine key residues comprising the hydrophobic core are
all more than 70 % solvent inaccessible. A cluster of the three conserved phenylalanine
residues F47, F51, and F58 forms the bulk of the hydrophobic core and contributes
significantly to thermal stability [64]. Since the three residues are incorporated into the
first two helices, the third helix is less stable [77]. Nevertheless, underpinned by studies
of several mutation sites, including within the hydrophobic core, the information spec-
ifying the three dimensional structure and the thermodynamic stability is distributed
throughout the sequence [64,65,78–82]. Following a two state model, VHP35 or VHP36
folds within 3.23 - 4.3 µs [72, 83–86].
Investigations of the molecular dynamics revealed a transient population of an unfold-
ing higher energy intermediate (n∗) on the native side [75, 86–88]. At equilibrium, n∗

is populated at ambient pressure up to 57 % and changes to the native state with a
time constant of of about 600 ns [1]. The substate is a precursor to a partially un-
folded state. Changing the pressure up to 390 MPa shifts the population of n∗ to 64
%. The higher energy conformer shows a volume difference of ∆V ◦ = -1.6 ml/mol
compared to the native state. The slightly more solvent-exposed conformation of n∗

is accompanied by weakened interactions and increased structural flexibility within the
C-terminal helix [1, 89]. This is consistent with the dominant of the three unfolding
pathways of VHP35 studied, in which helix α3 is segmentally destabilized before the
others unfold [90–92]. Another option is the reverse way, in which helix α1 and helix α2
unfold first [82,93]. The third option is characterized by the initial destabilization of the
least thermodynamically stable helix α2 compared to the other helices, resulting in a
cooperative unfolding pathway [94, 95]. In light of this, the pressure sensitve conformer
n∗ and the conformational heterogeneity of the folding/unfolding pathways of VHP35
are an interesting starting point for further biophysical studies.

1.3. Motivation
The function of proteins is linked to their structure. The pathway of folding/unfolding
to the functional state is characterized by partially folded intermediates and a multitude
of conformational substates on the native side. Investigation of the structural, molecular
dynamics and thermodynamic properties of folding intermediates and substates provides
a more comprehensive molecular understanding of protein folding. In this regard, based
on the pressure-sensitive conformer n∗ of the model protein VHP35 described by Neu-
maier et al. [1], the motivation of this research is a comprehensive biophysical analysis
of the folding intermediates of VHP35 and the variant VHP35_L69A under changing
physical conditions, in particular pressure, using solution NMR. Specifically, the char-
acterization of the pressure-dependent, up to 240 MPa, structures of the proteins by
NMR spectroscopy. Furthermore, the residue-specific analysis of the pressure-dependent
chemical shifts and the pressure-dependent dynamics on a picosecond to nanosecond time
scale. This picture is complemented by the measurement of the temperature-pressure
Gibbs free energy landscape of VHP35 and VHP35_L69A obtained by 1D 1H spectra.
The alanine mutation of VHP35 at the hydrophobic core residue leucine 69 within the
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1.3. Motivation

helix α3 was created in order to generate an artificial void and to increase flexibility
and decrease stability within the C-terminal helix. Comparison of the wild type and the
variant will provide further insights into understanding pressure-induced unfolding.
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2. Materials and Methods

2.1. Preparation of mixed labeled VHP35 and
VHP35_L69A samples

The preparation of the protein samples was carried out by Uwe Fandrich from the group
of Prof. Dr. Thomas Kiefhaber.

Protein expression and purification

VHP35 or VHP35_L69A was cloned into the Champion pET vector with His6-SUMO
at the N-terminus. The plasmid was transformed into Escherichia coli Rosetta pLysS
cells. Labeled proteins were generated by growing the bacteria in M9 minimal medium
containing 15N ammonium chloride and 13C6-glucose. In general, the protein expression
(wild type or mutant) was carried out in 1 l cultures of E. coli Rosetta pLysS grown at
37 ◦C until the OD600 = 0.8 was reached. Protein expression was induced with 1 mM
Isopropyl-β-D-thiogalactopyranosid (IPTG), and cells were harvested by centrifugation
after 4 hours.
Cells were resuspended in 40 ml 50 mM Tris/HCl buffer, 350 mM NaCl, pH 7.5 at
4 ◦C and disrupted with French pressure cell press at 70 MPa. The cell extract was
separated by centrifugation at 25000 rpm for 30 minutes at 4 ◦C and filtrated through
0.45 µm membranes. Protein was purified from the soluble fraction using Ni-affinity
chromatography with a gradient of 500 mM Imidazol in 50 mM Tris/HCl buffer, 350
mM NaCl, pH 7.5. The eluate was concentrated and dialyzed with 4 l 50 mM Tris/HCl
buffer, 350 mM NaCl, pH 7.5 in a 6 - 8 kDa tube. Proteolytic cleavage was performed
with SUMO-protease. Further purification by HPLC was carried out on a Kinetex C18
column. Fractions containing protein were lyophilized and stored at -20 ◦C. Protein
purity was analyzed by 16,5 % Tris/Tricin Gel and mass spectrometry.

2.2. NMR spectroscopy
NMR measurements were recorded using a Bruker Avance III 600 (TXI triple resonance
probe) spectrometer. The 15N/13C-labeled proteins were studied at 278 K in 10 mM
K2HPO4/KH2PO4 buffer (pH 7.0), 30 or 60 µM 3-(Trimethylsilyl)-1-propanesulfonic
acid-d6 sodium salt (DSS-d6), 10 % D2O, and with a concentration of 1.3 mM of VHP35
or 1.5 mM of VHP35_L69A. All spectra were directly or indirectly referenced to DSS.
High-pressure NMR measurements were performed in a commercial 3 mm ceramic cell
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2.2. NMR spectroscopy

(Daedalus Innovations LLC) connected to a home-built pressure generation up to 250
MPa [96]. The NMR resonance assignment of wild-type VHP35 has been reported
previously [61,62]. Backbone assignment of the wild type or the variant was achieved by
2D 1H,15N-fHSQC [97], triple-resonance experiments trHNCACB [98,99], HNCO [100],
3D NOESY-HSQC [101] supplemented by side-chain assignments from a 1H,13C-ctHSQC
[102], 1H,13C-ctHSQC-TOCSY and 3D HCCH-TOCSY [103] experiments. R1, R2 and
1H,15N heteronuclear NOE (hNOE) [104] data for backbone 15N nuclei were measured
by 2D HSQC. Experimental time-points for R1 were 0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1,
1.2, 1.5 s. R2 measurements used a CPMG pulse train [105] with time points of 0,
0.008, 0.016, 0.032, 0.048, 0.064, 0.096, 0.128, 0.16, 0.192 s. The hNOE experiment was
recorded with proton saturation period of 3 s. Data were collected at ambient pressure
and 240 MPa.
The pressure dependence of 15N chemical shifts was determined using 1H,15N-fHSQC at
ambient pressure up to 240 MPa in steps of 20 MPa. One-dimensional (1D) 1H spectra
under presaturation solvent suppression were measured at 0.1 MPa to 240 MPa in steps
of 50 MPa and at a temperature range from 278 K to 368 K in steps of 5 K.
The NMR pulse sequences used here are listed in Appendix B. All NMR data were
processed by Bruker TopSpin 3.6.2 and analyzed by CARA 1.9.1.7 [106] and PINT [107].

2.2.1. Heteronuclear single quantum coherence

1H

15N

t2

 decouple

x       x         y                                         x       x          Φrec  
 

Φ1                                       Φ2 

INEPT                                                  INEPT

τ      

t1

τ      τ      τ      

Figure 2.1.: Basic 1H,15N-HSQC pulse sequence: Inverse detection of the heteronu-
clear chemical shift correlation between 1H and 15N via 1JNH-coupling. The
initial INEPT sequence transfers the polarization from 1H into the anti-
phase heteronuclear single-quantum coherence. The anti-phase 15N mag-
netization evolves during the subsequent t1 evolution period. The reverse
INEPT sequence converts the frequency-labeled 15N magnetization back to
an in-phase 1H magnetization. Heteronuclear decoupling is applied during
the detection period t2. Narrow bars correspond to π/2-pulses and wider
bars represent π-pulses. The nominal value for τ = 1/(4JNH). Phase cycling
is for Φ1 = x,-x, Φ2 = x,x,-x,-x and for the receiver Φrec = x,-x,-x,x.
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2. Materials and Methods

NMR spectroscopy is a powerful technique for studying the structure, dynamics, and
chemical kinetics of a molecule at the atomic level. The selection of the appropriate
NMR experiments to assign the resonance signals of a molecule is essentially determined
by the length and the structure of the system. As molecular weight increases, high-
resolution multidimensional NMR spectroscopy provides the basis for resolving signal
overlap and enhancing the resolution. The experiments are based on the correlation of
the polarization transfer between different spins via scalar coupling through chemical
bonds or via dipolar coupling through space [108].
The 2D heteronuclear single-quantum coherence (HSQC) experiment allows one to ob-
tain a 2D heteronuclear correlation map of the chemical shifts between directly-bonded
1H and X-heteronuclei (commonly, 13C and 15N). The 1H,15N-HSQC of a protein shows
the amide groups of the backbone and the side chain group of tryptophane (Nε-Hε),
asparagine (Nδ-Hδ2), glutamine (Nε-Hε2), arginine (Nη2-Hη2) and histidine (Nε-Hε).
Due to the absence of an amide proton, prolins are not shown in the spectrum.
The experiment is characterized by the coherence transfer from spin I (1H) to a heteronu-
clear spin S (15N) via J -coupling. The transfer is realized by INEPT (Insensitive Nuclei
Enhancement by Polarization Transfer) blocks (Fig. 2.1). The concept is explained
below using the product operator formalism. The first INEPT sequence cause the con-
version of in-phase proton magnetization (-Iy) into anti-phase magnetization (-2IxSz)

Iz
π
2 Ix−τ−π(Ix+Sx)−τ
−−−−−−−−−−−−→ −2IxSz

π
2 (Iy+Sx)
−−−−−→ −2IzSy

ΩSt1Sz−−−−→ 2IzSycos(ΩSt1)− 2IzSxsin(ΩSt1)
π
2 (Ix+Sx)−τ−π(Ix+Sx)−τ
−−−−−−−−−−−−−−−→ Ixcos(ΩSt1)− 2IySxsin(ΩSt1).

(2.1)

At the end of the INEPT block, a π/2 y-pulse on spin I and x-pulse on spin S transfers
the anti-phase magnetization to the heteronuclear spin (-2IzSx). The spin S evolves the
chemical shift ΩS during the variable evolution time t1. The π-pulse on the proton in
the middle of this period refocuses the heteronuclear scalar coupling (JIS). A reverse-
INEPT block converts the frequency-labeled 15N magnetization back to in-phase 1H
magnetization. The result is an unobservable double quantum magnetization (-2IySx)
and in-phase 1H magnetization (Ix). During the acquisition time t2, heteronuclear de-
coupling is applied. During t2, the spin I evolves the chemical shift ΩI in the following
way

Ixcos(ΩSt1) ΩI t2Iz−−−→ Ixcos(ΩSt1)cos(ΩIt2) + Iycos(ΩSt1)sin(ΩIt2). (2.2)

Phase-sensitive quadrature detection is used to detect a single resonance line for each
I -S spin pair, yielding the following signal

S(t1, t2) = cos(ΩSt1)eiΩI t2 . (2.3)

In combination with 15N, 13C isotope labeling, the HSQC experiment forms the template
to realize sequence specific assignment of proteins. Fot double-labeled protein molecules,
a broadband selective π-pulse was applied on the third channel to decouple the 15N or
13C spins. Water suppression was achieved by presaturation, pulsed-field gradients,
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2.2. NMR spectroscopy

and the 3-9-19 WATERGATE sequence [109]. Phase-sensitive quadrature detection was
acquired using TPPI-States [110] or echo-antiecho. The two-dimensional heteronuclear
correlation experiments are integral components of all heteronuclear three- and four-
dimensional NMR experiments.

2.2.2. Residue-specific assignment

Hβ
130 HzHβ

HαH
-90 Hz

i-1 i i+1

O

CαN
140 Hz

HαH O

C -15 Hz CαN C-11 Hz 55 Hz

7 Hz
<1 Hz35 Hz

35 Hz

CβHβ CβHβ

Cγ

Figure 2.2.: Heteronuclear coupling constants in proteins: Spin system (i) with
characteristic J -coupling constants that used for magnetization transfer in
13C, 15N labeled proteins [111].

Sequential assignment of backbone and side chain signals from VHP35 and VHP35_L69A
was enabled with 2D 1H,15N/13C-HSQC experiments in combination with several 3D
triple resonance experiments. The backbone assignment was realized by combining of
TROSY-HNCACB and HNCO experiments, previous resonance assignment [61,62], and
the specific chemical shifts of amino acids in disordered polypeptid chains [112]. In the
case of the HNCACB, coherence transfer is realized within a spin system from 1HN via
15N to 13Cα and 13Cβ. The transfer reveals sequential information due to similar coupling
constants. Specifically, this means that the magnetization is transfered from the 15N to
the 13Ci

α (11 Hz) as well as to the 13Ci−1
α (7 Hz) precursor (Fig. 2.2). In this way, the

chemical shifts of the Cα and Cβ of the spin system and their precursors are obtained.
This provides the link to the resonances of the 1H,13C-HSQC.
In combination with the HNCO experiment, which connects the resonances of the amid
proton to the precursor carbonyl group, a sequential assignment can be implemented.
Based on 1H,13C-ctHSQC experiments, the side-chain assignments of the aliphatic and

9



2. Materials and Methods

aromatic groups were determined by 3D HCCH-TOCSY and 1H,13C-ctHSQC-TOCSY
measurements. The TOCSY correlates all carbons or carbon-coupled protons within
a spin system, respectively (Fig. 2.2). The combination resolves the chemical shift
information of the carbons and their covalently bonded protons.

2.2.3. Dynamic parameters
Spin relaxation experiments are used to study the global and local dynamics of proteins.
NMR spin relaxation depends on stochastic thermal motions (Brownian motion) that
modulate nuclear magnetic spin Hamiltonians to regain thermal equilibrium. The pro-
cess is characterized by longitudinal relaxation for the return of spin populations to their
Boltzmann distribution values and by transverse relaxation for the decay of coherences.
The mechanism is caused by time-dependent fluctuating magnetic fields at the sites of
the nuclear spins. For nuclei with spin 1/2, the main sources of the field fluctuations are
dipolar coupling and chemical shift anisotropy (CSA).
Different types of protein dynamics can be observed, such as molecular vibrations, side
chain rotations, chemical exchange processes and protein folding. Their time scales
range from picoseconds to tens of seconds [113, 114]. In this work, longitudinal (R1)
and transverse (R2) relaxation rates and heteronuclear Overhauser effects (hNOE) were
measured to study backbone dynamics in the range of the picosecond to nanosecond
time scale.
The relaxation rates are functions of the spectral density function (J(ω)) [115]. It
gives the intensity of the time- and frequency-dependent spin orientations caused by
local magnetic field fluctuations. The function is described by correlation functions of
time-dependent random rate processes. For spherical molecules, the Fourier-transformed
equation is

J(ω) = τc

(1 + ω2τ 2
c ) , (2.4)

where ω is the frequency of the relaxation-inducing random rate process and τc is the
rotational correlation time of the molecule. For the backbone amide 15N spins of proteins
in solution, the relaxation parameter are given by

R1 = 1
T1

= d2

4

[
J(ωH − ωN) + 3J(ωN) + 6J(ωH + JωN)

]
+ ω2

N∆σ2

3 J(ωN), (2.5)

R2 = 1
T2

=d
2

8

[
4J(0) + J(ωH − ωN) + 3J(ωN) + 6J(ωH) + 6J(ωH + ωN)

]
+ ω2

N∆σ2

18

[
4J(0) + 3J(ωN

]
+Rex,

(2.6)

hNOE = 1 + d2

4R1

γH
γN

[
6J(ωH + ωN)− J(ωH − ωN)

]
, (2.7)

where γH and γN are the gyromagnetic ratios, and ωH and ωN are the Larmor frequencies
of the proton and the nitrogen, respectively. Rex represents the slow conformational
exchange rate in the range from µs to ms. ∆σ describes the difference of axial and

10



2.2. NMR spectroscopy

parallel elements of the CSA of 15N with an average value of 165 ppm [116]. And the
dipolar coupling d is given by

d = µ0h̄γNγH
4π〈rNH〉3

, (2.8)

where µ0 is the magnetic constant, h̄ is the reduced Planck constant, and 〈rNH〉 is the
average internuclear distance of the 1H-15N pair.

10-12 10-11 10-10 10-9 10-8 10-7 10-6
0.01

0.1

0

1

10

100

Figure 2.3.: Double-logarithmic plot of 15N relaxation rates as a function of
the rotational correlation time τc: The longitudinal R1 (black) and the
transverse R2 (red) relaxation rates versus the correlation time, depending
on different magnetic fields B0 (solid: B0 = 7,04 T, dashed: B0 = 14,1 T,
dotted: B0 = 18,8 T). Calculated curves of R1, R2 based on the equations
2.5 and 2.6 with an average internuclear distance 〈rNH〉 = 1.02 Å and an
average CSA ∆σN = 165 ppm.

Figure 2.3 shows the longitudinal and transverse relaxation rates of 15N as a function
of the rotational correlation time. For spherical molecules in non-viscous solutions, τc is
proportional to the molecular weight. As the size of the molecule increases, R2 increases
linearly with τc. R2 is essentially field independent, being dominated by J (0). The
term represents the dephasing of the transverse magnetization by an inhomogeneous
local magnetic field. The relaxation rate R1 is mainly influenced by J(ωN), which rep-
resents the contribution of single quantum transitions of the 15N nucleus. Therefore, at
higher higher magnetic fields, the value decreases at different rates after the maximum
(ωNτc ≈ 1). The measurement of R1 and R2 rates was accomplished by pseudo-3D
1H,15N-HSQC experiments [117]. Where the pseudo third dimension defines the relax-
ation delay t.
R1 rates were obtained by inversion recovery experiments (π - t - π/2). Here the longi-
tudinal magnetization is prepared by a π-pulse which generates an inverted population

11
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distribution. A second π/2-pulse converts the population difference into observable co-
herences after the delay t.
The CPMG sequence ((π/2)x - τcp - πy - τcp) was used to measure the transverse relax-
ation rate. The (π/2)x-pulse induces a transverse magnetization. The decay of the Mxy
magnetization is obtained after the spin-echo period t = [τcp - πy - τcp]n. The variation
of this time delay gives t = 2nτcp, where 2n is the number of spin-echo periods and τcp is
the length of a single spin-echo period. Refocusing by the πy-pulse eliminates magnetic
field inhomogeneities and chemical shift evolution.
Heteronuclear rates were realized via reverse INEPT sequences, including the inversion-
recovery or CPMG sequence (Fig. 2.1). The rates were determined by nonlinear least-
squares fitting of the experimental data points (I(t)) to two-parameter mono-exponential
equation

I(t) = I0exp(−R1,2t). (2.9)

The errors in the fitted relaxation rate constants were estimated using the jackknife
method.
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Figure 2.4.: Logarithmic plot of heteronuclear 15N{1H}-NOE as a function of
the rotational correlation time τc: The hNOE versus the correlation
time depending on different magnetic fields B0 (B0 = 7,04 T solid, B0 =
14,1 T dashed, B0 = 18,8 T dotted). Calculated curves of hNOE based on
the equation 2.7 with an average internuclear distance 〈rNH〉 = 1.02 Å and
an average CSA ∆σN = 165 ppm.

The 15N{1H} heteronuclear NOE provides information about the motion of individual
N-H bond vectors. The NOE is based on the distance-dependent dipolar cross-relaxation
between spins (§ 2.2.4). This can be observed in the time-dependent changes in the
intensities of the dipolar-coupled spins (Eq. 2.10). Applying a weak r.f. field at the
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proton induces the saturation of the spins, resulting in an equalized population. The
saturation affects the steady-state equilibrium of the heteronuclear spin (15N), which is
described by the NOE enhancement factor (ηHN). hNOE is the ratio of the longitudinal
magnetization of the heteronuclear spin at equilibrium when the proton is saturated
(Isat) and at thermal equilibrium (Iref). The ratio of the intensities gives

hNOE = Isat

Iref
= 1 + ηHN = 1 + σHN

ρN

γH
γN

, (2.10)

where ηHN is defined by the longitudinal cross-relaxation rate σHN , the longitudinal
relaxation rate of the amide ρN and the gyromagnetic ratios γH and γN . The relaxation
rates are expressions of the spectral density functions as described in equation 2.7. The
NOE enhancement factor depends on the correlation time and thus on the motion of
the molecule (Fig. 2.4). As τc increases, the change of hNOE is associated with larger
molecular weight. Variations in individual values indicate differences in the internal
motions within the molecule. The hNOE of the N-H bond vector ranges from -3.93 and
0.9 due to the negative value of γN . The field dependence results from the contribution
of the longitudinal relaxation rate.
Like the relaxation rates, the heteronclear NOE was measured using pseudo-3D 1H,15N
correlation experiments alternating with and without proton saturation prior to the π/2-
pulse for 15N. The cycle is defined in the third dimension. Coherence transfer back to
the amide proton was realized via a single reverse INEPT sequence (Fig. 2.1).

2.2.4. NOEs
As described above, the nuclear Overhauser effect is based on distance-dependent dipo-
lar cross-relaxation between spins that are subject to Brownian molecular motion [118].
The random isotropic tumbling of the molecule generates time-dependent magnetic fluc-
tuations at the spins. These field fluctuations induce frequency-dependent relaxation
mechanisms. For two dipolar coupled spins, the time-dependent return of the longitu-
dinal magnetization of a spin (Iz) to thermal equilibrium (I0

z ) is given by the following
Solomon equation

dIz

dt
= −ρauto

I (Iz − I0
z )− σcross

IS (Sz − S0
z ). (2.11)

Sz is the time-dependent and S0
z the equilibrium longitudinal magnetization of the

diploar coupled spin. The Solomon equation describes the longitudinal relaxation of
a spin as the sum of auto-relaxation (ρauto) and cross-relaxation (σcross) processes. The
relaxation rates are expressions of spectral density functions (Eq. 2.4)

ρauto = d2

10

[
J(0) + 3J(ω) + 6J(2ω)

]
, (2.12)

σcross = d2

10

[
J(0)− 6J(2ω)

]
, (2.13)

with the dipolar coupling d (Eq. 2.8). Hence, the longitudinal relaxation depends on the
relative orientation and distance (∝ 1/r6) of the coupled spins. The distant-dependent
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exchange of longitudinal magnetization of the dipolar coupled spins through space leads
to a perturbation of the population at the considered spins. The observable change of
the signal intensities is referred to as the NOE.
The NOE can be used to provide information about inter-proton distances for structure
determination or about the motion of a molecule. The latter is obtained via the steady-
state NOE or hNOE (Eq. 2.10, § 2.2.3).

t1

Preparation     Evolution          Mixing         Detection 

1H
σ1        σ2          σ3        σ4         σ5        σ6     

      tm t2

Figure 2.5.: Basic NOESY pulse sequence [119]: After excitation by the first π/2-
pulse and the free variable evolution period t1, transverse magnetization
evolves. The second π/2-pulse generates longitudinal magnetization. Dur-
ing the NOE mixing time (tm), an exchange of magnetization between spins
via cross-relaxation or chemical exchange occurs. The final pulse generates
observable in-phase transverse magnetization of the spins under considera-
tion. Narrow bars represent π/2-pulses. Density matrices at different time
points in the sequence (σ1 - σ6) are discussed in the text.

The inter-proton distances are obtained by measuring the transient NOE (NOEs) with
the NOESY (nuclear Overhauser effect spectroscopy) experiment. Since the NOEs are
based on cross-relaxations, the experiment is sensitive to spin distance ranges of 5 Å or
less. Figure 2.5 shows the product operator formalism of a basic NOESY experiment
for a homonuclear, not scalar coupled two-spin system (I and S). The initial density
matrix (σ1) of the longitudinal magnetization of the dipolar coupled spins in thermal
equilibrium is given by

σ1 = Iz + Sz. (2.14)
After the excitation by the first π/2-pulse and the subsequent t1 period, the system
evolves under the chemical shifts (ωI , ωS)

σ3 =
[
− Iycos(ωIt1) + Ixsin(ωIt1)

]
exp(−R2t1) +[

− Sycos(ωSt1) + Sxsin(ωSt1)
]
exp(−R2t1).

(2.15)

The second π/2-pulse generates a non-equilibrium population difference within the spin
levels. Through phase cycling the transverse components of the magnetization are sup-
pressed and the density matrix is given by

σ4 =
[
Izcos(ωIt1) + Szcos(ωSt1)

]
exp(−R2t1). (2.16)
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2.3. Molecular structure determination

The result of the phase cycle-edited density matrix during the mixing time tm is the
evolving longitudinal cross relaxation between dipolar coupled spins

σ5 =
[
Iza11(tm)cos(ωIt1))

]
exp(−R2t1) +

[
Iza21(tm)cos(ωIt1))

]
exp(−R2t1) +[

Sza22(tm)cos(ωSt1))
]
exp(−R2t1) +

[
Sza12(tm)cos(ωSt1))

]
exp(−R2t1).

(2.17)

Here the amplitudes aij are solutions of the time-dependent Solomon equations of the
longitudinal magnetization

adiag = a11 = a22 = cosh(σcrosstm)exp(ρautotm), (2.18)

across = a21 = a12 = sinh(σcrosstm)exp(ρautotm), (2.19)
with the the auto- and cross-relaxation rates described in equation 2.12 and 2.13. The
final π/2-pulse generates observable transverse in-phase magnetization of the spins under
consideration. The following signal is measured during the detection time t2

S(t1, t2) ∝
[
a11(tm)cos(ωIt1)) + a21(tm)cos(ωIt1))

]
exp(−R2t1)exp(−iωIt2) +[

a22(tm)cos(ωSt1)) + a12(tm)cos(ωSt1))
]
exp(−R2t1)exp(−iωSt2).

(2.20)

The spectrum contains two diagonal peaks whose amplitudes are given by adiag and two
cross-peaks whose amplitudes given by across. For short mixing times tm the amplitudes
of cross-peaks corresponds to

across(tm) ∼= σcrosstm ∝ r−6. (2.21)

Apart from the correlation time (τc), σcross depends only on the distance (r) between
the spins. Therefore, the integral of the transient NOE is directly proportional to the
distance r. In the case of a multiple spin system, the longitudinal magnetization could
be mediated via the neighboring nuclear spins. This phenomenon is called spin diffu-
sion [120]. As the mixing time increases, auto-relaxation and spin diffusion processes
increasingly contribute to the NOE signal. Therefore, a compromise between the sup-
pression of spin diffusion and a sufficient NOE signal intensity must be chosen in the
experiment. Suitable mixing times for proteins range from 60 to 120 ms.
NOEs were obtained using 3D NOESY-HSQC experiment. The experiment consists of
a homonuclear 2D NOESY pulse sequence (Fig. 2.5) followed by a 1H,15N/13C-HSQC
pulse sequence (Fig. 2.1). 1H,15N/13C correlations were realized by double INEPT
transfer.

2.3. Molecular structure determination
The structures of VHP35 and VHP35_L69A were calculated with ARIA 2.3.1 [121] and
CNS [122], using ambiguous NOEs, the protein sequence and by TALOS+ [123] derived
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dihedral information as structural restraints. Structure calculations were performed
using the following simulated annealing protocol: High-temperature sampling at 10,000
K (10,000 steps), the first annealing stage from 10,000 to 1,000 K (5,000 steps), and the
second annealing stage from 1,000 to 50 K (4,000 steps). With the ARIA protocol, 60
conformers were calculated in the first iteration and 400 conformers in the final iteration.
An ensemble of the 10 structures with the lowest energy was used for further structural
analysis. Ramachandran analysis was performed by using PROCHECK-NMR [124].
Structural visualization, alignment, atomic distances, solvent-accessible cavity detection,
and calculation of the solvent-accessible surface area (SASA) were realized with PyMOL
1.7.2.1 (DeLano Scientific LLC). Theoretical molecular surface volume (VMS), van der
Waals volume (VVDW) and void volume (VVOID) were calculated with ProteinVolume 1.3
(Fig. 2.6) [125].

Solvent probe
 

Solvent accessible 
surface

 

 

Molecular 
surface

 

Figure 2.6.: Schematic diagram depicting of the surface and volume definitions
according to Chen et al. [125]: The solvent-accessible surface (black
line) is defined by the radius of the solvent probes (blue circles) around the
protein surface. The volume enclosed by this surface is called the solvent-
accessible volume. The molecular surface volume (red line) is the sum of
the intrinsic volume of the protein atoms, termed van der Waals volume
(magenta), and the void volumes or solvent-excluded volumes (gray). The
envelope volume (turquoise), which reflects the solute-solvent interactions, is
then the difference between the solvent-accessible volume and the molecular
surface volume.

2.3.1. Concept of structure calculation
The parameters obtained by the NMR experiments described above contain spatial and
structural information. The resulting software-based restraints form the basis for calcu-
lating a three-dimensional structure of a biomolecule in solution. In this work, structure
determination was performed using the software packages ARIA 2.3.1 (ambiguous re-
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straints for iterative assignment) and CNS (crystallography and NMR system). This is
intended to serve as a basis for explaining some general concepts in the following.

NMR data 
collection & 
processing

Sequential resonance 
assignment & NOE 
peak list

 Iterative NOE assign-
ment & analysis of 
structural restraints

Structure 
calculation 
& validation

Evaluation of final structure ensemble &  
revising NOE peak list 

   

 

           NMR structure calculation program 
 

Figure 2.7.: General procedure of protein structure determination based on
NMR data: NOE assignment and structure calculations are performed
iteratively and verified by software-based structure validation (e.g. RMSD,
lowest energy conformers, restraint analysis, etc.). Violated restraints,
RMSD and calculated energies of the final structure ensemble determine
the revision of the input data.

The general procedure of structure determination by NMR consists of several steps,
which are shown in Figure 2.7. ARIA converts the experimentally derived NOE inten-
sities into calibrated ambiguous distance restraints and performs automated NOE as-
signment for the structure generation with CNS. The software requires a list of assigned
chemical shifts, the protein sequence, and uninterpreted or partly assigned multidimen-
sional homo- or heteronuclear resolved NOE cross-peak lists to derive a basic dataset of
restraints. In addition, other data can be added to derive further constraints, such as
amide hydrogen exchange protection data for hydrogen bond restraints, residual dipolar
couplings for orientational restraints and chemical shifts, scalar couplings and the protein
sequence for the determination of dihedral angle restraints. In this work, the program
TALOS+ (torsion angle likelihood obtained from shifts and sequence similarity) was
used for automatic determination of the dihedral angles. The software uses a neural
network algorithm and a database of tripeptide backbone secondary chemical shifts of
high resolution structures. The local geometry of the backbone of a protein is described
by the two dihedral angles φ and ψ [126]. The combinations of φ and ψ can be visualized
in the Ramachandran plot. The plot illustrates the permissible conformational regions
of an amino-acid residue within the secondary structure of a protein. The chemical shifts
of the backbone atoms are sensitive to the local backbone geometry and can therefore be
used to derive the dihedral information [127]. When combined with the protein sequence,
TALOS+ predicts the secondary structure on the basis of the chemical shifts.
In order to generate structural distance restraints, ARIA performs automated, iterative
assignment, calibration, violation analysis, and merging of the experimental derived
NOE intensities. The initial assignment is based on the chemical shifts. The calibration
method of the volumes or amplitudes of the NOESY cross-peaks includes the isolated
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spin pair approximation (ISPA) or the relaxation matrix analysis. The relaxation matrix
takes into account the spin diffusion. The theoretical volume V th

ij (tm) of two contributing
spins (i, j) gives the following relaxation matrix

V th
ij = V th

ij (0)(exp[tmR])ij, (2.22)

where tm is the mixing time, V th
ij (0) at tm = 0, and R is the cross-relaxation rate

(Eq. 2.13). The theoretical volumes are used for distance calibration. The interproton
distance dij for each spin pair (i, j) is given by

dij = (α−1V exp
ij )− 1

6 =
([

ΣiV
exp

i
ΣiV th

i

]−1

V exp
ij

)− 1
6

, (2.23)

with the experimental volume V exp
ij and the calibration constant α. The calibration

constant is the fraction of the ensemble averaged experimental and theoretical volumes.
The constant is calculated with a cutoff of V, which corresponds to a cutoff distance of
6 Å. In the case of ambiguous assignment possibilities due to similar chemical shifts of
the NOEs, ARIA generates ambiguous distance restraints (ADR)

d̄ =
( n∑

k=1
d−6

k

)− 1
6

. (2.24)

Here, n is the total number of contributing spins pairs within a defined chemical shift
range ±∆. The distance dk corresponds to a possible assignment of a spin pair i and j
(Eq. 2.23). To eliminate improbable assignment possibilities, the relative contribution
Ck (sum of the normalized partial distances) of each assignment possibility of an ADR
is given by

n∑
k=1

Ck =
n∑

k=1

(
d−6

k∑n
k=1 d

−6
k

)
= 1. (2.25)

The final partial assignment is then achieved by ordering the contributions by decreasing
size (np) and discarding the smallest contributions by an user-defined ambiguity cutoff
(p) such that

np∑
k=1

Ck ≥ p. (2.26)

The threshold p decreases from 1.0 to 0.8 in each iteration . The calibration and weight-
ing of the signals does not generate any error limits. Therefore, lower (L) and upper (U )
bounds are derived by estimating the error by a second-order polynomial. The margin
of error is given by

[L,D] = dij ± 0.125d2
ij. (2.27)

The derived unambiguous and ambiguous distance restraints with the given errors must
satisfy structural consistency. Therefore, the erroneous distance restraints are usually
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incorrect relative to the entire data set. The violations are checked by a self-correcting
distance-geometry algorithm

fi = S−1
S∑

j=1

[
Θ(Li − d(j)

i + t) + (Ui − d(j)
i − t)

]
. (2.28)

Here, a given distance restraint (i) is systematically violated with respect to the number
of converged structures (S) if it is outside the error bounds (Eq. 2.27) by more than
the user-defined threshold fi = 0.5. Θ is the Heaviside function, j the specific structure
number, and t is the user-defined violation tolerance. The structure ensemble is then
calculate based on the merged distance restraint set and other restraints.
The structural restraints that enter the structure calculation with CNS represent poten-
tial energy contributions. The restraints are integrated into objective functions. This
means that the total potential energy of the protein is given as a sum of potential energy
terms (Ei). These are contributions from van der Waals interactions, bond angles, NOEs,
etc. For example, the objective function of the distance restraint (d̄i) with the bounds
(Li, Ui) is given by

ENOE =
∑

i


(Li − d̄i)2 if d̄i < Li

0 if Li < d̄i < Ui

(d̄i − Ui)2 if Ui < d̄i < S

A(d̄i − S)−1 +B(d̄i − S) + C if d̄i > S.

(2.29)

It is a soft flat-bottom harmonic-wall potential with linear asymptotes for large viola-
tions, which limit the maximal force exerted by a violated distance restraint. S is the
violation at which the potential changes between the harmonic and asymptotic shape. C
is the slope of the asymptote. And the variables A and B keep the potential continuous
and differentiable.
The structure calculation is performed using a molecular dynamics-based simulated an-
nealing protocol (MDSA). The goal is to minimize the total potential energy function
(Etotal) while taking into account the derived structural restraints. The calculation of
the dynamics of the protein is provided by numerical solution of Newton’s equation of
motions. In Cartesian coordinates, the motion for all N atoms i with mass mi is given
by

mi
d2~ri(t)
dt2

=−∇Etotal(~ri)

~vi(t+ ∆t) ' ~vi(t) + d2~ri(t)
dt2

∆t

~ri(t+ ∆t) ' ~ri(t) + ~vi(t)∆t+ d2~ri(t)
dt2

∆t2.

(2.30)

Using this approach, the velocities ~vi and the position ~ri of all atoms can be calculated
for each time interval ∆t.
In an iterative procedure, an ensemble of conformers with the lowest energies (typically
20) is generated in several runs (0 - 8). In general, an internally generated elongated
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starting structure is used in the first cycle (0). In each iteration, the initially heated
structures are gradually cooled (simulated annealing) to reach the global energy mini-
mum and a small RMSD value between the conformers with the lowest energies from
the previous cycle. The temperature is directly correlated with the kinetic energy and
thus with the velocity of the N atoms (Eq. 2.30). The refinement of the final ensemble
is performed in explicit solvent. The quality of the ensembles is checked by detecting
inconsistent cross-peaks, geometric (WHAT IF, PROCHECK, PROSA II) and structural
consistency (lowest energy) with respected to the given restraints. The quality of the
calculation is documented in various output files (report file, noe_violation.list, etc.).
Evaluation of the derived structural parameters and the number and size of NOE vio-
lations determines the refinement of the structural restraints (Fig. 2.7). Unsatisfactory
results require reassessment.

Filtering / validation of 
chemical shift lists and 
spectra

 ● Relaxation matrix                
    calibration 

 ● Violation analysis
 ● Partial assignment 
 ● Merging of restraint lists 

Iterative NOE assignment

 

Initial NOE assignment  ● Refinement in    
    explicit solvent 

 ● Generation of    
    report files

Structure calculation 

 

 

 

 
 

 

 

 
Figure 2.8.: Overview of the structure determination with ARIA: The arrows in

the middle box reflect the gradual cooling (simulated annealing) during the
structural calculation.

2.4. Thermodynamics
The thermodynamic equilibrium configuration of a system is described by a thermo-
dynamic potential. This is a state function with a set of thermodynamic parameters
that define the macroscopic state space of the system. The configuration of the system
depends on the number of particles. Size-dependent or extensive parameters (Ze) reflect
the variation of intrinsic physical properties of the system. For example the amount
of substance (N ), the volume (V ), the entropy (S), etc. Size-independent or intensive
(Zi) parameters reflect the environmental conditions of the system, such as temperature
(T ), pressure (p), chemical potential (µ), etc. The variation of the intensive parameter
Zi{T, µ, p} changes the size-independent equilibrium configuration of the system.
The equilibrium state of a protein at constant temperature and pressure is described by
the Gibbs free energy (dG). It is given by Gibbs’s fundamental equation of thermody-
namics

dG(N, T, p) = µdN − SdT + V dp. (2.31)
The thermodynamic stability of a protein is determined by the difference in Gibbs free
energy (∆G) between the native (n) and the unfolded (u) states. For constant solution

20



2.4. Thermodynamics

conditions (N = const.), the difference between the two states from equation 2.31 gives
the standard Gibbs free energy

d∆G◦
u = −∆S◦

udT + ∆V ◦
u dp. (2.32)

Here, ∆S◦
u is the difference in entropy and ∆V ◦

u the difference in volume between the
two states. The stability of the native state of a proteins is determined by the change
in Gibbs free energy ∆Gu during an unfolding reaction

∆Gu = ∆G◦
u +RT lnKu, (2.33)

with the universal gas constant R and the equilibrium constant K. At equilibrium, the
Gibbs free energy ∆Gu = 0. Thus, for measurements under equilibrium conditions the
standard Gibbs free energy applies

∆G◦
u = G◦

u −G◦
n = −RT lnKu. (2.34)

By varying an intensive parameter Zi, the Gibbs free energy and other thermodynamic
parameters of a protein can be determined.

2.4.1. Thermodynamic parameter
The thermodynamic stability of a protein is obtained by determining the equilibrium
constant K. By varying an intensive variable Zi, the equilibrium between the folded
and the unfolded state is shifted, and so is K. First, we consider the dependence of the
protein stability as a function of temperature T. The fractions of the native (fn(T )) and
unfolded (fu(T )) protein can be quantified from one-dimensional 1H NMR spectra [51].
This is achieved by integrating separate frequency intervals within the high-field region
of the spectrum. The frequency intervals define the regions of the two states in which
the integrals In(T ), containing only native signals (well-separated methylene or methyl
groups), and Iu+n(T ), containing a mixture of resonances of the two states and in which
most of the unfolded aliphatic signals occur. The sum of In(T ) and Iu+n(T ) gives the
total intensity Iali

tot(T ) and is used to normalize In(T ). The fraction fn(T ) is then given
by

fn(T ) =

 In(T )
Iali

tot(T )

fn(Tmax) In(Tmax)
Iali

tot(Tmax)

 , (2.35)

with the scaling factors fn(Tmax) representing the fraction at maximal stability and the
normalized integral In(Tmax) at the corresponding temperature Tmax. The value of Tmax
is obtained from the maximum of the temperature transition In/Iali

tot versus T. The state
of maximum stability fn(Tmax) is obtained by a grid search for minimum χ2 by fitting the
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equation 2.35 to the temperature transition [96] or is known from other measurements.
The equilibrium constant Ku(T ) of the unfolding is then defined as

Ku(T ) = fu(T )
fn(T ) and fu(T ) = 1− fn(T ). (2.36)

As described above, for a two-state model of protein folding at equilibrium, the standard
Gibbs free energy of unfolding ∆G◦

u(T ) is given by

∆G◦
u(T ) = −RT lnKu(T ) = −RT ln

 fu(T )
1− fu(T )

. (2.37)

Rewritten, the unfolded fraction is then

fu(T ) =
exp

− ∆G◦
u(T )
RT


1 + exp

− ∆G◦
u(T )
RT

 . (2.38)

The change in the standard Gibbs free energy as a function of temperature is an expres-
sion of the enthalpy ∆H◦

u(T ) and the entropy ∆S◦
u(T ) (Gibbs–Helmholtz equation)

∆G◦
u(T ) = ∆H◦

u(T )− T∆S◦
u(T ). (2.39)

With the relations ∆cp = (∂(∆H◦
u)/∂T )

∣∣∣
p
and ∆cp/T = (∂(∆S◦

u)/∂T )
∣∣∣
p
and provided

that the difference in molar heat capacity (∆cp) between the native and the denatured
states is temperature independent [3], the derived Gibbs free energy difference is then

∆G◦
u(T ) = ∆H◦

u(Tm)
Tm − T

Tm

−∆cp

Tm − T + T · ln
 T

Tm

. (2.40)

The change in enthalpy ∆H◦
u(Tm) at the midpoint of the temperature transition Tm

corresponds to fn = fu or ∆G◦
u(Tm) = 0. Substituting the equation 2.40 into the

equation 2.38, we obtain for the fraction of unfolded protein

fu(T ) =
exp

− ∆H◦
u(Tm)

(
Tm−T
Tm

)
−∆cp

(
Tm − T + T · ln

(
T
Tm

))
RT



1 + exp
− ∆H◦

u(Tm)
(
Tm−T
Tm

)
−∆cp

(
Tm − T + T · ln

(
T
Tm

))
RT


. (2.41)

A least-squares fit of the experimentally derived fu-values allows us to determine ∆Hu(Tm),
∆cp and Tm. The change in entropy at Tm is given by

∆S◦
u(Tm) = ∆H◦

u(Tm)
Tm

. (2.42)
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The temperature of maximum stability Tmax corresponds to the stationary point at which

∂∆G◦
u(T )

∂T
= −∆S◦

u(T ) ≈ ∆H◦
u(T )
Tm

+ ∆cp · ln
 T

Tm

 != 0. (2.43)

The value of maximum stability ∆G◦
u(Tmax) is then calculated to be

Tmax = Tm · exp
− ∆H◦

u(Tm)
∆cp · Tm

. (2.44)

So far, the thermodynamic stability has been considered as a function of temperature
and at constant pressure. The variation of the pressure p at constant temperature is
given by

∆G◦
u(p) = ∆G0 + ∆V0(p− p0) + ∆β̂

2 (p− p0)2, (2.45)

where ∆β̂ is the change in compressibility, ∆V0 is the volume difference between the na-
tive and the unfolded states, and p0 is an arbitrary reference pressure (generally ambient
pressure). The ratio of fn and fu at the arbitrary reference pressure also depends on the
other intensive state configurations and vice versa. Thus, measurements of unfolding
transitions as a function of pressure with additional variation of one of these quantities
lead to a set of functions fu(p) |Zi . Where at the reference pressure the transition
midpoint of Zi (fn(Zi) = fu(Zi)) sets the limit for determining thermodynamic param-
eters. For example, if we consider temperature, the determination of thermodynamic
parameters by varying the pressure is thus limited by Tm. The fraction of the unfolded
state fu(p) due to pressure transition at constant temperature is determined by

fu(p) =
exp

− ∆G◦
u(p)

RT


1 + exp

− ∆G◦
u(p)

RT

 . (2.46)

With equation 2.45 this yields

fu(p) =
exp

−
∆β̂
2 (p− p0)2 + ∆V0(p− p0) + ∆G0

RT



1 + exp
−

∆β̂
2 (p− p0)2 + ∆V0(p− p0) + ∆G0

RT


. (2.47)

Setting ∆G◦
u(p) = 0 (Eq. 2.45), the pressure transition midpoint pm is then obtained by

pm = p0 −
∆V0

∆β̂
+

√√√√(∆V0

∆β

)2

− 2∆G0

∆β̂
. (2.48)
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2.4.2. Temperature–pressure phase space
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Figure 2.9.: Theoretical temperature–pressure stability phase diagram of a
globular protein (two-state model): Transition from the native (gray)
to the unfolded state induced by pressure and temperature (heat or cold),
with the phase boundary curve defined by ∆G◦

u = 0 (fn = fu). The relative
position of the slope at pmax, where ∆S◦

u = 0 and at Tmax, where ∆V ◦
u = 0.

A global description of the thermodynamic stability of a protein is achieved by consid-
ering a multidimensional approach in terms of the intensive parameters Zi{T, µ, p}. At
constant solution conditions, the difference in Gibbs free energy of the denatured and
the native states is given as a function of temperature and pressure [22,128]. Assuming
a two-state folding reaction, the function of unfolding is defined as ∆G◦

u = G◦
u - G◦

n (Eq.
2.34), which is obtained by integration with respect to some arbitrary reference points
T0 and p0

∆G◦
u(p, T ) =∆β̂

2 (p− p0)2 + ∆α̂(p− p0)(T − T0)−∆cp

T · ln
 T
T0
− 1

+ T0


+ ∆V0(p− p0)−∆S0(p− p0) + ∆G0,

(2.49)

where ∆ denotes the change of the corresponding parameter during denaturation. α̂
corresponds to the thermal expansion factor, β̂ to the isothermal compressibility factor,
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and cp to the heat capacity. The volume V0, the entropy S0 and the free Gibbs energy
G0 refer to the state at Zi{T0, p0}. In the vicinity of the reference point T0, the equation
2.49 simplifies by a second-order approximation to

∆G◦
u(p, T ) =∆β̂

2 (p− p0)2 + ∆α̂(p− p0)(T − T0)− ∆cp

2T0
(T − T0)2

+ ∆V0(p− p0)−∆S0(p− p0) + ∆G0.

(2.50)

The equation 2.50 maps the difference in Gibbs free energy between the denatured and
the native states in a three-dimensional phase space. The solutions for ∆G◦

u = 0 are
given by a general equation for a conic section in the T -p plane, which can be a line, an
ellipse, a parabola, or a hyperbola. The constraint ensuring the elliptic-like shape of the
transition line for a protein is ∆α̂2 > ∆cp ·∆β̂/T0 (Fig. 2.9). The T-p phase diagram
shows the temperature and pressure range in which a protein exists in its native globular
structure (∆G◦

u > 0) or in the unfolded state (∆G◦
u < 0). The exact elliptic shape of the

transition line depends on the secondary structural composition of the protein, which
corresponds to the different specific values of the thermodynamic parameters of the
protein. The parameters of the conic phase boundary are described by a set of single
partial derivatives of the second-order Taylor series

∂∆G◦
u

∂p

∣∣∣∣∣
Ti

= ∆V0(p, Ti),
∂2∆G◦

u
∂p2

∣∣∣∣∣
T

= ∂∆V ◦
u

∂p

∣∣∣∣∣
T

= ∆β̂,

∂∆G◦
u

∂T

∣∣∣∣∣
pi

= −∆S0(pi, T ), ∂2∆G◦
u

∂T 2

∣∣∣∣∣
p

= −∂∆S◦
u

∂T

∣∣∣∣∣
p

= − ∆cp

T
,

∂2∆G◦
u

∂p∂T
= − ∂∆S◦

u
∂p

∣∣∣∣∣
T

= ∂∆V ◦
u

∂T

∣∣∣∣∣
p

= ∆α̂.

(2.51)

The partial derivatives for the factors ∆β̂ or ∆α̂ represent the slope of the change in
isothermal compressibility (∆β) or in thermal expansion (∆α). The values of ∆β and
∆α reflect on the relative volume change of a protein by pressure or temperature and
are defined as follows

∆α =
(

1
V

)(
∂∆V
∂T

)∣∣∣∣∣
p

, ∆β = −
(

1
V

)(
∂∆V
∂p

)∣∣∣∣∣
T

, (2.52)

where V represents the volume of the atoms, the enclosed cavities and the surrounding
hydration shell [129]. The change results from difference in volume between the folded
and unfolded protein. Here, the unfolded state is characterized by small or no cavity
volumes and a varying hydration shell compared to the native protein. The change in
thermal expansion ∆α and the change in compressibility ∆β are associated with ∆α̂
and ∆β̂ as follows

∆α̂ = V∆α, ∆β̂ = V∆β. (2.53)
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The stationary points of the ellipse in the pressure-temperature phase space (Fig. 2.9)
are determined by the slope of the tangent to the phase boundary

∂T

∂p
= −

∂∆G◦
u

∂p
∂∆G◦

u
∂T

= ∆V0 + ∆β̂(p− p0) + ∆α̂(T − T0)

∆S0 −∆α̂(p− p0) + ∆cp
T − T0

T0

. (2.54)

The function is a modified version of the Clausius-Clapeyron equation. At the maximum
with respect to temperature (Tmax) or pressure (pmax), the native state is most stable.
At pmax, the slope of the ellipse is zero and ∆S◦

u = 0. At Tmax the derivative becomes
infinite and ∆V ◦

u = 0. This results in the following two straight lines for ∆V ◦
u = 0 and

∆S◦
u = 0, which intersect in the center of the ellipse

p(T )
∣∣∣∣
∆S◦u

= ∆cp

∆α
T − T0

T
+ ∆S0

∆α + p0, (2.55)

p(T )
∣∣∣∣
∆V ◦u

= −∆α
∆β

T − T0

T
− ∆V0

∆β + p0. (2.56)

Further points on the ellipse to be considered are the transition points of the system.
As described above, they are given at ∆G◦

u = 0 (Eq. 2.50) with respect to some refer-
ence point. The transition point induced by temperature (heat (+) or cold (-)) Tm

∣∣∣
p0

(generally at atmospheric pressure) is given by

Tm

∣∣∣∣
p0

= T0 −
∆S0T0

∆cp
±

√√√√(− ∆S0T0

∆cp

)2

+ 2∆G0T0

∆cp
. (2.57)

And with increasing pressure the midpoint pm

∣∣∣
T0

is then obtained by

pm

∣∣∣∣
T0

= p0 −
∆V0

∆β̂
+

√√√√(∆V0

∆β

)2

− 2∆G0

∆β̂
. (2.58)

2.4.3. Pressure-induced chemical shift analysis
In general, the observed chemical shift < δi > of a spin i in an ensemble with N molecules
is a frequency-weighted average of the individual chemical shifts δi. At thermal equilib-
rium, < δi > correspond to M states sj. For fast exchange on the NMR time scale, the
observed chemical shift of spin i is given by

< δi >=
M∑

j=1
p(sj)δi(sj) = 1

Z

M∑
j=1

δi(sj) exp
[
−G(sj)
RT

]
, (2.59)

with p(sj) the probability of the state sj, G(sj) the corresponding Gibbs free energy, and
Z the partition function of all M states [130].
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In a two-state model of a given nucleus i in fast exchange (|∆ωτe| << 1; ∆ω =̂ difference
of the resonance frequencies ω1 and ω2; τe, exchange correlation time), one observes a
population-weighted, time-averaged chemical shift. With the chemical shifts δ1 and δ2
representing the two states, the Gibbs free energy with the equilibrium constant K is
given as follows

∆G◦ = −RT lnK = −RT ln
δ2 − δ
δ − δ1

. (2.60)

The observed δ is then written as

δ =
δ2 + δ1 · exp

− ∆G◦(p)
RT


1 + exp

− ∆G◦(p)
RT

 . (2.61)

The pressure dependence of the chemical shift δ(p) at constant temperature is obtained
by using equation 2.45

δ(p) =
δ2 + δ1 · exp

−
∆β̂
2 (p− p0)2 + ∆V0(p− p0) + ∆G12

RT



1 + exp
−

∆β̂
2 (p− p0)2 + ∆V0(p− p0) + ∆G12

RT


, (2.62)

with ∆G12 corresponds to the difference between the two states at p0, T0. The pressure-
induced shift from state 1 to state 2 results from volume differences. The system shifts
to a state with smaller overall volume by favoring the state with smaller partial molar
volume (principal of least action). At the molecular level, hydrogen bonds are strength-
ened under pressure, while hydrophobic interactions are weakened under compression.
These structural changes simultaneously cause a change in the chemical environment of
the nuclear spins, and thus a change in the chemical shift δ(p).
Based on the equation 2.45, the experimentally determined pressure dependence of the
chemical shift δ(p) at constant temperature can be fitted to a second-order Taylor ex-
pansion at p0

δ(p) = b0 + b1(p− p0) + b2(p− p0)2, (2.63)
where b1 represents the linear and b2 represents the quadratic pressure coefficient [58].
The value b0 represents the chemical shift at p0. The linear coefficient reflects a linear
change in volume of the system with unchanged compressibility, which is associated with
the compression of hydrogen bonds [57,131]. The nonlinear quadratic dependence of the
chemical shift is attributed to the transition to a different conformational state with a
different compressibility [55]. The pressure coefficients correlate with the differences in
the compressibility factor, partial molar volume and Gibbs free energy [59]. Assuming
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a two-state model and considering the equation 2.62, the ratio of b2 and b1 defines a
partition function as follows

b2

b1
= −∆β̂(p0)

∆V (p0) −
∆V (p0)
RT0

tanh
∆G◦

2RT0

. (2.64)

Under consideration of a fast exchange∣∣∣∣∣∆G◦
u

2RT

∣∣∣∣∣ << 1, (2.65)

the ratio of the coefficients is simplified to

b2

b1
= −∆β̂(p0)

∆V (p0) . (2.66)

The relation can only usefully be achieved with a complete pressure-induced chemical
shift transition. Otherwise, the second-order polynomial fit (Eq. 2.63) and the derived
pressure coefficients are generally used for a phenomenological description.
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3. Results
In the following chapter, the results of the biophysical characterization of the 35-residue
monomeric wild-type villin headpiece subdomain VHP35 and the variant VHP35_L69A
from gallus gallus are presented. This involves the investigation of the structural, molec-
ular dynamics and thermodynamic properties under changing physical conditions of the
proteins under consideration.

3.1. Referencing and calibration
All spectra recorded for this work are referenced to the proton signals of the deuterated
(CH3 groups excluded) 3-(Trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt (DSS-
d6). Indirect referencing of the 15N and 13C nuclei for the 1H,15N and 1H,13C-HSQC
spectra was determined by the ratio of the gyromagnetic ratios (γ15N/γ1H = 0.101;
γ13C/γ1H = 0.251). DSS-d6 is largely stable and chemically inert over the pressure and
temperature range used in this work. The concentrations used ranged from 30 to 60
µM.
Temperature calibration for the 3 mm ceramic cell (Daedalus Innovations LLC) was
perfomed using 80 % ethylene glycol in 20 % DMSO-d6. The calibration curve was
obtained by plotting the difference in chemical shifts ∆δ between the OH and CH2
singlets of ethylene glycol as a function of temperature set at the spectrometer probe
head. The thermometric solution is valid for a temperature range from 273 K to 416 K.
The actual temperature is calculated by the following correction formula:

T [K] = (4.218−∆δ)
0.009132 . (3.1)

Calibration was measured on a TXI probe head with an air flow of 535 l/h for temper-
atures from 278 K to 373 K.

3.2. Thermodynamic stability of VHP35 and
VHP35_L69A

The thermodynamic stability of VHP35 and VHP35_L69A was recorded in a series of
1D 1H NMR spectra by varying the temperature at fixed pressures from 0.1 to 240 MPa
in steps of 50 MPa. The temperature transition of VHP35 was measured from 278K to
368 K and of VHP35_L69A from 278 K to 348 K in steps of 5 K. The reversibility of the
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-0.500.51 -0.500.51

Figure 3.1.: High-field region of the 1D 1H NMR spectra of VHP35 (left) and
VHP35_L69A (right) at various temperatures and at 0.1 MPa:
The grey area (VHP35: -0.4 to 1.105 ppm; VHP35_L69A: -0.4 to 1.12
ppm) shows the intervals of In+u and the solely native region In (Eq. 2.35)
subdivided by the dashed line (at 0.65 ppm). The native region contains the
proton resonances of L61(Hδ1) and V50(Hγ2). The spectra are referenced
to DSS-d6 set at 0 ppm.

measurements was tested by comparing spectra under ambient conditions before and
after each temperature transition. As an example, Figure 3.1 shows a temperature
series of 1D 1H NMR spectra at 0.1 MPa for each protein. The complete data set is
shown in Figure A.2 and A.3 in Appendix A. Assuming a two-state model (u↔n), the
fraction of unfolded (fu(T )) and folded (fn(T )) protein is determined by integrating
the spectrum in the corresponding sections and normalized by the total integral (Sec.
2.4.1). For this purpose, the resonances in the high-field region (aliphatic signals) and,
in particular, for the solely folded fraction, the separated methyl and methylene groups
in the range from about -0.5 ppm to about 0.6 ppm are of interest. The boundaries
of the total integral (Iali

tot) were set from -0.4 to 1.105 ppm for VHP35 and from -0.4
to 1.12 ppm for VHP35_L69A. To ensure that all resonances containing only folded
protein (In) were monitored over the entire temperature and pressure range, the interval
was defined from -0.4 to 0.65 ppm in each case. Interference of the DSS-d6 signal
was handled by subtracting the corresponding resonance interval (VHP35: -0.01 to 0.01
ppm; VHP35_L69A: -0.004 to 0.004 ppm) from In. The native region of VHP35 contains
the proton resonances of L61(Hδ1) and V50(Hγ2), which can be assigned to the three
prominent signals at around -0.19, 0.02, and 0.38 ppm at 278 K (Fig. 3.1) [73]. This
also applies to the variant. The assignment of these signals was verified using 1H,13C-
ctHSQC in combination with a 3D HCCH-TOCSY experiment. The decrease and the
shift of the observed methylene and methyl resonances of In indicates a heat-induced
shift of the equilibrium from the native to the unfolded state.
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Figure 3.2.: Fractions of unfolded VHP35 as a function of temperature at dif-
ferent pressures: The unfolded fractions (fu) obtained from the 1D 1H
NMR spectra (Eq. 2.35) were fitted (solid line) with the equation 2.41,
resulting in the thermodynamic parameters listed in Table 3.1.
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Figure 3.3.: Fractions of unfolded VHP35_L69A as a function of temperature
at different pressures: The unfolded fractions (fu) obtained from the 1D
1H NMR spectra (Eq. 2.35) were fitted (solid line) with the equation 2.41,
resulting in the thermodynamic parameters listed in Table 3.2.
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3. Results

Quantification in terms of fraction of unfolded VHP35 and VHP35_L69A was deter-
mined by equation 2.35 with fu = 1 − fn. The fraction depends on the temperature
at constant pressure. The fractions of unfolded VHP35 and VHP35_L69A are shown
in Figure 3.2 and 3.3 for the measured temperature and pressure combinations. The
fraction of maximum protein stability (fn(Tmax)) in equation 2.35 was first estimated
from the experimental temperature transition curve at the respective pressure. The
optimal value of fn(Tmax) is yielded by a grid search for minimal χ2. For example,
fitting the experimental fn(T )-values at 0.1 MPa gives fn(Tmax) = 0.953 for VHP35 at
Tmax = 297.3 K and fn(Tmax) = 0.887 for VHP35_L69 at Tmax = 280.4 K. A comparison
of all generated fits of both proteins is shown in Figure 3.4. For VHP35, it can be
seen that with increasing pressure the transition curves are shifted to higher transition
temperatures, indicating stabilization of the system.
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Figure 3.4.: Superposition of the fits of unfolding (fu) VHP35 and
VHP35_L69A at different pressures: The dashed line corresponds to
fu = fn = 0.5.

In contrast, the transition curves of VHP35_L69 shift in the opposite direction with
increasing pressure, indicating destabilization of the system. In addition, comparison of
the two proteins implies that the variant is less stable than the wild type due to the
lower fraction of fn(T ) at Tmax and lower unfolding temperatures.
The quantitative analysis of the thermodynamic stability is performed by fitting equation
2.41 to the experimentally determined data points fu(T ). This yields the thermodynamic
parameters of the change in enthalpy at the transition point ∆H◦

u(Tm), the change in
molar heat capacity (∆cp), and the transition temperature Tm of denaturation. The
change in entropy ∆S◦

u(Tm) at Tm and the temperature of maximum stability Tmax are
then given by equation 2.42 and 2.44. Using the equation 2.40, one can then calculate
∆G◦

u(Tmax). The thermodynamic parameters obtained are given in Tables 3.1 and 3.2.
In the case of VHP35, the resulting thermodynamic quantities show a relatively small
variation for a pressure change up to 240 MPa. ∆G◦

u(Tmax) and Tm increase slightly
over the measured pressure range, implying increasing protein stability. In contrast, the
pressure-induced decrease in ∆G◦

u(Tmax) and Tm of VHP35_L69A, especially in the last
step at 240 MPa, shows a shift toward the unfolded state. Nevertheless, the ∆cp and Tmax
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3.2. Thermodynamic stability of VHP35 and VHP35_L69A

values of the variant remain stable within the the errors up to 240 MPa. Comparison of
∆G◦

u(Tmax) and Tm of the proteins shows that VHP35 is the thermodynamically more
stable system in the observed pressure range. To better illustrate the parameters listed
in Tables 3.1 and 3.2, the plots of ∆G◦

u(Tmax), Tmax, Tm, ∆H◦
u(Tm), ∆S◦

u(Tm) and ∆cp
are shown in Figure A.1 as a function of pressure.

Table 3.1.: Thermodynamic parameters derived from fitting the fractions of
the unfolded VHP35 by equation 2.41 as a function of temperature
at different pressures.

p Tm Tmax ∆G◦
u(Tmax) ∆cp ∆H◦

u(Tm) ∆S◦
u(Tm)

[MPa] [K] [K] [J/mol] [J/(mol·K)] [J/mol] [J/(mol·K)]
0.1 340.6 ±0.12 297.3 ±0.57 7242 ±323 2411 ±58 111533 ±1482 327.4 ±4.22
50 340.9 ±0.16 300.9 ±0.49 6885 ±564 2703 ±69 115001 ±1972 337.2 ±5.61
100 340.5 ±0.16 298.8 ±0.59 6718 ±462 2418 ±66 107494 ±1776 315.6 ±5.06
150 341.4 ±0.16 299.1 ±0.61 7039 ±464 2454 ±69 111025 ±1862 325.1 ±5.29
200 341.4 ±0.22 297.7 ±0.95 6910 ±537 2262 ±90 105688 ±2352 309.5 ±6.68
240 343.3 ±0.24 299.2 ±1.01 7431 ±654 2405 ±105 113316 ±2855 330.1 ±8.07

Table 3.2.: Thermodynamic parameters derived from fitting the fractions of
the unfolded VHP35_L69A by equation 2.41 as a function of tem-
perature at different pressures.

p Tm Tmax ∆G◦
u(Tmax) ∆cp ∆H◦

u(Tm) ∆S◦
u(Tm)

[MPa] [K] [K] [J/mol] [J/(mol·K)] [J/mol] [J/(mol·K)]
0.1 317.2 ±0.27 280.3 ±1.78 4662 ±235 2008 ±139 78668 ±2006 247.9 ±6.11
50 316.5 ±0.21 279.6 ±1.42 4699 ±167 2016 ±110 79049 ±1550 249.7 ±4.73
100 316.2 ±0.27 278.9 ±1.92 4724 ±175 1973 ±143 78402 ±1986 247.8 ±6.06
150 316.3 ±0.17 278.8 ±1.17 4660 ±115 1932 ±85 77063 ±1188 243.5 ±3.62
200 315.3 ±0.23 280.1 ±1.4 4263 ±235 2006 ±113 74896 ±1578 237.5 ±4.82
240 313.9 ±0.36 282.3 ±1.61 3366 ±512 1971 ±143 65704 ±2047 209.2 ±6.27

The change in Gibbs free energy ∆G◦
u(T ) for each point fu(T ) of the system is given by

the equation 2.37. Equation 2.40 is used to calculate the Gibbs free energy graph for each
set of temperatures at a fixed pressure. Combined with equation 2.39, one can determine
the enthalpy ∆H◦

u and the entropy ∆S◦
u as a function of temperature. For both proteins,

Figure 3.5 shows the derived fits at 0.1 MPa. A complete data set is illustrated in Figure
A.4 and A.5, respectively, in Appendix A. In both systems, ∆H◦

u > ∆S◦
u remains at

all measured pressures up to the transition temperature. Comparison of the ∆G◦
u(T )
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3. Results

transition curves (Fig. 3.6) of VHP35 and VHP35_L69A confirms the thermodynamic
stabilities already observed in the unfolding transitions (Fig. 3.4). Up to a pressure
of 240 MPa, the Gibbs free energy of VHP35 increases, while that of VHP35_L69A
decreases in this range.
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Figure 3.5.: The Gibbs free energy (∆G◦
u), enthalpy (∆H◦

u) and entropy (∆S◦
u)

of VHP35 (left) and VHP35_L69A (right) as a function of tem-
perature at 0.1 MPa: The change in ∆G◦

u is determined by the equation
2.37 and the error was assumed to be 5 %. The fits of ∆G◦

u (black), ∆H◦
u

(blue) and ∆S◦
u (red) are given by equation 2.40 and 2.39.
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Figure 3.6.: Superposition of the fits of Gibbs free energy (∆G◦
u) of VHP35

and VHP35_L69A at various pressures: The fits of ∆G◦
u are given by

equation 2.40. At ∆G◦
u = 0 (dashed line) fu = fn = 0.5.

The thermodynamic stability as a function of pressure ∆G◦
u(p) is obtained by plotting the

data set of ∆G◦
u(T ) against pressure and using the quadratic equation 2.45. With respect

to a reference pressure p0 (0.1 MPa), this yields the pressure-dependent parameters
of the change in Gibbs energy ∆G0, the change in volume ∆V , and the change in
compressibility ∆β̂, which are listed in Tables 3.3 and 3.4. The values of ∆G0 reflect on
the temperature transition at 0.1 MPa. Therefore, the systems are most stable at the
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3.2. Thermodynamic stability of VHP35 and VHP35_L69A

Table 3.3.: Thermodynamic parameters derived from fitting the Gibbs free
energy of VHP35 by the equation 2.45 as a function of pressure at
different temperatures.

T ∆G0 ∆V ∆β̂
[K] [kJ/mol] [ml/mol] [ml/(mol·MPa)]

278 K 5.52 ±0.36 -8.99 ±7.06 0.08 ±0.06
283 K 6.12 ±0.33 -11.84 ±6.49 0.11 ±0.05
288 K 6.40 ±0.23 -11.57 ±4.55 0.12 ±0.04
293 K 7.15 ±0.32 -13.60 ±6.23 0.14 ±0.05
298 K 7.47 ±0.20 -11.99 ±3.89 0.12 ±0.03
303 K 7.31 ±0.34 -8.65 ±6.76 0.08 ±0.05
308 K 6.57 ±0.26 -2.67 ±5.03 0.04 ±0.04
313 K 6.30 ±0.25 -0.33 ±4.84 0.00 ±0.04
318 K 5.89 ±0.31 -6.95 ±6.07 0.06 ±0.05
323 K 4.77 ±0.17 -2.86 ±3.34 0.02 ±0.03
328 K 3.45 ±0.17 -3.36 ±3.38 0.05 ±0.03
333 K 2.47 ±0.31 -4.75 ±6.16 0.05 ±0.05
338 K 0.85 ±0.13 -2.95 ±2.53 0.05 ±0.02
343 K -0.69 ±0.15 -3.19 ±2.97 0.05 ±0.02
348 K -2.62 ±0.15 0.14 ±2.94 0.04 ±0.02
353 K -4.35 ±0.06 -2.11 ±1.14 0.05 ±0.01
358 K -6.68 ±0.33 -7.61 ±6.51 0.09 ±0.05
363 K -10.50 ±0.73 4.92 ±14.25 0.00 ±0.11
368 K -15.71 ±3.26 -43.78 ±64.11 0.37 ±0.51

temperature in the vicinity to Tmax (Tab. 3.1, 3.2). For VHP35, this corresponds to 298
K. An increase in pressure at this temperature results in compression of the protein with
values of ∆V = −11.99±3.89 ml/mol and ∆β̂ = 0.12±0.03 ml/(mol·MPa). In the case of
VHP35_L69A, the protein expands at 283 K with incresing pressure, as reflected in the
values of ∆V = 8.86± 2.18 ml/mol and ∆β̂ = −0.11± 0.02 ml/(mol·MPa). Overall, the
fits of ∆G◦

u(p) (Fig. 3.7) at different fixed temperatures show only a small quadratic de-
pendence that correlates with a small change in compressibility. The compelete dataset
is shown in Figures A.6a, A.6b and A.7 in Appendix A. Despite the errors, the values
of ∆β̂ for VHP35 show a tendency to decrease at higher fixed temperatures, while ∆V
tends to increases. Accordingly, the volume of the system increases with the pressure
at higher temperatures. In contrast, the values of VHP35_L69A tend to shift in the
opposite direction at higher fixed temperatures. Thus, the system is more compressed
by pressure in this temperature range. This is illustrated in Figure A.8 in Appendix A.
Comparison of the ∆G◦

u(p) fits (Fig. 3.8) reveals that neither systems is destabilized by
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3. Results

pressure at the different temperatures. Therefore, it was not possible to determine the
pressure transition points (pm) for any of the proteins.

Table 3.4.: Thermodynamic parameters derived from fitting the Gibbs free en-
ergy of VHP35_L69A by the equation 2.45 as a function of pressure
at different temperatures.

T ∆G0 ∆V ∆β̂
[K] [kJ/mol] [ml/mol] [ml/(mol·MPa)]

278 K 4.57 ±0.20 7.31 ± 3.85 -0.10 ±0.03
283 K 4.79 ±0.11 8.86 ± 2.18 -0.11 ±0.02
288 K 4.51 ±0.17 4.63 ± 3.42 -0.08 ±0.03
293 K 3.91 ±0.18 4.46 ± 3.53 -0.07 ±0.03
298 K 3.33 ±0.11 3.74 ± 2.11 -0.06 ±0.02
303 K 2.63 ±0.09 3.79 ± 1.68 -0.05 ±0.01
308 K 2.03 ±0.16 -0.18 ± 3.22 -0.03 ±0.03
313 K 0.83 ±0.05 1.48 ± 0.94 -0.03 ±0.01
318 K -0.16 ±0.09 0.32 ± 1.71 -0.03 ±0.01
323 K -1.46 ±0.10 -2.54 ± 2.05 0.01 ±0.02
328 K -3.02 ±0.18 -4.29 ± 3.47 0.02 ±0.03
333 K -4.72 ±0.08 0.31 ± 1.52 -0.01 ±0.01
338 K -6.43 ±0.35 -7.87 ± 6.87 0.03 ±0.05
343 K -11.13 ±0.73 17.25 ± 14.34 -0.15 ±0.11
348 K -15.75 ±3.51 -26.15 ± 69.03 0.25 ±0.55
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Figure 3.7.: The Gibbs free energy (∆G◦
u) of VHP35 (left) and VHP35_L69A

(right) as a function of pressure at 278 K: The change in ∆G◦
u is

determined by the equation 2.37 and the error was assumed to be 5 %. The
fits of ∆G◦

u (solid line) are given by the equation 2.45.
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3.2. Thermodynamic stability of VHP35 and VHP35_L69A
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Figure 3.8.: Superposition of the fits (Eq. 2.45) of Gibbs free energy (∆G◦
u) of

VHP35 and VHP35_L69A at various temperatures: The color of
the fits changes in steps of 5 K from 278 K (black) up to 368 K (light purple)
for VHP35 and up to 348 K (light purple) for VHP35_L69A. At ∆G◦

u = 0
(dashed line) fu = fn = 0.5.

A general description of the thermodynamic stability of proteins is given by a stability
phase diagram with respect to all intensive parameters studied. ∆G◦

u(T, p) as a func-
tion of temperature and pressure gives a three-dimensional surface on the temperature-
pressure plane (T,p-plane). The transition line between the unfolded and native state
is defined by ∆G◦

u(T, p) = 0. The solution on the T,p-plane is a conic section given by
the equation 2.50 with respect to the arbitrary reference points T0 and p0. The resulting
second-order curve in the T -p plane can be a line or a circle of elliptical, parabolic or
hyperbolic shape. Since the conic section is calculated using an equation for a three-
dimensional structure, one parameter of the equation can be freely chosen. The most
accurately determined parameter experimentally was the Gibbs free energy ∆G0.

Table 3.5.: Thermodynamic parameters derived from fitting the Gibbs free
energy of VHP35 and VHP35_L69A by the equation 2.50 as a
function of temperature and pressure with respect to T0 and p0.

VHP35 VHP35_L69A
T0 [K] 298 283
p0 [MPa] 0.1 0.1

∆G0 [kJ/mol] 7.47 ±0.20 4.79 ±0.11
∆S0 [J/(mol·K)] 6.74 ±1.45 16.47 ±1.75
∆cp [kJ/(mol·K)] 2.31 ±0.02 1.99 ±0.03
∆α̂ [ml/(mol·K)] 0.11 ±0.005 0.05 ±0.007
∆V0 [ml/mol] -10.05 ±0.41 -3.43 ±0.29
∆β̂ [ml/(mol·MPa)] 0.07 ±0.003 -0.01 ±0.002
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The fit of VHP35 was obtained with the ∆G0 = 7.47 kJ/mol at reference points p0 = 0.1
MPa and T0 = 298 K (Tab. 3.3) and of VHP35_L69A with the ∆G0 = 4.79 kJ/mol at
p0 = 0.1 MPa and T0 = 283 K (3.4). The selected values correspond to those closest to
the maximum stability. A global fit of the equation 2.50 to the ∆G◦

u(T, p) values result
in the thermodynamic parameters listed in Table 3.5. Except for the change in the com-
pressibility factor ∆β̂, the derived parameters of VHP35 correspond within the errors to
the values of the temperature (Tab. 3.1) and pressure transitions (Tab. 3.3). ∆β̂ differs
by about 0.05 ml/(mol·MPa), but is still positive. In the case of VHP35_L69A, the heat
capacity ∆cp is in range of the values of the considered transition curve (Tab. 3.2). The
obtained change in the compressibility factor ∆β̂ is about a factor 10 smaller and the
change in volume ∆V0 is negative and about 11 ml/mol smaller than the derived value
of the pressure transition at 283 K (Tab. 3.4).
One explanation for this is the small pressure effect within the measured range and the
resulting low quality of the fit of the pressure transition. In comparison, the systems
show similar values of change in heat capacity and relatively small changes in the com-
pressibility factor and thermal expansion factor with respect to their reference points.
In the observed temperature-pressure range, the change in volume ∆V0 of VHP35 is
larger than the ∆V0 of the variant. For the entropy ∆S0, it is exactly the opposite.
Nevertheless, the derived values are quite small.
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Figure 3.9.: Temperature–pressure stability phase diagram of VHP35 and
VHP35_L69A: The transition line (black) illustrates ∆G◦

u(T, p) = 0 ac-
cording to equation 2.50 derived from global fit of all NMR-derived popu-
lations (gray section). The black circles represent the experimental derived
temperature transition points at the respective pressures, with error bars
partially within the symbol size. The lines (Eqs. 2.55, 2.56) correspond to
∆S = 0 (red) and to ∆V = 0 (blue).

The phase boundaries in the pressure-temperature phase diagrams of the proteins agree
with the determined temperature transition points Tm (Fig. 3.9). The plot of the
transition line of VHP35 shows a hyperbolic shape and of VHP35_L69A an elliptic
shape. Figure 3.9 shows the fully calculated phase boundaries, where the region of
negative pressures has no physical meaning. The mathematical boundary conditions of
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3.3. High pressure conformers

the conic section are given by the relation ∆α̂2 > ∆cp · ∆β̂/T0 for an elliptical shape,
∆α̂2 = ∆cp · ∆β̂/T0 for a parabolic shape, and ∆α̂2 < ∆cp · ∆β̂/T0 for a hyperbolic
shape. From Table 3.5 this is confirmed by a ∆α̂2 = 0.012 and a ∆cp · ∆β̂/T0 = 0.54
for VHP35 and by a ∆α̂2 = 0.0025 and a ∆cp ·∆β̂/T0 = −0.07 for VHP35_L69A. The
hyperbolic curve of the wild type is defined by the positive value of ∆β̂. This corresponds
with the observation that the system is stabilized within the measured pressure range
(Fig. 3.4) and yields the derived phase boundary. In contradiction, the derived line of
∆V = 0 shows that the system shifts from ∆V > 0 toward the section of ∆V < 0 with
increasing pressure (see Fig. 2.9), corresponding to a smaller volume of VHP35 at high
pressure. The line of ∆V = 0 or of ∆S = 0 correspond to the stationary points of the
system at the considered values (Eq. 2.55, 2.56). The elliptical shape of VHP35_L69A
is defined by the negative value of ∆β̂. The derived two lines of ∆V = 0 and of ∆S = 0
show that the experimental data points are located in the section of ∆V < 0 and
of ∆S > 0. Nevertheless, the derived phase space diagrams are extrapolations, which
depend essentially on the temperature transitions, since the pressure midpoints pm could
not be determined in the measured pressure range.

3.3. High pressure conformers
To gain insights into the pressure-dependent conformational changes, the following meth-
ods in this chapter were performed at ambient pressure and at 240 MPa. NMR reso-
nance assignments of the backbone of VHP35 and of VHP35_L69A were obtained by
2D 1H,15N-fHSQC, 3D trHNCACB, 3D HNCO, 3D NOESY-HSQC experiments and by
a previously reported resonance assignment of the wild-type VHP35 [61,62]. Side-chain
assignments were determined by 2D 1H,13C-ctHSQC, 3D 1H,13C-ctHSQC-TOCSY, and
3D HCCH-TOCSY experiments (Sec. 2.2). The spectra of the protein backbone, the
aliphatic region, and the aromatic region of VHP35 and of VHP35_L69A are shown in
the Figures A.9, A.10, A.11 and A.18, A.19, A.20. Chemical shifts for each protein are
listed in Tables A.1,A.2,A.3 and A.5, A.6, A.7.
The high-resolution three-dimensional structures were calculated with ARIA 2.3.1 us-
ing ambiguous NOE cross-peak lists, a list of assigned chemical shifts, the protein se-
quence, and TALOS+ derived dihedral angle information as structural restraints (Sec.
2.3). Experimentally derived NOE intensities were obtained by 13C-edited (aliphatic
and aromatic region) and 15N-edited (backbone) 3D NOESY-HSQC experiments. The
calculated final ensembles of the 10 lowest energy structures and the minimized average
structure for 0.1 and 240 MPa, respectively, were verified by control ensembles for each
pressure. Thus, the control NOE list for the structure calculation at 0.1 MPa contained
those NOEs that were also found in the NOE list at 240 MPa and vice versa (Tab. A.4,
A.8).

39



3. Results

Table 3.6.: Structural calculation statistics of the 10 lowest-energy final and
the corresponding control conformers of VHP35 at 0.1 MPa and
240 MPa.

Final Control Final Control
Pressure [Mpa] 0.1 0.1 240 240
NOEs 1511 1479 1567 1479
NMR distance restraints [Å]
Intra-residue (|i− j| = 0) 301 304 327 308
Sequential (|i− j| = 1) 96 96 100 96
Medium range (1 < |i− j| < 5) 58 57 70 63
Long range (|i− j| ≥ 5) 22 23 26 25
Ambiguous 212 187 200 193
Total 689 667 723 685
Noe violations [Å]
> 0.5 - - - -
> 0.3 - - - 0.1 ±0.3
> 0.1 18.4 ±1.8 19.8 ±2.4 23.8 ±1.5 16.3 ±1.9
NOE RMSD [Å] 0.02 ±0.001 0.03 ± 0.001 0.03 ±0.0006 0.03 ±0.0008
Energies [kcal/mol]
Ebond 4.8 ±0.3 5.4 ±0.5 6.3 ±0.4 5.3 ±0.4
Eangle 35.7 ±2.3 36.1 ±1.9 38.3 ±3.5 37.5 ±2.2
E improper 67.2 ±14.5 61.7 ±12.8 71.5 ±11.1 63.3 ±12.6
ENOE 25.7 ±1.8 25.9 ±2.5 30.5 ±1.3 23.6 ±1.3
Edihed 169.5 ±2.9 169.4 ±1.3 181.1 ±3.1 178.4 ±2.2
E total 302.9 ±21.8 298.5 ±19 327.7 ±19.4 308.1 ±18.7
RMSD of Cartesian
coordinates [Å]
Backbone atoms 0.6 ±0.1 0.6 ±0.1 0.6 ±0.1 0.6 ±0.1
All heavy atoms 0.9 ±0.2 1 ±0.1 1 ±0.1 0.9 ±0.1
Ramachandran statistics [% ]
Most favored 96.3 ±2.48 96.3 ±3.33 99.7± 1 97.3 ±2.11
Allowed 3.66 ±2.48 3.34 ±3.16 0.33± 1 2.65 ±2.11
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Table 3.7.: Structural calculation statistics of the 10 lowest-energy final and
the corresponding control conformers of VHP35_L69A at 0.1 MPa
and 240 MPa.

Final Control Final Control
Pressure [MPa] 0.1 0.1 240 240
NOEs 2018 1874 1961 1874
NMR distance restraints [Å]
Intra-residue (|i− j| = 0) 371 356 379 372
Sequential (|i− j| = 1) 144 142 145 140
Medium range (1 < |i− j| < 5) 154 138 151 138
Long range (|i− j| ≥ 5) 37 28 49 36
Ambiguous 260 231 232 233
Total 966 895 956 919
Noe violations [Å]
> 0.5 - - 0.1 ±0.3 -
> 0.3 0.1 ±0.3 0.2 ±0.4 0.9 ±0.7 0.1 ±0.3
> 0.1 28.4 ±2.4 32.6 ±1.6 26.7 ±1.9 14.9 ±2.9
NOE RMSD [Å] 0.03 ±0.001 0.03 ±0.001 0.03 ±0.002 0.02 ±0.002
Energies [kcal/mol]
Ebond 6.1 ±0.3 8.2 ±0.4 6.9 ±0.5 5.1 ±0.4
Eangle 37.4 ±2.1 46.2 ±1.9 40.2 ±2.2 37.9 ±3.3
E improper 59.3 ±9.9 64.2 ±8.4 82.1 ±10.2 66.4 ±10.2
ENOE 36.3 ±1.8 47.5 ±2.8 47.9 ±7.2 26.1 ±4.2
Edihed 177.8 ±2.2 169.6 ±1.7 166.1 ±1.9 163.5 ±3.3
E total 316.9 ±16,3 335.7 ±15.2 343.2 ±22 299 ±21.4
RMSD of Cartesian
coordinates [Å]
Backbone atoms 0.3 ±0.1 0.3 ±0.1 0.4 ±0.1 0.4 ±0.1
All heavy atoms 0.7 ±0.1 0.9 ±0.1 1 ±0.2 1 ±0.1
Ramachandran statistics [% ]
Most favored 97 ±1.89 98.7 ±2.33 95.3 ±2.36 96.7 ±2.74
Allowed 2.98 ±1.89 1.33 ±2.33 4.67 ±2.36 3.33 ±2.74
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The control NOE cross-peak lists contained the same number and assignments of NOEs
for each pressure. Subsequent comparison with these control data sets should reveal
pressure-induced conformational rearrangements. Table 3.6 and 3.7 summarize the
statistics of the structure calculation and the number of NOEs of the final and control
ensembles of VHP35 and of VHP35_L69A at 0.1 and 240 MPa, respectively. Super-
positions of the 10 lowest-energy confomers of the respective protein and pressure are
shown in Figures A.12, A.13, A.14, A.15, A.21, A.22, A.23, and A.24. Atomic distances,
solvent-accessible surface area, and solvent-accessible cavities with a solvent probe radius
of 1.4 Å were determined using PyMOL. Theoretical molecular surface volume, van der
Waals volume, and void volume were calculated with a minimum probe radius of 0.02 Å
and a minimum surface probe distance of 0.1 Å using ProteinVolume (Fig. 2.6) [125].

Table 3.8.: Solvent-accessible surface area (SASA) and the molecular surface
volume (VMS) with the corresponding van der Waals volume (VVDW)
and void volume (VVOID) of VHP35 and VHP35_L69A at 0.1 MPa
and 240 MPa (Fig. 2.6) [125]. The difference (∆[240,0.1]) is obtained
from the values between 240 MPa and 0.1 MPa.

VHP35 VHP35_L69A
Pressure [MPa] 0.1 240 ∆[240,0.1] 0.1 240 ∆[240,0.1]

SASA [Å2] 2944 2882 -62 2973 2952 -21

VVDW [Å3] 3649 3645 -4 3596 3598 2
VVOID [Å3] 870 965 95 886 901 15
VMS (= VVDW + VVOID) [Å3] 4519 4610 91 4482 4499 17

3.3.1. NMR structures of VHP35

With an overall RMSD of 0.6 Å for the heavy atoms of the backbone, each of the 10
final lowest-energy conformers of VHP35 at 0.1 MPa folds into three α-helical segments
(Fig. A.12), as described in Section 1.2 (Fig. 1.1). Considering the different measure-
ment conditions (T, pH, N ), the corresponding minimized average NMR structure is
structurally consistent with the previously published NMR structure of VHP36 (PDB:
1VII) [62] and the x-ray crystal structure of VHP35_N68H (PDB: 1YRF) [65] (Fig.
3.10). The main-chain RMSD between 1VII and 1YRF is 2.04 Å. In comparison, the
derived NMR structure of VHP35 shows an RMSD of 2.12 Å to 1VII and an RMSD of
1.22 Å to 1YRF [77,132]. Moreover, the superposition of α1 shows that VHP35 adopts
a similar orientation to 1YRF, reflecting congruences in the packing of the core and in
the helix–helix interactions [65] (Fig. 3.10).
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Figure 3.10.: Superposition of the backbone heavy atoms of the final minimized
average NMR structure of VHP35 at 0.1 MPa, the minimized
average NMR structure of VHP36 (PDB: 1VII), and the x-ray
crystal structure of VHP35_N68H (PDB: 1YRF): (A) shows the
superposition of α1 (residues 44 - 51) and (D) for all backbone residues of
the blue colored VHP35 at 0.1 MPa (278 K, pH 7.0), green colored 1VII
(303 K, pH 3.7) an grey colored 1YRF (293 K, pH 6.7). The main-chain
RMSD between VHP35 and 1VII is 2.12 Å and for 1YRF is 1.22 Å. (B)
and (C) show the rotation by 90◦ and (E) shows the rotation by 180◦

about the y-axis. Side chains are shown as sticks without hydrogens, and
hydrophobic core residues are labeled.

The 10 final or control conformers with lowest-energy of VHP35 at 0.1 MPa and 240 MPa,
respectively, describe in atomic detail the three α-helical segments with the hydrophobic
core residues (Fig. A.12, A.13, A.14, A.15). The calculated ensembles show similar
structural calculation statistics with respective overall main-chain RMSDs of about 0.6
Å (Tab. 3.6). The RMSD of the backbone heavy atoms between the final and the control
minimized average NMR structure is 0.96 Å at 0.1 MPa and 1.65 Å at 240 MPa (Fig.
3.11). The RMSD between the respective control structures is 0.91 Å. Nevertheless, the
respective control structures for each pressure reflect the same pressure-dependent
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Figure 3.11.: Superposition of the backbone heavy atoms of the final and the
control minimized average NMR structure of VHP35 at 0.1 MPa
and 240 MPa (Tab. 3.6): (A) shows VHP35 at 0.1 MPa (blue) and the
corresponding control structure (light blue) with an RMSD of 0.96 Å. (C)
shows the structure of VHP35 at 240 MPa (red) and the corresponding
control structure (light red) with an RMSD of 1.65 Å. (B) and (D) show
the rotation by 180◦ about the y-axis. Side chains are shown as sticks
without hydrogens, and hydrophobic core residues are labeled.

orientation of the three α-helical segments and the hydrophobic core residues as the
final structures. This indicates that not only pressure-induced new or lost NOE con-
tacts show structural differences between 0.1 MPa and 240 MPa, but also all individual
distance constraints. The latter are much less obvious from the experimental NOESY
experiments, because only small changes of many cross-peak intensities cause these re-
arrangements. Structural differences are mainly found within the N-terminal helix (α1).
Nevertheless, the uniquely assigned NOEs of the final ensembles at 0.1 MPa or at 240
MPa are structurally consistent with the calculations and none of them violates distance
restraints (Tab. A.4).
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Figure 3.12.: Superposition of the backbone heavy atoms of the final minimized
average NMR structures of VHP35 at 0.1 MPa and 240 MPa
(Tab. 3.6): (A) shows the superposition of α1 (residues 44-51) and (D)
for all backbone residues at 0.1 MPa (blue) and at 240 MPa (red) with an
RMSD of 2.16 Å for the latter. (B) and (C) show the rotation by 90◦ and
(E) shows the rotation by 180◦ about the y-axis. Side chains are shown as
sticks without hydrogens, and hydrophobic core residues are labeled.

The main-chain RMSD between the final minimized average NMR structure at 0.1 MPa
and 240 MPa is 2.16 Å. The superposition shows the pressure-induced different position
and orientation of α1 or vise versa of α2 and α3 of VHP35 (Fig. 3.12). At 240 MPa, the
distance between the amide protons of D44 (α1) and L63 (α3) shortens from 21.2 Å to
16.4 Å, shifting the N-terminal helix toward the C-terminal helix. This is consistent with
the unique inter-residual NOEs found at each pressure, which occur mainly within α1
and the succeeding turn (Tab. A.4). Essentially, the pressure change leads to structural
changes within the backbone of VHP35, but the orientation of most of the side chains
remains the same (Fig. A.16). Among the hydrophobic core residues, only residues F47,
M53, L61, and K65 show a significant pressure-induced change in the side chains by
about 90◦. In particular, the aromatic ring of F47, one of the three highly conserved
and structure-stabilizing phenylalanines [64,133], changes from a perpendicular position
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Figure 3.13.: Solvent-accessible voids of the final minimized average NMR
structure of VHP35 at 0.1 MPa and 240 MPa: (A) and (C) show
the voids (gray) for a solvent radius of 1.4 Å and a threshold of 3 radii at
0.1 MPa (blue) and at 240 MPa (red). (E) shows the superposition of the
backbone structures and the voids at each pressure. (B), (D) and (F) show
the rotation by 180◦ about the y-axis. Side chains of the hydrophobic core
residues are shown as spheres and with labels.
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3.3. High pressure conformers

against F58 to an energetically more favorable 45◦ position against F51 and F58 [134].
These pressure-induced structural changes also lead to changes in the volume and the
cavity landscape. The theoretically calculated molecular surface volume (see Fig. 2.6)
of VHP35 increases from 4519 Å3, with a void volume of 870 Å3, at 0.1 MPa to a more
stable one of 4610 Å3, with a larger void volume of 965 Å3, at 240 MPa, according
to Le Chatelier’s principle (Tab. 3.8). This is accompanied by a redistribution of the
water-accessible voids and a decrease of the solvent-accessible surface area from 2944 Å2

at ambient pressure down to 2882 Å2 at 240 MPa (Fig. 3.13).
Specifically, at 0.1 MPa, VHP35 exhibits a larger cavity between K65 and L69 with a
size of ≈ 4 water molecules. In addition, there are two smaller cavities, one between L42,
F47 and K70 and another between V50, F51 and L48, each with a volume of ≈ 1 water
molecule. Another cavity is located in the vicinity of the KKEK motif (≈ 2 to 3 water
molecules), which is enclosed by the positively charged K70 and K71 (Fig. A.17) and
does not affect the hydrophobic core. Pressure-induced shift of α1 and the reorientation
of F47 lead to the closure or redistribution of these cavities. Figure 3.13 (D) now shows
a larger, solvent-accessible cavity with a size of ≈ 6 water molecules between L42, F47,
F58 and K70 at 240 MPa. Near this cavity are three others, one above F58, one next
to it between F58 and K70 and another below it, between L42 and K70, each with a
volume of ≈ 1 to 1.5 water molecules. The latter is part of the cavities which, as at 0.1
MPa, are found in the periphery of the C-terminal helix at the KKEK motif. However,
the pressure-induced reorientation of the helix at this position leads to a redistribution
to two or, respectively, three additional cavities with a volume of about 1 to 1.5 water
molecules each.
The pressure-induced conformational changes result in an increased molecular surface
volume and void volume. Comparison of the distribution of the voids of the minimized
average structures shows a higher number and a larger overall volume of the solvent-
accessible voids at 240 MPa. However, at ambient pressure, the voids show a deeper
penetration of water molecules into the hydrophobic core, corresponding to its larger
solvent-accessible surface area. Nevertheless, there are no voids with a minimum water
radius within the hydrophobic core of the structures.

3.3.2. NMR structures of VHP35_L69A
The 10 final or control conformers with lowest-energy of the variant VHP35_L69A at
0.1 MPa and 240 MPa fold into the three α-helical segments as in the wild type. The
ensembles describe in atomic detail the changed conformation of the hydrophobic core
residues with the mutation site L69A (Fig. A.21, A.22, A.23, A.24). The calculated
ensembles show similar structural calculation statistics with respective overall main-
chain RMSDs of ≈ 0.4 Å (Tab. 3.7). The RMSD of the backbone heavy atoms between
the final and the control minimized average NMR structure is 0.69 Å at 0.1 MPa and 0.71
Å at 240 MPa (Fig. 3.14). The RMSD between the respective control structures is 0.99
Å. As in the wild type, the respective control structures for each pressure reflect the same
pressure-dependent orientation of the three α-helical segments and the hydrophobic core
residues as the final structures. This also shows that all individual distance constraints
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cause rearrangements due to smaller changes of the many cross-peak intensities. At
0.1 MPa, the structural differences are homogeneously distributed across the structures.
And st 240 MPa, they are mainly found within the N-terminal helix (α1) and the C-
terminal helix (α3). Nonetheless, the uniquely assigned NOEs of the final ensembles at
0.1 MPa or at 240 MPa are structurally consistent with the calculations and none of
them violates distance restraints (Tab. A.8).
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Figure 3.14.: Superposition of the backbone heavy atoms of the final and the
control minimized average NMR structures of VHP35_L69A at
0.1 MPa and 240 MPa (Tab. 3.6): (A) shows VHP35_L69A at
0.1 MPa (pink) and the corresponding control structure (light pink) with
an RMSD of 0.69 Å. (C) shows the structure of VHP35_L69A at 240
MPa (green) and the corresponding control structure (light green) with an
RMSD of 0.71 Å. (B) and (D) show the rotation by 180◦ about the y-axis.
Side chains are shown as sticks without hydrogens, and hydrophobic core
residues are labeled.
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Figure 3.15.: Superposition of the backbone heavy atoms of the final minimized
average NMR structures of VHP35_L69A at 0.1 MPa and 240
MPa (Tab. 3.7): (A) shows the superposition of α1 (residues 44-51) and
(D) for all backbone residues of VHP35_L69A at 0.1 MPa (pink) and at
240 MPa (green) with an RMSD of 1.3 Å for the latter. (B) and (C) show
the rotation by 90◦ and (E) shows the rotation by 180◦ about the y-axis.
Side chains are shown as sticks without hydrogens, and hydrophobic core
residues are labeled.

The main-chain RMSD between the final minimized average NMR structure at 0.1 MPa
and 240 MPa is 1.3 Å. The superposition shows the pressure-induced different position
and orientation of the three α-helices of VHP35_L69A (Fig. 3.15). In particular, the
reorientation of α1 compared to α3, with the pressure-induced changes mainly affect
α3. At 240 MPa, this leads to an increase in the distance between the amide protons of
D44 (α1) and L63 (α3) increases from 21.7 Å to 23.1 Å, moving the N-terminal helix
away from the upper C-terminal helix. This is consistent with the unique inter-residual
NOEs found at each pressure being homogeneously distributed throughout the sequence
at 0.1 MPa and occurring mainly in α1 and α3 at 240 MPa (Tab. A.8). As in the wild
type, the change in pressure mainly lead to structural changes within the backbone of
VHP35_L69A, and the orientation of most of the side chains remains the same except
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Figure 3.16.: Solvent-accessible voids of the final minimized average NMR
structures of VHP35_L69A at 0.1 MPa and 240 MPa: (A) and (C)
show the voids (gray) for a solvent radius of 1.4 Å and a threshold of 3 radii
at 0.1 MPa (pink) and at 240 MPa (green). (E) shows the superposition of
the backbone structures and the voids at each pressure. (B), (D) and (F)
show the rotation by 180◦ about the y-axis. Side chains of the hydrophobic
core residues are shown as spheres and with labels.
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for some surface residues. Among the hydrophobic core residues, only K70 shows a
significant pressure-induced rotation in the side chain by about 90◦ (Fig. A.25). Even
the structurally stabilizing phenylalanines F47, F51 and F58 maintain their relative
orientation to each other.
These pressure-induced conformational changes result in a small increase in the theo-
retically calculated molecular surface volume (see Fig. 2.6) of VHP35_L69A from 4489
Å3, with a void volume of 886 Å3, at 0.1 MPa to one of 4499 Å3, with a void volume of
917 Å3, at 240 MPa (Tab. 3.8). This is accompanied by a redistribution of the water-
accessible voids and a small decrease of the solvent-accessible surface area from 2973 Å2

at ambient pressure up to 2952 Å2 at 240 MPa (Fig. 3.16).
At 0.1 MPa, the variant shows multiple cavities with different numbers of water molecule
radii. The mutation site creates a void within the hydrophobic core between F51, M53,
F58, L61, K65 and A69 with a volume of ≈ 1 to 2 water molecules. Below this is a water-
accessible void with a size of ≈ 3 to 4 water molecules enclosed by V50, F51 and A69.
In addition, below K65, is another larger cavity, also created by L69A, with a volume
of ≈ 5 o 6 water molecules. With a volume of ≈ 7 to 8 water molecules, the largest
cavity of the mutant is embedded between L42, V50 and F51. On the opposite side of
VHP35_L69A are two other cavities, each with a volume of about 3 water molecules.
One is an elongated one next to F58 and above K70 and the other is a more compact
one between L42 and K70. Furthermore, there are two cavities in the periphery of the
C-terminal helix at the KKEK motif, each with a volume of ≈ 1 and ≈ 3 to 4 water
molecules, respectively (Fig. A.26). The pressure of 240 MPa closes the cavity on the
mutation site L69A and leads to a shift from F51 (α1) toward A69 (α3). This creates a
large, branched, more superficial cavity with a volume of ≈ 7 to 8 water molecules at this
position (F51, M53, K65, A69). On the other hand, this creates a deeper void between
L42, F47, F58 and K70 with a volume of ≈ 6 to 7 water molecules. The pressure-induced
shift of α1 opens a longer cavity (L42, near F47) between this helix and α2 with a volume
of about 5 to 6 water molecules. The peripheral cavities at 0.1 MPa on the C-terminal
helix also merge under pressure to form a larger cavity with a volume of ≈ 7 to 8 water
molecules.
Comparison of the cavity landscapes of the minimized average structures shows a shift
from several smaller voids at 0.1 MPa to four larger solvent-accessible voids at 240 MPa.
In particular, the deep, small cavity within the hydrophobic core, which is enclosed by
the residues F51, M53, F58, L61, K65 and A69, is replaced by a bulkier one (L42, F47,
F58 and K70) on the other side. However, the pressure-induced conformational changes
hardly lead to a change in the molecular surface volume and void volume. Furthermore,
the solvent-accessible surface area remains relatively the same as well as the overall
volume of the voids.

3.3.3. Comparison of the structures of VHP35 and VHP35_L69A
Comparison of the wild type and the variant provides information on how the unfolding
under pressure is affected by the change in void volume due to the mutation. Superposi-
tion of the final minimized average NMR structures of VHP35 and VHP35_L69A at 0.1
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MPa shows basically similar position and orientation of the three α-helices with a main-
chain RMSD of 1.14 Å (Fig. 3.17). The L69A mainly leads to a different orientation of
α1, but with an unchanged distance of the amide proton of F51 to L69 or A69 of 10.7
Å. The orientation, even of the hydrophobic core residues, of the side chains remains
the same except for a few surface residues, and the L69A variation essentially leads only
to conformational changes within the backbone. The only exception is the 90◦ rotation
in the side chain of W64.
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Figure 3.17.: Superposition of the backbone heavy atoms of the final minimized
average NMR structures of VHP35 and VHP35_L69A at 0.1
MPa (Tab. 3.6), 3.7): (A) shows the superposition of α1 (residues 44-
51) and (D) for all backbone residues of VHP35 (blue) and VHP35_L69A
(pink) at 0.1 MPa with an RMSD of 1.14 Å for the latter. (B) and (C)
show the rotation by 90◦ and (E) shows the rotation by 180◦ about the y-
axis. Side chains are shown as sticks without hydrogens, and hydrophobic
core residues are labeled.

As described above (Sec. 3.3.1, 3.3.2), the theoretically calculated molecular surface
volume (see Fig. 2.6) at 0.1 MPa of the wild type is 4519 Å3 and of VHP35_L69A is
4482 Å3 (Tab. 3.8). Despite a lower molecular surface volume, the variant shows a larger
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3.3. High pressure conformers

void volume of 886 Å3 in contrast to 870 Å3 for the wild type. This corresponds to a
relative void volume of ≈ 19.75 % for VHP35_L69A versus ≈ 19.25 % for VHP35. This
difference is also reflected in a slightly larger solvent-accessible surface area of the vari-
ant (VHP35_L69A: 2973 Å2; VHP35: 2944 Å2), which also has more water-accessible
cavities with a larger overall void volume (Fig. 3.18). VHP35 and VHP35_L69A show
some similar topologies of cavities, such as those between the residues L42, V50, and
F51 or the peripheral cavity at the C-terminal helix near K70. And a cavity can also
be seen near L69 and A69, respectively, in both structures. Here, that of the wild type
is more superficial, in contrast to the steric gap caused by L69A, which enables the
solvent to penetrate deeper into the hydrophobic core. In general, it can be stated that
the mutation, at ambient pressure, leads to an increase in void volume with a larger
solvent-accessible surface area.
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Figure 3.18.: Superposition of the final minimized average NMR structures of

VHP35 and VHP35_L69A at 0.1 MPa with the solvent-accessible
voids: (A) shows the voids in the corresponding colors for a solvent radius
of 1.4 Å and a threshold of 3 radii of VHP35 (blue) and VHP35_L69A
(pink) at 0.1 MPa. (B) shows the rotation by 180◦ about the y-axis.

At high pressure, the three α-helices of the two proteins evolve into quite different ori-
entations (Fig. 3.19). Superposition of the final minimized average NMR structures of
VHP35 and VHP35_L69A at 240 MPa shows a main-chain RMSD of 2.64 Å. Compared
to the wild type, the backbone of VHP35_L69A exhibits structural differences between
the N-terminal helix and the middle helix, resulting in a significantly different confor-
mation of the C-terminal helix. This is best illustrated by aligning only the helix α1 of
the variant and the wild type (Fig. 3.19). In the case of VHP35_L69A, the increased
pressure closes the steric gap created by the mutation by shifting the C-terminal end
of α1 toward the C-terminal end of α3. This is also reflected in the different distances
between the amide protons of F51 (α1) and L69 or A69 (α3) with 11.7 Å for VHP35
and 9.7 Å for VHP35_L69A. In contrast, the N-terminal end of α1 of VHP35 changes
its position toward the N-terminal end of α3 under high pressure, which is then reflected
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in the smaller distance between D44 and L63 of 16.4 Å for VHP35 versus 23.1 Å for
VHP35_L69A. Despite the distinctly different conformation of the backbone of the two
proteins, only minor structural changes are found in the side chains in comparison. The
variant shows a rotation of the side chain of F47 ≈ 45◦, V50 ≈ 180◦, M53 ≈ 45◦, L61
by ≈ 45◦. The different position of F47 in VHP35_L69A leads to a less energetically
stable planar orientation to F51. Compared to the wild type, where F47 is in a more
energetically favorable perpendicular position to F51.
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Figure 3.19.: Superposition of the backbone heavy atoms of the final minimized
average NMR structures of VHP35 and VHP35_L69A at 240
MPa (Tab. 3.6), 3.7): (A) shows the superposition of α1 (residues 44-
51) and (D) for all backbone residues of VHP35 (red) and VHP35_L69A
VHP35 (green) at 240 MPa with an RMSD of 2.64 Å for the latter. (B)
and (C) show the rotation by 90◦ and (E) shows the rotation by 180◦

about the y-axis. Side chains are shown as sticks without hydrogens, and
hydrophobic core residues are labeled.

The pressure-induced volume changes result in a theoretically calculated molecular
surface volume of the wild type of 4610 Å3, with a void volume of 965 Å3, and of
VHP35_L69A of 4499 Å3, with a void volume of 917 Å3 (Tab. 3.8). In contrast to
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3.4. Pressure dependence of NMR backbone resonances

the ambient pressure, VHP35 now shows with ≈ 20.93 % a larger relative void volume
than that of VHP35_L69A with ≈ 20.38 %. Despite the larger volume, the wild type
with 2882 Å2 still shows a smaller solvent-accessible surface area than the mutant with
2952 Å2. This is also reflected in the cavity landscape, where the wild type has more
cavities, but with a smaller overall volume than the variant (Fig. 3.20). Both proteins
show cavities around the residues L42, F47, F58, and K70 of approximately the same
size and peripherally at the C-terminal helix near K70. Here, the peripheral cavity
of VHP35_L69A is about is about twice the size of the two smaller of VHP35. In
addition, VHP35 has three other smaller superficial cavities, each with a volume of ≈ 1
water molecule, around the bulky ones enclosed by L42, F47, F58 and K70. In contrast,
the variant exhibits two large cavities with a volume of about 7 water molecules each,
one at the position close to the mutation site (F51, M53, K65, A69) and the other
between the two helices α1 and α2. In the final comparison, the mutant shows larger
solvent accessibility at high pressure despite the smaller molecular surface volume but
with a similar relative void volume.
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Figure 3.20.: Superposition of the final minimized average NMR structures
of VHP35 and VHP35_L69A at 240 MPa with the solvent-
accessible voids: (A) shows the voids in the corresponding colors for
a solvent radius of 1.4 Å and a threshold of 3 radii of VHP35 (red) and
VHP35_L69A (green) at 240 MPa. (B) shows the rotation by 180◦ about
the y-axis.

3.4. Pressure dependence of NMR backbone resonances
The effect of high pressure up to 240 MPa on the protein backbone was investigated
by 1H,15N-HSQC experiments in 10 mM K2HPO4/KH2PO4 buffer (pH 7.0), 30 or 60
µM DSS-d6 and 10 % D2O at 278 K. Since VHP35 or VHP35_L69A does not contain
any histidine residues, the pressure-dependent pKa change of the phosphate buffer [135]
has no effect on the protonation state of the protein [1, 135]. The resulting pressure-
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dependent changes in the chemical shifts of the amide protons and bound nitrogen
nuclei provide structural and thermodynamic insights (Sec. 2.4.3). NMR resonance
signals assignment of the backbone of VHP35 and of VHP35_L69A was achieved as
described above in Section 2.2. The entire backbone assignment of the 1H,15N-HSQC
spectra and the 1H, 15N chemical shifts at 278 K of VHP35 and VHP35_L69A can be
seen in Figure A.9, A.18 and in the Tables A.1 - A.3, A.5 - A.7. The local pressure
effects of the backbone were obtained determined by a series of 1H,15N-HSQC spectra
measured in steps of 20 MPa from 0.1 MPa to 240 MPa.

0 .1 MPa

240 MPa

¹H [ppm]

L69F58

Figure 3.21.: Superposition of 1H,15N-fHSQC spectra of VHP35 between 0.1
and 240 MPa: Spectra recorded with increasing pressure in steps of 20
MPa at 278 K and pH 7.0 (K2HPO4/KH2PO4). Residue assignments are
given at the respective resonances at 0.1 MPa.

Superposition of these spectra shows for most resonances a shift of the well-dispersed
cross-peaks toward the low field with increasing pressure for both proteins, VHP35 and
VHP35_L69A (Fig. 3.21, 3.22). This observation is considered to correlate with the
pressure-dependent shortening of the hydrogen bonds [52, 57, 136]. A shorter distance
corresponds to a stronger polarization of the hydrogen bond and thus leads to a weak-
ening of the magnetic shielding, resulting in a low-field shift of these protons. This
mechanism also applies to the corresponding nitrogen nuclei, but with a weaker low-
field shift [137–139]. The magnitude of the shift depends on the type of the hydrogen
bond, whether it is an intramolecular or extramolecular to enclosed water molecules or
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3.4. Pressure dependence of NMR backbone resonances

to water molecules at the surface. Where the latter exhibit larger pressure-induced shifts
than the others. This is true, for example, for amide protons at the N- and C-termini
or in the loop regions of the protein [136].

0 .1 MPa

240 MPa

¹H [ppm]

A69D46

Figure 3.22.: Superposition of 1H,15N-fHSQC spectra of VHP35_L69A be-
tween 0.1 and 240 MPa: Spectra recorded with increasing pressure
in steps of 20 MPa at 278 K and pH 7.0 (K2HPO4/KH2PO4). Residue
assignments are given at the respective resonances at 0.1 MPa.

The cross-peaks in Figures 3.21 and 3.22 show linear and nonlinear pressure dependences
for each chemical shift of 1H and 15N. These are not only the result of specific effects, such
as conformational changes in the protein, but are also caused by the intrinsic pressure
dependence of the protons or nitrogens of each amino acids. This nonspecific effect
is caused by the pressure-dependent direct interaction between the solvent molecules
and the solvent-exposed residues [140]. Separation and analysis of the nonspecific from
the specific effects of the 1H,15N resonances is achieved by parameterizing the shifts to
linear and nonlinear factors and by subtracting the residue-specific pressure-dependent
factors derived from unstructured model tetrapeptides. The linear (b1) and quadratic
(b2) coefficients of all backbone amides were obtained by fitting using a second-order
Taylor expansion (Eq. 2.63, Fig. A.27, A.28, A.30, A.31). The derived pressure-
dependent coefficients of the 1H,15N resonances of VHP35 and VHP35_L69A were cor-
rected residue-specifically by a data set of pressure coefficients determined for the amide
groups of the 20 canonical amino acids X in the model random coil Ac-Gly-Gly-X-Ala-

57



3. Results

NH2 [141]. The corrected coefficients of the 1H and 15N chemical shifts generally imply
compressions within the folded ensemble (elastic effects) in the case of the linear factors
and structural changes (conformational effects) in the case of the nonlinear factors. In
particular, the linear coefficients are assumed to correlate with the changes in the dis-
tance of the corresponding hydrogen bond in the molecule (intra- or intermolecular) and
the local variations of the dihedral angles [52, 53, 58, 136, 142]. Whereas the linear part
of the nitrogen shift is more dependent on the latter [143]. The quadratic coefficients
are related to structural fluctuations, such as the population shift to low-lying excited
states [55, 60, 139]. In addition, it has been shown that residues near water-excluded
cavities exhibit larger nonlinear deviations from the average values [50,58,144].
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Figure 3.23.: Pressure coefficients of the backbone of VHP35 (black) and
VHP35_L69A (red) (Tab. A.9, A.10, A.11, A.12): Residue-specific
linear (b1) and quadratic (b2) pressure coefficients and the corresponding
mean (dashed line) of the amide protons (1HN) and nitrogens (15N) deter-
mined by equation 2.63.

Figure 3.23 shows the determined corrected linear and quadratic pressure coefficients for
VHP35 and of VHP35_L69A. The corresponding single plots and a complete list of the
derived pressure coefficients for each proteins can be found in Figures A.29, A.32 and in
Tables A.9, A.10, A.11,A.12. The derived coefficients show a heterogeneous distribution,
and considering the gyromagnetic ratio, those of the amide protons are larger than those
of the nitrogens for most residues. In addition, VHP35_L69A generally shows larger
pressure coefficients than the wild type, indicating that the system is more affected by
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3.4. Pressure dependence of NMR backbone resonances

pressures up to 240 MPa.
To obtain more detailed insights into the derived coefficients for each protein, the most
affected residues of the protein within the derived set were identified for all residues
of the corresponding coefficient according to the following condition: |xi| > (|µ| + |σ|),
where x is the value of the coefficient of the respective residue i and µ and σ are the
mean and standard deviation of the corresponding set for all residues of the coefficient
(Tab. A.9, A.10, A.11,A.12).
Given this condition for the linear coefficients of the amide protons, this applies to
residues E45, V50, R55, L61, K65, N68, L69, and F76 of VHP35 and to residues S43,
V50, R55, S56, L61, L69, K73, G74, and F76 of VHP35_L69A. And in the case of
the linear coefficients of the nitrogens, this corresponds to residues R55, S56, A57, L61,
K65, N68, K71, and L75 of VHP35 and to residues R55, S56, Q67, K70, and K73 of
VHP35_L69A. Thus, for both proteins, the largest b1 values for both amide protons and
nitrogen atoms are found mainly within helix α2 and especially helix α3, with residues
R55, S56 and L61 being the most abundant. In comparison and considering the signs,
the overall linear coefficients of the amide protons and the nitrogens of both proteins
show a similar distribution. As described above, for the hydrogen bonds, positive b1
values can be interpreted as a decrease in distance of these within the molecule, and
conversely, negative ones. This property is less pronounced for the nitrogens. With
respect to the sign, the two proteins differ in b1 (1HN) in 7 residues (D44, L63, K65,
Q66, K70, K73, G74) and in b1 (15N) in 5 residues (S43, F51, A57, K70, F76).
Combined with the distribution of the largest b1 values of each protein, the differences
between the linear coefficients of the amide protons of VHP35 and VHP35_L69A indi-
cate different distance changes within the hydrogen bonding network in the C-terminal
helix of the respective proteins. This is not apparent for the differences of the b1 (15N)
values between the proteins. In general, the distribution of the linear coefficients in both
cases does not show a clear pattern with respect to the secondary structure.
The pressure-induced nonlinear coefficients are considered to correlate with structural
fluctuations caused by the redistribution of the internal cavities within the protein.
At the atomic level, the nonlinear shifts around water-enclosed cavities exhibit larger
deviations from the average values [58]. In this regard, the analysis of the derived set of
nonlinear coefficients of the amide proton under the condition given above shows this for
residues F51, G52, A59, L61, K65, K71, and L75 of VHP35 and for residues S43, R55,
L63, K65, K73, and G74 of VHP35_L69A. And in the case of the nonlinear coefficients
of nitrogens, this is shown for residues F51, R55, L61, L63, and Q66 of VHP35 and for
residues R55, L63, Q67, A69, K70, K71, and K73 of VHP35_L69A. Residues F51 and
L61 in VHP35, both residues of the hydrophobic core, show larger deviations for both
nuclei. In the variant, this is apparent for residues R55 and L63.
As with the linear coefficients, there is an clustering of deviations from the average within
helix α2 and mainly in helix α3 for both nuclei in both proteins. However, there is no
direct pattern with respect to the solvent-accessible cavities for either proteins (Fig.
3.24, 3.25). Overall, the nonlinear backbone coefficients of VHP35 show that mainly
residues in the region of the turns and at the edges of the helices are affected. Moreover,
in the case of VHP35_L69A, residues near the mutation site show larger deviations from
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the mean, especially those of the nitrogens. In comparison, the nonlinear coefficients of
the proteins for both nuclei, considering the signs, show less similarities than the linear
ones. Thus, the nonlinear coefficients of the amide protons differ in 12 residues (F47,
K48, M53, T54, S56, N60, K65, Q66, Q67, N68, K70, E72) and those of the nitrogens
in 11 residues (S43, F51, G52, M53, A59, N60, W64, Q67, N68, L/A69, K71). Together
with the largest b2 deviations from the mean of each protein, the differences between
the nonlinear coefficients of both nuclei of VHP35 and VHP35_L69A indicate that the
helix α2 and α3, in particular, are structurally affected by pressure.

WT_ B 2 _H
WT_ B 2 _N

A                                  B

C                                  D

F51

G52

A59

L61

K65

K71

L75

F51

R55

L61 L63

Q66

Figure 3.24.: Structural visualization of the nonlinear backbone coefficients of
the final minimized average NMR structure of VHP35 at 240
MPa: (A) shows the residues (blue) with values of b2 (1HN) and (C) of b2
(N15) according to the condition: |b2| > (|µ| + |σ|) (Tab. A.9, A.10). (B)
and (D) show the rotation by 180◦ about the y-axis. Structure is shown
with corresponding cavity distribution (gray) (Fig. 3.13).
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3.4. Pressure dependence of NMR backbone resonances

In summary, the deviations in the pressure coefficients of both proteins indicate pressure-
induced local structural changes within α2 and α3, with residues R55 and L61 in VHP35
and residues R55 and K73 in VHP35_L69A showing larger deviations from the mean
for both nuclei. Although interpretation of the coefficients with respect to the sign is
complex and the magnitude of the signals was not considered in detail, the differences in
the coefficients between the proteins nevertheless underpin structural changes within the
two helices with relative to each other. Furthermore, the differences indicate a different
pressure-induced local structural fluctuation.

L 6 9A _B 2 _H
L 6 9A _B 2 _N

S43

K73

R55

K65

L63A                                  B

C                                  D

E                                  F

G74

R55

L63

Q67

K70

K71

K73

Figure 3.25.: Structural visualization of the nonlinear backbone coefficients of
the final minimized average NMR structure of VHP35_L69A at
240 MPa: (A) shows the residues (neon green) with values of b2 (1HN)
and (C) of b2 (N15) according to the condition: |b2| > (|µ|+|σ|) (Tab. A.11,
A.12). (B) and (D) show the rotation by 180◦ about the y-axis. Structure
is shown with corresponding cavity distribution (gray) (Fig. 3.16).
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The ratio of the coefficients (Eq. 2.64) is related to the ratio of the differences in
the compressibility factor and in the partial molar volume [59]. The interpretation of
the ratio is ambiguous but can still be understood or used in terms of local volume
changes [145]. The derived ratios show a heterogeneous distribution for both nuclei,
with the ratios of the nitrogens being predominantly negative. Since the ratios for each
residue (Fig. 3.26) are not based on a full pressure-induced transition, which also is
reflected in the errors, the deviation from the mean was analyzed under the following
condition: (|(b2/b1)i| − |δi|) > (|µ| + |σ|). Where (b2/b1) is the ratio of the coefficients
and δ is the corresponding error of the respective residue i, and µ and σ are the mean
and standard deviation of the corresponding set for all residues of the ratio (Tab. A.9,
A.10, A.11,A.12).
Given this condition for the ratio of the pressure coefficients of the amide protons, this
applies to residues F51, K73, and L75 of VHP35 and to residue K65 of VHP35_L69A.
In the case of the nitrogens, this applies only to residues V50, F51, and L63 of VHP35.
Looking at the deviations for both nuclei found in VHP35, they indicate local volume
changes within helix α1 and α3. This can be assumed particularly for residue F51
of VHP35, which is part of the hydrophobic core. In the case of VHP35_L69A, the
condition holds only for the ratio of the amide proton K65, which is a weak indication
for a local volume change. However, the residue is a part the hydrophobic core and is
located near the artificial gap created by the L69A mutation (Fig. 3.16).
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Figure 3.26.: Ratio of the pressure coefficients of VHP35 (black) and
VHP35_L69A (red): Residue-specific ratio of the quadratic (b2) and
the linear (b1) pressure coefficients and the corresponding mean (dashed
line) of the amide protons (1HN) and the nitrogens (15N) determined by
equation 2.64. Residue T54 of VHP35, not shown, is defined as an outlier
(Tab. A.10).

3.5. Effect of pressure on backbone dynamics
The pressure-dependent conformational motions of the backbone in the picosecond to
nanosecond time scale were quantified by determining the longitudinal (R1) and trans-
verse (R2) 15N relaxation rates and the 15N-1H heteronuclear NOE ratio values (hNOE).
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3.5. Effect of pressure on backbone dynamics

Here, R1 is sensitive to the dynamics on the picosecond to nanosecond time scale and
R2 on the picosecond up to millisecond time scale. The corresponding ratio (R2/R1) is
used to estimate the global tumbling or overall correlation time τm. The hNOE provides
information about the motion of individual N-H bond vectors, moving faster than the
overall tumbling of the molecule, resulting in a reduced hNOE intensity compared to the
observed average. The assignment and measurement of the NMR resonance signals, the
longitudinal (R1) and transverse (R2) 15N relaxation rates and the 15N-1H heteronuclear
NOE ratio values (hNOE) of the backbone of VHP35 and of VHP35_L69A at 278 K,
B0 = 14,1 T (600 MHz) and at 0.1 MPa and 240 MPa, respectively, were determined as
described above in Section 2.2.
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Figure 3.27.: Relaxation parameters of the backbone of VHP35 at 0.1 MPa
(black) and 240 MPa (purple) (Tab. A.13, A.14): Longitudinal
(R1) and transverse (R2) 15N relaxation rates, the ratio (R2/R1), and the
15N-1H heteronuclear NOE ratio values (hNOE) at 278 K and B0 = 14,1 T.

At ambient pressure, VHP35 shows residue-specific relaxation parameters similar to
those previously reported for VHP36 at 279 K and B0 = 11,74 T (500 MHz) [146]. In
general, all residues show similar values for the respective relaxation parameters (Fig.
3.27). Only within the C-terminal region (G74 to F76) lower values occur and especially
residues M53 and N60 show a significant deviation from the mean (> 2σ) for R2 (Tab.
A.13, A.14). The pressure change up to 240 MPa essentially follows the pattern at 0.1
MPa and therefore does not show significantly increased or decreased flexibility of any
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region in the VHP35 backbone. This is also reflected in the pressure-dependent change
in the mean from 2.21 s−1 to 2.25 s−1 for R1, from 6.53 s−1 to 6.33 s−1 for R2, and
from 0.73 to 0.71 for hNOE. The relaxation rates R1 and R2 are relatively insensitive to
the internal motion and depend mainly on the overall molecular tumbling [147]. This is
described by the overall rotational correlation time τm, which can be used to determine
the rotational diffusion of the molecule and, moreover, the axially symmetric diffusion
tensors. A useful first estimate of τm is obtained via the 10 % trimmed weighted average
of the R2/R1 ratio (Eq. A.1). At ambient pressure, this yields an estimated value of
τm = 3.91 ns for VHP35 (Tab. A.17), which agrees with previously determined values
of τm = 4.36 ns for VHP36 at 279 K and B0 = 11,74 T (500 MHz) [148]. At 240 MPa,
τm decreases slightly to 3.74 ns.
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Figure 3.28.: Relaxation parameters of the backbone of VHP35_L69A at 0.1
MPa (black) and 240 MPa (purple) (Tab. A.15, A.16): Longitudi-
nal (R1) and transverse (R2) 15N relaxation rates, the ratio (R2/R1), and
the 15N-1H heteronuclear NOE ratio values (hNOE) at 278 K and B0 =
14,1 T.

Compared to the wild type, VHP35_L69A shows a broader range of values for the
respective relaxation parameters, but also with lower ones within the C-terminal region
(L75 to F76), indicating more pronounced motions along the sequence at both pressures
(Fig. 3.28). This is also reflected in the number of residues showing a larger deviation
from the mean (> 2σ), such as the R1 rate of D46 and the R2 rate of K65 and Q66
at ambient pressure (Tab. A.15, A.16). The pressure change up to 240 MPa leads to
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3.5. Effect of pressure on backbone dynamics

a redistribution of the residue-specific relaxation rates, but in the same time ranges as
at ambient pressure. This gives a different set of residues with a significant deviation
from the mean, such as the R1 rate of K65 and the R2 rate of F51 and K73. But also
to a small pressure-dependent variance in the mean from 2.16 s−1 to 2.19 s−1 for the
R1 and from 7.48 s−1 to 7.92 s−1 for the R2 relaxation rate and from 0.72 to 0.7 for
the hNOE. According to the equation A.1, the estimated value of the overall correlation
time τm = 4.46 ns at ambient pressure and τm = 4.63 ns at 240 MPa for VHP35_L69A
(Tab. A.17).
Comparing the mean values of the longitudinal relaxation rates and the heteronuclear
NOE values of VHP35 and VHP35_L69A shows for both proteins similar values with
equivalent values in the magnitude of the change with increasing pressure. In the case
of the mean of the longitudinal relaxation rate, VHP35 shows a value of 6.53 s−1 and
VHP35_L69A a value of 7.48 s−1 at 0.1 MPa. At 240 MPa, the mean of R2 of VHP35
decreases to 6.33 s−1 whereby the mean of VHP35_L69A increases to 7.92 s−1. This
also applies to the overall correlation time at 0.1 MPa, with τm = 3.74 ns for VHP35
and τm = 4.46 ns for VHP35_L69A at 0.1 MPa and with an decrease of ≈ 0.2 ns at 240
MPa for the wild type and vice versa for the variant.
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Figure 3.29.: Pressure-dependent difference of relaxation parameters of the
backbone of VHP35 (black) and VHP35_L69A (red) (Tab. A.13,
A.14, A.15, A.16): Difference (∆) of longitudinal (R1) or transverse (R2)
15N relaxation rates, the ratio (R2/R1) and the 15N-1H heteronuclear NOE
ratio values (hNOE) at 0.1 MPa and 240 MPa, and the corresponding mean
(dashed line).
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To gain a more detailed insight into the pressure dependence of the relaxation parameters
of the individual residues of each protein, the difference (∆) between ambient and high
pressure was calculated (Fig. 3.29). The derived difference sets were analyzed according
to the following condition: |xi| > (|µ| + |σ|). Here x is the value of the respective
difference of the relaxation parameter for the respective residue i and µ and σ are the
mean and standard deviation of the corresponding set for all residues of the coefficient
(Tab. A.13, A.14, A.15, A.16).
This condition holds for the pressure-dependent variations of the R1 relaxation rates for
residues E45, T54, R55, and L75 of VHP35 and for the residues D46, L61, and K65 of
VHP35_L69A. And in the case of the R2 relaxation rates, this corresponds to residues
F51, M53, A57, A59, N60, W64, Q66, and Q67 of VHP35 and to residues D46, A49,
F51, T54, Q66, K73, and L75 of VHP35_L69A. Together, both relaxation rates map
motions in the picosecond to millisecond time scale. Consistent with this time scale and
the applied pressure, larger pressure-dependent variations of motions found within the
turn between the first and the second helix, the helix α2 and the helix α3 for VHP35
(Fig. 3.30). In contrast, larger deviations are found mainly for residues within the helix
α1 and helix α3 for VHP35_L69A (Fig. 3.31). The heteronuclear NOE is sensitive to
changes in internal motions at the level of an individual N-H bond vector. Analysis of
the derived set of differences of the hNOE values under the condition given above shows
larger deviations from the mean for residues E45, D46, W64, and F76 of VHP35 and E45,
D46, M53, and F76 of VHP35_L69A. This pattern is identical for both proteins except
for a single residue (Fig. 3.30, 3.31). In general, neither protein shows a specific dynamic
pattern with respect to secondary structure. And with respect to the hydrophobic core,
only the R2 rates of F51 and M53 of VHP35 and the R2 rate of F51 and the hNOE value
of M53 of VHP35_L69A show larger deviation from the mean.
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Figure 3.30.: Structural visualization of the pressure-dependent difference of
the relaxation parameters of the backbone of VHP35: (A) shows
the residues with the pressure-dependent difference (∆) of R1 and (C) of
R2 relaxation rates and (E) of the hNOE values according to the condition:
|xi| > (|µ|+ |σ|) (Tab. A.13, A.14). (B), (D) and (F) show the rotation by
180◦ about the y-axis. Structure is shown with the corresponding cavity
distribution (gray) (Fig. 3.13).
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Figure 3.31.: Structural visualization of the pressure-dependent difference of
the relaxation parameters of the backbone of VHP35_L69A: (A)
shows the residues with the pressure-dependent difference (∆) of the R1
and (C) of the R2 relaxation rates and (E) of the hNOE values according
to the condition: |xi| > (|µ| + |σ|) (Tab. A.15, A.16). (B), (D) and (F)
show the rotation by 180◦ about the y-axis. Structure is shown with the
corresponding cavity distribution (gray) (Fig. 3.16).
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4. Discussion
The model protein VHP35 and the variant VHP35_L69A were characterized by exten-
sive biophysical analysis under changing physical conditions using solution NMR.

4.1. Pressure stabilized conformer of VHP35
The obtained biophysical characteristics of the wild type at ambient pressure are con-
sistent with those previously observed. Minor structural differences between the deter-
mined folded VHP35 NMR structure (Fig. 3.10) and previously published ones corre-
spond to different physical conditions and methods [62,65,77,132]. The local dynamics
on a picosecond to nanosecond time scale and the corresponding overall rotational corre-
lation time also consistent with literature values [146,148]. With a ∆G◦

u of 7.47 kJ/mol
at 298 K and a transition temperature Tm of 340.6 K (Tab. 3.1), the determined ther-
modynamic stability is slightly reduced compared to the literature [61,72–76].
Thermodynamic stability within the temperature–pressure phase space was derived by
assuming a two-state model of an unfolded and a folded population that differ in their 1D
1H NMR spectra under all experimental conditions. A comparison of the temperature
transitions with increasing pressure shows a slight shift to higher transition temperatures,
especially in the last step to 240 MPa, indicating stabilization of the system. This is
also accompanied by a slight increase in ∆G◦

u(Tmax). However, the other thermodynamic
parameters of the pressure-dependent temperature transitions remain fairly constant and
show only small pressure-induced changes up to 240 MPa (Tab. 3.1, Fig. A.1). Thus,
the pressure profile of ∆G◦

u(p) at constant temperatures yields only imprecise ∆V and
small ∆β̂ (Tab. 3.3, Fig. 3.8). On this basis, the pressure-induced increased stability of
VHP35 results in a hyperbolic phase boundary (Eq. 2.50) in the pressure-temperature
phase space (Fig. 3.9). The condition for this shape is ∆α̂2 < ∆cp ·∆β̂/T0 and is defined
by the small positive value of ∆β̂ (Tab. 3.5). In contrast, as the pressure increases from
∆V > 0, the system shifts toward the section of ∆V < 0 (see Fig. 2.9), corresponding
to a smaller volume of VHP35 at 240 MPa. Since local unfolding of helix α3 [1] was not
observed by the NMR data here presented, it can be assumed that the negative ∆V in
combination with the increased stability is mainly the result of a smaller hydration shell
of VHP35 at 240 MPa.
This conclusion from the pressure-dependent thermodynamics of VHP35 is underpinned
by the comprehensive structural analysis at 278 K. Supported by control structure cal-
culations, the pressure up to 240 MPa induces a different position of α1 versus of α2 and
α3 or vise versa in VHP35 (Fig. 3.12). Specifically, the distance between the amide pro-
tons of D44 and L63 shortens, corresponding to the shift of the N-terminal helix toward
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the upper C-terminal helix. The pressure-dependent conformational changes correspond
mainly to a shift in the trajectory of the backbone of VHP35, and the orientation of most
of the side chains, even the hydrophobic core residues, remains the same (Fig. A.16).
Among the hydrophobic core residues, only F47, M53, L61, and K65 show a significant
pressure-induced change in the side chains of about 90◦. Which, especially in the case
of the aromatic ring of F47, corresponds to an energetically more favorable position of
45◦ compared to F51 and F58 [134] (Fig. A.16).
In this context, the nonlinear pressure-dependent deviations from the mean of the 1H
and 15N chemical shifts of the individual residues reveal mainly local structural fluctu-
ations [55, 60, 139] at the edges of the helices and in the second turn within the protein
backbone (Fig. 3.24, Tab. A.9, A.10). Residues around water-excluded cavities exhibit
larger nonlinear deviations [58,144]. Since this was observed in particular in the case of
residues F51 and L61 for both nuclei, it can be assumed that they were involved in the
rearrangement or reduction of internal water-inaccessible cavities (Fig. 3.13). Analysis
of the linear pressure-dependent deviations of the 1H and 15N shifts, which correlate
with the stability of hydrogen-bonds [52,53,57,58,136,142], shows this for residues R55,
L61, K65, and N68 (Tab. A.9, A.10). The observed distribution of the larger linear
coefficients reveals local changes in distance within the hydrogen bond network in the
second α2 helix, the succeeding turn, and the C-terminal helix α3 of VHP35.
Despite these pressure-induced structural changes, the local dynamics generally remain
the same on a picosecond to nanosecond time scale (Fig. 3.27, Tab. A.13, A.14). This is
also reflected in the small variances in the mean of the observed dynamic parameters, and
only some residues at 0.1 MPa show a significant deviation from the mean in the R2 rate
like M53 and N60. However, an extensive analysis of the pressure-dependent differences
in the dynamic parameters shows definite deviations from the corresponding mean of
the R1 or R2 rates for residues within the turn between the first and the second helix,
the helix α2, and the helix α3 (Fig. 3.30, A.33). The derived set shows a heterogenous
distribution of residues that are unambiguously structurally affected by pressure, such
as F51, R55, and those that are intermediate or adjacent. According to this methodol-
ogy, larger variations in residue-specific internal motions were identified by differences
in the pressure-dependent heteronuclear NOE values for the residues E45, D46, W64,
and F76. Furthermore, the 10 % trimmed weighted average value of the R2/R1 ratio
(Eq. A.1) provides a useful initial estimate of the overall rotational correlation time τm
corresponding to the rotational diffusion of a molecule. The within the errors calculated
decrease of τm from 3.91 ns at 0.1 MPa to 3.74 ns at 240 MPa (Tab. A.17) is consistent
with the pressure-induced smaller volume at 278 K.
These structural and dynamical changes are also the result of the redistribution of
the water-accessible voids of VHP35 (Fig. 3.13). The cavity landscape at 0.1 MPa
is mainly characterized by a larger cavity with a size of ≈ 4 water molecules between
L69, the positively charged K65, and the negatively charged E72, and by two smaller
cavities, one between L42, F47 and K70 and another between V50, F51 and L48, each
with a volume of ≈ 1 water molecule. There is a peripheral cavity embedded in the
mainly positively charged KKEK motif located in the C-terminal helix α3 (Fig. A.17).
The pressure-induced structural changes lead to the sealing of the three main solvent-
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4.2. Entropy driven destabilization of VHP35_L69A

accessible cavities at ambient pressure, and a cavity with a size of ≈ 6 water molecules
emerges between L42, F47, F58 and the negatively charged D44 and the positively
charged R55 and K70 at 240 MPa. Near this cavity there are three others, above at
F58, next to it between F58 and K70, and below between L42 and K70, each with a
volume of ≈ 1 to 1.5 water molecules. The peripheral void at 0.1 MPa embedded in
the KKEK motif is redistributed into two voids. Despite the observed higher number
and larger overall volume of the solvent-accessible cavities at 240 MPa compared to
0.1 MPa, the solvent-accessible surface area decreases slightly with increasing pressure
from 2944 Å2 to 2882 Å2. Moreover, and according to the Le Chatelier’s principle, the
pressure-dependent conformational changes result in a slight stabilizing increase in the
theoretically calculated molecular surface volume together with an increase in the void
volume from 870 Å3 at 0.1 MPa to 965 Å3 at 240 MPa (Tab. 3.8). Since the theoretical
molecular surface volume corresponds to the volume of VHP35 without the hydration
shell, it can be concluded that it is decreasing.
In summary, native VHP35 exhibits increased stability at 240 MPa with reduced volume.
This results from a hyperbolic phase boundary defined by a slightly higher volume of
the native state at ambient pressure compared to the unfolded state and by a higher
compressibility of the native state compared to the unfolded state. The combination
of increased molecular surface volume and void volume and decreased solvent-accessible
surface corresponds to pressure induced increased conformational stability with a de-
creased hydration shell of unfolded VHP35 [149–151]. The pressure-induce structural
changes occur mainly within the backbone, resulting in different positions of R55 and
the hydrophobic core residues F47, F51, L61, and K65.

4.2. Entropy driven destabilization of VHP35_L69A
Compared to the wild type, the alanine mutation of VHP35 at the hydrophobic core
residue leucine 69 within helix α3 leads to decreased thermodynamic stability at 0.1
MPa (Tab. 3.1, 3.2). The pressure-dependent decrease in transition temperatures in-
dicates the destabilization of VHP35_L69A up to 240 MPa. This is also accompanied
by a decrease, especially in the last step up to 240 MPa, of ∆G◦

u(Tmax), ∆H◦
u(Tm) and

∆S◦
u(Tm). In contrast, the heat capacity ∆cp generally remains the same over the ob-

served pressure range, indicating a mainly pressure-induced destabilization of the system.
The corresponding pressure profiles of ∆G◦

u(p) at constant temperatures show that the
pressure-induced destabilization is driven only by small negative ∆β̂ between the folded
and unfolded states (Tab. 3.4). This results in a very small negative value of ∆β̂ between
the two states caused by the leucine-alanine substitution, which satisfies the condition
∆α̂2 > ∆cp ·∆β̂/T0 for the elliptic shape in the pressure-temperature phase space. Thus,
the resulting elliptic phase boundary (Eq. 2.50) in the pressure-temperature phase space
shows that the unfolding of VHP35_L69A is mainly determined by the change in en-
tropy (Fig. 3.9, Tab. 3.5). Since ∆S = 0 corresponds to pmax, the phase diagram
shows that the system shifts from ∆S < 0 to the section of ∆S > 0 with increasing
temperature (see Fig. 2.9), corresponding to an increase in entropy. At 278 K, the

71



4. Discussion

increased pressure results to a decrease in stability in combination with a decrease in
entropy of VHP35_L69A.
At this temperature and supported by control structure calculations, pressure results
in a shift of the N-terminal helix α1 away from the upper C-terminal helix α3. In
detail, the distance between D44 and L63 increases (Fig. 3.15). As in the wild type,
the pressure-dependent conformational changes occur mainly within the backbone of
VHP35_L69A, and the orientation of most of the side chains, even of the hydrophobic
core residues, remains the same (Fig. A.25). Only the hydrophobic core residue K70
shows a significant pressure-induced rotation in the side chain of about 90◦.
The nonlinear pressure-dependent deviations from the mean of the 1H and 15N chemical
shifts of the individual residues show mainly local structural fluctuations within the
helix α3 (Fig. 3.25, Tab. A.11, A.12). In particular, this corresponds to the positively
charged lysins around the mutation and the residue L63 as well as the positively charged
R55 and K73. The deviations of the linear pressure-dependent 1H and 15N shifts reflect
local changes in the stability of the hydrogen bonds, mainly found within the helix α2
and α3. This was observed for both nuclei for the residues R55, S56 and K73.
With respect to the local dynamics on a picosecond to nanosecond time scale,
VHP35_L69A shows pronounced pressure-dependent variations of the dynamic param-
eters, but with respect to the mean values, the dynamics remain little changed (Fig.
3.28, Tab. A.15, A.16). Therefore, only some residues show a significant deviation
from the mean like the R1 rate of D46 and the R2 rate of K65 and Q66 at ambient
pressure and the R1 rate of K65 and the R2 rate of F51 and K73 at 240 MPa. In this
context, the analysis of the pressure-dependent differences of the dynamic parameters
shows significant deviations for the R1 and R2 rates for residues within the helix α1
and helix α3 (Fig. 3.31, A.34). With the exception of K73, this corresponds to residues
that are structurally unaffected in terms of larger nonlinear deviations of the 1H and
15N shifts. Regarding larger variations in residue-specific internal motions, residues
E45, D46, M53, and F76 were identified in the differences in the pressure-dependent
heteronuclear NOE values. The overall rotational correlation time (Eq. A.1) shows a
slight pressure-dependent increase within the errors from 4.46 ns at 0.1 MPa to 4.63 ns
at 240 MPa, consistent with the pressure-induced larger volume at 278 K (Tab. A.17).
Compared to the wild type, the artificial cavity generated by the L69A mutation also
results in an increase in water-accessible surface area (Tab. 3.8). At ambient pressure,
the artificial cavity buries a volume of ≈ 1 to 2 water molecules enclosed within the
hydrophobic core by F51, M53, F58, L61, K65, and A69 (Fig. 3.16). Nearby are two
cavities, the first below and enclosed by V50, F51, and A69, ≈ 4 water molecules, and
the second between K65 and E72 with a volume of ≈ 6 water molecules (Fig. A.26).
The largest cavity with a volume of ≈ 8 water molecules is located between L42, D46,
V50, F51, and K73. Several smaller cavities occur at the C-terminal helix, one adjacent
to F58, R55 and above K70, another between L42 and K70, and two peripheral ones
next to K71. The pressure of up to 240 MPa closes the cavity on the L69A mutation
site, resulting in a smaller number of water-accessible cavities but with a larger overall
volume. The cavity at this position replaced by a branched, superficial one with a
volume of ≈ 8 water molecules embedded between F51, M53, K65, A69, and E72. The
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closure opens a cavity on the opposite side surrounded by the residues L42, F47, F58,
and K70. The pressure-induced shift of the N-terminal helix α1 creates a void between
itself and helix α2, enclosed by F47 and the positively charged K48, and R55 and the
negatively charged D44. The peripheral cavities at the C-terminal helix merge under
pressure to form a larger one between the K70 and K71. Nevertheless, the pressure-
induced conformational changes lead to only a small decrease in the solvent-accessible
surface area of about 1 % (Tab. 3.8). Moreover, the theoretically calculated molecular
surface volume increases slightly together with the void volume, also about 1 % [152],
which is in agreement with the pressure-induced volume increase obtained at 278 K
(Tab. 3.4).
In summary, the elliptic phase boundary in the pressure-temperature phase space reveals
that the unfolding of VHP35_L69A is mainly determined by an increase in entropy and
a decreased in the volume of the entire system within the experimentally accessible
temperature and pressure range. At the molecular level, this is accompanied by a slight
increase in the molecular surface volume and the void volume of the folded state. The
pressure-induce structural changes occur mainly within the backbone, resulting in dif-
ferent positions, especially within the KKEK motif and R55, L63, and K73. This is
accompanied by an increased variation in flexibility within helix α1, particularly in D46,
and helix α3.

4.3. Differences in pressure-dependent stability of
VHP35 and VHP35_L69A

Compared with the wild type, the artificial void generated by the non-polar alanine
mutation at the hydrophobic core residue leucine 69 in VHP35_L69A does not result in
a significant change in the secondary structure and generally shows a similar topology of
the three α-helices (Fig. 3.17). The sterically increased solvent-accessible surface area
within the hydrophobic core leads to a reorganization of water molecules near the ex-
posed hydrophobic side chains (Fig. 3.18, 3.16). The resulting reduced thermodynamic
stability of the variant at 0.1 MPa (Tab. 3.1, 3.2), manifests in a reduced heat capacity
difference between folded and unfolded protein because of the hydrophobic effect [153].
Since the mutation hardly affects the charge distribution of the protein, the ratio of ther-
mal parameters remains relatively the same in the comparison of the two proteins [154].
Despite a slightly larger molecular surface volume of VHP35, substitution of the alanine
residue results in a slightly larger relative void volume of ≈ 19.75 % for VHP35_L69A
versus ≈ 19.25 % for VHP35 (Tab. 3.8). Therefore, the larger overall correlation time
τm of 4.46 ns at ambient pressure of VHP35_L69A compare to the 3.91 ns of VHP35
might be explained by a larger hydration shell (Tab. A.17). This is consistent with the
larger solvent-accessible surface area and a greater number and a larger overall volume
of solvent-accessible voids (Fig. 3.18). Looking at the mean values of the two variants
in comparison, except for the mean value of the R2 rates, the local backbone dynamics
remain the same on a time scale from picoseconds to nanoseconds at 0.1 MPa.
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Within the temperature-pressure phase space of 278 to 368 K and 0.1 to 240 MPa,
VHP35 shows a hyperbolic and VHP35_L69A an elliptic phase boundary (Fig. 3.9).
In the observed pressure range, the wild type is stabilized and the variant is desta-
bilized, essentially leading to the different shapes of the boundaries. Since ∆cp upon
protein unfolding is always positive [155] and experimentally verified here for both VHP
variants, the phase boundaries are defined by the sign of ∆β̂ (Tab. 3.5). The higher
compressibility of the native state of VHP35 compared to the unfolded state gets lost
by the L69A substitution, so that the entropic gain becomes dominant upon unfolding
of VHP35_L69A.
At the molecular level, the respective pressure-dependent thermodynamic stabilities of
the proteins are also reflected in conformational rearrangements at 278 K (Fig. 3.6,
3.19). At 240 MPa, pressure leads to different positions of the N-terminus of helix α1
versus the upper helix α3, resulting in a distance increase for VHP35 and a distance
decrease for VHP35_L69A between residues D44 and L63. Comparison of the pressure-
dependent conformers shows for both proteins that the structural changes occur mainly
within the backbone but in different regions (Fig. 3.12, 3.15. One of the few excep-
tions that is also relevant in terms of stability is the pressure-induced change in the
side chain of F47 in VHP35, which changes from a perpendicular position toward F58
to an energetically more favorable 45◦ position toward F51 and F58 [134]. Whereby
the less favorable planar orientation of F47 toward F51 of VHP35_L69A is preserved.
Combined with the nonlinear pressure-dependent deviations from the mean of the 1H
and 15N shifts, structural changes occur at the edges of the helices, in the second turn,
and especially at residues F51 and L61 in VHP35 (Fig. 3.24, Tab. A.9, A.10). In the
case of VHP35_L69A, the local structural rearrangements occur within the helix α3 and
the residue L63 and the positively charged R55 and K73 (Fig. 3.25, Tab. A.11, A.12).
Since these residues are considered to exhibit larger deviations around water-excluded
cavities [58,144], it can be assumed that that those found here were also involved in the
rearrangement or change of internal water-inaccessible cavities.
Local distance changes within the hydrogen bond network, reflected by the linear pressure-
dependent coefficients of the 1H and 15N shifts, are found for both proteins mainly within
helix α2 and especially helix α3. This essentially applies, also with respect to the sign,
to the residues R55, L61, K65, and N68 of VHP35 and to residues R55, S56, and K73
of VHP35_L69A.
On a picosecond to nanosecond time scale and considering the mean, the R1 rates de-
crease by the same order of magnitude for both proteins. With respect to the change
of the mean values of the R2 rates, the flexibility of VHP35 decreases and that of
VHP35_L69A increases. In particular, the pressure-dependent variations of motions
for VHP35 are localized within the turn between the first and the second helix, the
helix α2, and the helix α3, and for VHP35_L69A within the helix α1 and helix α3
(Fig. 3.30), 3.31). Interestingly, the mean values of the heteronuclear NOE remain
almost unchanged, but a more detailed analysis reveals a similar pattern of residues
with larger deviations (E45, D46, F76), with exception of W64 of VHP35 and M53 of
VHP35_L69A.
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Taken together, these pressure-dependent structural and dynamic changes result in a
more stable, larger molecular surface volume and void volume of VHP35 and, conversely,
to a less stable reduced ones of VHP35_L69A (Tab. 3.8) [156]. Despite the increased
volume, the wild type shows a smaller solvent-accessible surface area than the variant
at 240 MPa. This is also reflected in the cavity landscape, where the wild type has
more cavities, but with a smaller overall cavity volume than the variant (Fig. 3.20, 3.13,
3.16). In addition, the cavities of VHP35_L69A are more deeply embedded into the
structure. Combined with a larger overall correlation time τm of VHP35_L69A, this
implies a larger hydration shell than the wild type.
In this context, pressure generally leads to a redistribution of populations in proteins
between the folded and unfolded states toward conformations with a smaller overall
volume (Le Chatelier principle) due to the elimination of solvent-excluded voids by
imperfect protein packing [24–28, 31–33]. This is accompanied by a weakening of hy-
drophobic interactions caused by the solvent water by increasing the solvent density
on exposed surfaces in the unfolded state, and electrostriction of polar and charged
groups [34–36]. In this process, hydrogen bonds are strengthened under pressure, while
hydrophobic interactions are weakened by the penetration of water molecules into the
inner cavities of the protein core [37–41]. At the pressures used here, up to 240 MPa,
the equilibrium of a spherical monomeric system, such as VHP35 and the variant, can
only be reversibly shifted to less populated, higher energy substates [1,47–49]. However,
in contrast to previous observations [157–159], opposing pressure-related structural and
thermodynamic effects are evident for the two variants. In this regard, the pressure-
dependent destabilization of VHP35_L69A at 278 K observed here reflects the generally
observed pressure-destabilizing effects such as the volume decrease, increased solvation of
hydrophobic groups caused by the alanine substitution, reduction of cavities inaccessible
to water, and electrostriction of polar and charged groups. This results in the generally
observed [22,23,128,160,161] elliptical phase boundary within the temperature-pressure
phase space. In contrast, the hyperbolic phase boundary of VHP35, defined by a positive
value of ∆β̂, is the result of opposing pressure effects that stabilize the system in contrast
to those observed previously [50]. The pressure-stabilized conformer at 278 K is mainly
characterized by a combination of a reduced hydration shell [149–151], a lager void vol-
ume, decreased solvent-accessible surface area and stabilizing side chain configuration
within the three phenylalanins, but is less affected by electrostriction effects [162].

4.4. Conclusions and outlook
The hyperbolic phase boundary of VHP35 in the temperature-pressure phase space of
278 to 368 K and 0.1 to 240 MPa is the result of the pressure-induce stabilizing volumetric
rearrangements including a smaller hydration shell leading to a higher compressibility
within the native state compared to the unfolded state. The latter difference in com-
pressibility disappears by the L69A substitution resulting in an elliptic phase boundary
and entropic pressure-induced destabilization. At the molecular level, the pressure-
dependent conformers at 278 K show distinct conformational differences relative to each
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other within the backbone, especially in the C-terminal helix. In the case of VHP35,
this corresponds to heterogeneously distributed structural and dynamic changes mainly
within the helix α2 to helix α3 and in particular R55 and the hydrophobic core residues
F47, F51, L61, K65. In contrast, the structural changes of VHP35_L69A occur mainly
within the C-terminal helix α3, especially within the KKEK motif and R55, L63, and
K73, accompanied by increased variation in flexibility within the helix α1, especially in
D46, and helix α3. In particular, R55 plays an important role in pressure-dependent
stability for both systems.
Further insight into the pressure-dependent structural changes could be gained by ana-
lyzing the corresponding chemical shifts of the side chains. Together with a more precise
calculation of the cavity landscape with radii smaller than water molecules, a more ac-
curate picture with respect to the nonlinear coefficients could be obtained. The thermo-
dynamic parameters determined here, especially with respect to the pressure-dependent
change in volume, could be verified by other methods such as CD spectroscopy, FRET
or TTET. In this context, a more accurate determination of the hydrodynamic radius
through measurements of the diffusion coefficient using NMR DOSY experiment would
further elucidate the conclusions regarding the hydration shell.
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A. Appendix

A.1. Thermodynamic parameters as a function of
pressure
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Figure A.1.: Thermodynamic parameters of VHP35 (black squares) and
VHP35_L69A (red circles) as a function of pressure (Tab. 3.1,
3.2): Error bars are partially within the symbol size.
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A.2. 1D 1H NMR spectra

A.2. 1D 1H NMR spectra
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-0.500.51 -0.500.51

Figure A.2.: High-field region of the 1D 1HNMR spectra of VHP35 at different
temperatures and pressures: The grey area (-0.4 to 1.105 ppm) shows
the intervals of In+u and the solely native region In (Eq. 2.35), subdivided
by the dashed line (at 0.65 ppm). The native region contains the proton
resonances of L61(Hδ1) and V50(Hγ2). Spectra are referenced to DSS-d6
set at 0 ppm.
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-0.500.51 -0.500.51

Figure A.3.: High-field region of the 1D 1H NMR spectra of VHP35_L69A
at different temperatures and pressures: The grey area (-0.4 to 1.12
ppm) shows the intervals of In+u and the solely native region In (Eq. 2.35),
subdivided by the dashed line (at 0.65 ppm). The native region contains
the proton resonances of L61(Hδ1) and V50(Hγ2). Spectra are referenced
to DSS-d6 set at 0 ppm.
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Figure A.4.: The Gibbs free energy (∆G◦
u), enthalpy (∆H◦

u) and entropy (∆S◦
u)

of VHP35 as a function of temperature at different pressures:
The change of ∆G◦

u is determined by the equation 2.37 and the error was
assumed to be 5 %. The fits of ∆G◦

u (black), ∆H◦
u (blue) and ∆S◦

u (red) are
given by equation 2.40 and 2.39.
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Figure A.5.: The Gibbs free energy (∆G◦
u), enthalpy (∆H◦

u) and entropy (∆S◦
u)

of VHP35_L69A as a function of temperature at different pres-
sures: The change of ∆G◦

u is determined by the equation 2.37 and the error
was assumed to be 5 %. The fits of ∆G◦

u (black), ∆H◦
u (blue) and ∆S◦

u (red)
are given by equation 2.40 and 2.39.
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Figure A.6a: The Gibbs free energy (∆G◦
u) of VHP35 as a function of pressure

at different temperatures: The change in ∆G◦
u is determined by the

equation 2.37 and the error was assumed to be 5 %. The fits of ∆G◦
u (solid

line) are given by equation 2.45.
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Figure A.6b: The Gibbs free energy (∆G◦
u) of VHP35 as a function of pressure

at different temperatures: The change in ∆G◦
u is determined by the

equation 2.37 and the error was assumed to be 5 %. The fits of ∆G◦
u (solid

line) are given by equation 2.45.
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Figure A.7.: The Gibbs free energy (∆G◦
u) of VHP35_L69A as a function of

pressure at different temperatures: The change in ∆G◦
u is determined

by the equation 2.37 and the error was assumed to be 5 %. The fits of ∆G◦
u

(solid line) are given by equation 2.45.
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A.5. Thermodynamic parameters as a function of
temperature
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Figure A.8.: Thermodynamic parameters ∆V and ∆β̂ of VHP35 (black
squares) and VHP35_L69A (red circles) as a function of tempera-
ture (Tab. 3.3 and 3.4): Values of VHP35 at 368 K and of VHP35_L69A
at 348 K are not shown.

104
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A.6. HSQC spectra and chemical shift assignments of
VHP35

F58 L69

¹H [ppm]

Figure A.9.: 1H,15N-fHSQC of VHP35: Spectra recorded at 0.1 MPa (light blue) and
240 MPa (blue), 278 K, pH 7.0 (K2HPO4/KH2PO4), and protein concen-
tration of 1.3 mM. The residue labels of the resonances correspond to 0.1
MPa (Tab. A.1, A.2, A.3).
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¹H [ppm]

Figure A.10.: 1H,13C-ctHSQC of the aliphatic region of VHP35: Spectra
recorded at 0.1 MPa (light blue) and 240 MPa (blue), 278 K, pH 7.0
(K2HPO4/KH2PO4), and protein concentration of 1.3 mM. For clarity,
the resonances have not been labeled (Tab. A.1, A.2, A.3).
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A.6. HSQC spectra and chemical shift assignments of VHP35

¹H [ppm]

Figure A.11.: 1H,13C-ctHSQC of the aromatic region of VHP35: Spectra
recorded at 0.1 MPa (light blue) and 240 MPa (blue), 278 K, pH 7.0
(K2HPO4/KH2PO4), and protein concentration of 1.3 mM. The residue
labels of the resonances correspond to 0.1 MPa (Tab. A.1, A.2, A.3).
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A.6. HSQC spectra and chemical shift assignments of VHP35
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A.7. Unique inter-residual NOEs of VHP35

A.7. Unique inter-residual NOEs of VHP35

Table A.4.: Unique inter-residual NOEs of VHP35 at 0.1 MPa and 240 MPa.

0.1 MPa 240 MPa
AA Atom AA Atom AA Atom AA Atom
S43 HB3 : D44 HB3 S43 HA : D46 HB3
K48 HG2 : M53 H D44 H : E45 H
K48 HG2 : T54 H D44 HB3 : S43 HB2
A49 HA : F58 H D46 HB2 : L42 HD1
W64 H : L63 H D46 H : E45 HG2
K73 HE3 : F51 HE1 D46 H : L42 HD1
L75 H : F76 H V50 HA : F51 H

F51 HZ : L42 HD1
F51 HB3 : M53 HB3
M53 H : F51 H
T54 HA : R55 HA
R55 HA : F47 HE1
S56 HA : A57 H
A57 H : M53 HG3
F58 HZ : L42 HD1
A59 H : L61 H
P62 HB3 : L63 H
K71 HA : K73 HG3
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A. Appendix

A.8. 10 lowest-energy conformers of VHP35

A                                 B

W T _ 0 1 _ B E S T 1 0

Figure A.12.: Superposition of the backbone heavy atoms of the 10 lowest-
energy final conformers of VHP35 at 0.1 MPa: (A) shows the 10
lowest-energy structures of the final calculations with an RMSD of 0.61 Å.
(B) shows the rotation by 180◦ about the y-axis. Side chains are shown
as sticks without hydrogens.

A                                 B

W T _ 0 1 _ C _ B E S T 1 0

Figure A.13.: Superposition of the backbone heavy atoms of the 10 lowest-
energy control conformers of VHP35 at 0.1 MPa: (A) shows the
10 lowest-energy structures of the control calculations with an RMSD of
0.59 Å. (B) shows the rotation by 180◦ about the y-axis. Side chains
are shown as sticks without hydrogens. Side chains are shown as sticks
without hydrogens.
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A.8. 10 lowest-energy conformers of VHP35

A                                 B

W T _ 2 4 _ B E S T 1 0

Figure A.14.: Superposition of the backbone heavy atoms of the 10 lowest-
energy final conformers of VHP35 at 240 MPa: (A) shows the 10
lowest-energy structures of the final calculations with an RMSD of 0.58 Å.
(B) shows the rotation by 180◦ about the y-axis. Side chains are shown
as sticks without hydrogens.

A                                 B

W T _ 2 4 _ C _ B E S T 1 0

Figure A.15.: Superposition of the backbone heavy atoms of the 10 lowest-
energy control conformers of VHP35 at 240 MPa: (A) shows the
10 lowest-energy structures of the control calculations with an RMSD of
0.56 Å. (B) shows the rotation by 180◦ about the y-axis. Side chains
shown as sticks without hydrogens.
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A. Appendix

A.9. Local superposition of VHP35

WT_ 0 1 _ 2 4 _HC

L42

F47

V50

F51
M53

K65L69

L61

F58

K70

A                                  B

C                                  D

Figure A.16.: Local superposition of the final minimized average NMR struc-
tures of VHP35 at 0.1 MPa and 240 MPa with the hydrophobic
core residues: Backbone alignment of (A) the N-terminal helix α1, (B)
the first turn, (C) the second helix α2 and turn 2, and (D) the C-terminal
helix α3 of VHP35 at 0.1 MPa (blue) and at 240 MPa (red). Side chains
of the hydrophobic core are shown as sticks without hydrogens and with
labels.
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A.10. Charged side chains of VHP35

A.10. Charged side chains of VHP35

WT_ 0 1 _ 2 4 _ c h a r g e

K65

A                                  B

C                                  D

K48

  M L S D E D F K AV F G M T R S A F A N L P L W K Q Q N L K K E K G L F
     42        45        48        51         54        57       60       63          66         69         72        75

D44

D46 E45

R55

E72
K70K71

K73

K65

K48
D44

D46
E45

R55

E72
K70

K71

K73

Figure A.17.: Charged side chains of the final minimized average NMR struc-
tures of VHP35 at 0.1 MPa and 240 MPa: (A) shows the positively
(blue) and negatively (red) charged residues of VHP35 at 0.1 MPa and
(C) at 240 MPa. The side chains are shown as spheres without hydrogens
and with labels. (B) and (D) show the rotation by 180◦ about the y-axis.
Structures are shown with the corresponding cavity distribution (gray)
(Fig. 3.13).
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A. Appendix

A.11. HSQC spectra and chemical shift assignments of
VHP35_L69A

D46 A69

¹H [ppm]

Figure A.18.: 1H,15N-fHSQC of VHP35_L69A: Spectra recorded at 0.1 MPa (light
blue) and 240 MPa (blue), 278 K, pH 7.0 (K2HPO4/KH2PO4), and protein
concentration of 1.3 mM. The residue labels of the resonances correspond
to 0.1 MPa (Tab. A.5, A.6, A.7).
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A.11. HSQC spectra and chemical shift assignments of VHP35_L69A

¹H [ppm]

Figure A.19.: 1H,13C-ctHSQC of the aliphatic region of VHP35_L69A: Spec-
tra recorded at 0.1 MPa (light blue) and 240 MPa (blue), 278 K, pH 7.0
(K2HPO4/KH2PO4), and protein concentration of 1.3 mM. For clarity, the
resonances have not been labeled (Tab. A.5, A.6, A.7).
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A. Appendix

¹H [ppm]

Figure A.20.: 1H,13C-ctHSQC of the aromatic region of VHP35_L69A: Spec-
tra recorded at 0.1 MPa (light blue) and 240 MPa (blue), 278 K, pH 7.0
(K2HPO4/KH2PO4), and protein concentration of 1.3 mM. The residue
labels of the resonances correspond to 0.1 MPa (Tab. A.5, A.6, A.7).

118



A.11. HSQC spectra and chemical shift assignments of VHP35_L69A
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A.11. HSQC spectra and chemical shift assignments of VHP35_L69A
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A.12. Unique inter-residual NOEs of VHP35_L69A

Table A.8.: Unique inter-residual NOEs of VHP35_L69A at 0.1 MPa and
240 MPa.

0.1 MPa 240 MPa
AA Atom AA Atom AA Atom AA Atom
42 L42 HG : F47 HB2 D46 HB3 : A49 HA
43 S43 HB3 : E45 HB2 F47 HE2 : M53 HG2
47 F47 HD1 : R55 HB3 F47 HE2 : T54 HA
47 F47 HE2 : R55 HD3 A49 HB : V50 HA
47 F47 HE2 : R55 HD2 F51 HE1 : V50 HB
47 F47 HD1 : R55 HA F51 HD1 : V50 H
47 F47 HD2 : F58 HB3 F51 HZ : K70 HG2
47 F47 HD2 : F58 HB2 M53 HE : L61 HD1
50 V50 HG1 : F47 HA S56 HA : F47 HE2
51 F51 HD1 : F47 HB3 F58 HD2 : R55 HA
51 F51 HD1 : V50 HG1 F58 HA : L61 HD2
51 F51 HB3 : M53 HG2 F58 HE1 : K65 HA
51 F51 HE1 : K73 HG3 F58 HZ : K70 HG3
53 M53 HB2 : E45 HG3 P62 HD3 : L61 H
55 R55 HB2 : F58 HD2 P62 HA : L63 HG
55 R55 HG2 : F58 HE2 P62 HG3 : K65 HG3
57 A57 HA : R55 HD3 P62 HB2 : K65 HG3
57 A57 HB : S56 HA L63 H : P62 HG3
58 F58 HD1 : F51 HD1 L63 HG : Q67 HB3
58 F58 HE2 : R55 HG3 K65 HB3 : P62 HB3
58 F58 HB3 : A57 HB K65 H : P62 HB3
58 F58 HE2 : K70 HE2 K65 H : W64 HB2
59 A59 H : L61 HA Q67 HG3 : L63 HG
63 L63 HD1 : Q66 HE22 A69 H : Q67 HB2
63 L63 HD2 : Q66 HE22 A69 HB : E72 HB3
66 Q66 H : W64 HA E72 HB3 : L69 HB
67 Q67 HB3 : Q66 H K73 HG3 : V50 HG1
68 N68 HB3 : L69 HB
70 K70 HG3 : L69 HB
71 K71 H : K73 HB2
73 K73 HG2 : V50 HG2
73 K73 HD2 : V50 HG2
73 K73 HB2 : K70 HE3
73 K73 HE2 : L75 HB2
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A.13. 10 lowest-energy conformers of VHP35_L69A

A.13. 10 lowest-energy conformers of VHP35_L69A

A                                 B

L 6 9 A _ 0 1 _ B E S T 1 0

Figure A.21.: Superposition of the backbone heavy atoms of the 10 lowest-
energy final conformers of VHP35_L69A at 0.1 MPa: (A) shows
the 10 lowest-energy structures of the final calculations with an RMSD of
0.32 Å. (B) shows the rotation by 180◦ about the y-axis. Side chains are
shown as sticks without hydrogens.

A                                 B

L 6 9 A _ 0 1 C _ B E S T 1 0

Figure A.22.: Superposition of the backbone heavy atoms of the 10 lowest-
energy control conformers of VHP35_L69A at 0.1 MPa: (A)
shows the 10 lowest-energy structures of the control calculations with an
RMSD of 0.33 Å. (B) shows the rotation by 180◦ about the y-axis. Side
chains are shown as sticks without hydrogens.
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A                                 B

L 6 9 A _ 2 4 _ B E S T 1 0

Figure A.23.: Superposition of the backbone heavy atoms of the 10 lowest-
energy final conformers of VHP35_L69A at 240 MPa: (A) shows
the 10 lowest-energy structures of the final calculations with an 0.44 RMSD
of Å. (B) shows the rotation by 180◦ about the y-axis. Side chains are
shown as sticks without hydrogens.

A                                 B

L 6 9 A _ 2 4 C _ B E S T 1 0

Figure A.24.: Superposition of the backbone heavy atoms of the 10 lowest-
energy control conformers of VHP35_L69A at 240 MPa: (A)
shows the 10 lowest-energy structures of the control calculations with an
RMSD of 0.43 Å. (B) shows the rotation by 180◦ about the y-axis. Side
chains are shown as sticks without hydrogens.
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A.14. Local superposition of VHP35_L69A

A.14. Local superposition of VHP35_L69A

L 6 9A _ 0 1 _ 2 4 _HC

L42

F47

V50

F51

M53

K65

A69
L61

F58

K70

A                                  B

C                                  D

Figure A.25.: Local superposition of the final minimized average NMR struc-
tures of VHP35_L69A at 0.1 MPa and 240 MPa with the hy-
drophobic core residues: Backbone alignment of (A) the N-terminal
helix α1, (B) the first turn, (C) the second helix α2 and turn 2, and (D)
the C-terminal helix α3 of VHP35_L69A at 0.1 MPa (purple) and at 240
MPa (green). Side chains of the hydrophobic core are shown as sticks
without hydrogens and with labels.
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A.15. Charged side chains of VHP35_L69A

WT_ 0 1 _ 2 4 _ c h a r g e

K65

A                                  B

C                                  D

K48

  M L S D E D F K AV F G M T R S A F A N L P L W K Q Q N L K K E K G L F
     42        45        48        51         54        57       60       63          66         69         72        75

D44

D46

E45

R55

E72
K70K71

K73

K65

K48

D44

D46

E45

R55

E72

K70
K71

K73

Figure A.26.: Charged side chains of the final minimized average NMR struc-
tures of VHP35_L69A at 0.1 MPa and 240 MPa: (A) shows the
positively (blue) and negatively (red) charged residues of VHP35_L69A
at 0.1 MPa and (C) at 240 MPa. The side chains are shown as spheres
without hydrogens and with labels. (B) and (D) show the rotation by
180◦ about the y-axis. Structures are shown with the corresponding cavity
distribution (gray) (Fig. 3.16).
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A.16. Pressure dependence of the 1H and 15N chemical shifts of VHP35

A.16. Pressure dependence of the 1H and 15N chemical
shifts of VHP35
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Figure A.27.: Pressure dependence of the chemical shifts of the amide protons
of VHP35 (Fig. 3.21): Chemical shifts (δ) as a function of pressure
(p) from ambient pressure up to 0.24 GPa in steps of 0.02 GPa at 278 K
and at pH 7.0. Second-order polynomial fit (solid line) determined by the
equation 2.63
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0 0.05 0.1 0.15 0.2 0.25

107.4

107.6

107.8

108

108.2

108.4

108.6

108.8

109

0 0.05 0.1 0.15 0.2 0.25

113.1

113.4

113.7

114

114.3

114.6

114.9

115.2

115.5

115.8

0 0.05 0.1 0.15 0.2 0.25

117.8

118.2

118.6

119

119.4

119.8

120.2

120.6

121

0 0.05 0.1 0.15 0.2 0.25

121.5

122

122.5

123

123.5

124

124.5

125

125.5

126

Figure A.28.: Pressure dependence of the chemical shifts of the backbone ni-
trogens of VHP35 (Fig. 3.21): Chemical shifts (δ) as function of
pressure (p) from ambient pressure up to 0.24 GPa in steps of 0.02 GPa at
278 K and at pH 7.0. Second-order polynomial fit (solid line) determined
by the equation 2.63
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A.17. Pressure coefficients of the 1H and 15N chemical shifts of VHP35

A.17. Pressure coefficients of the 1H and 15N chemical
shifts of VHP35
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Figure A.29.: Pressure coefficients of the protein backbone of VHP35: Residue-
specific linear (b1) and quadratic (b2) pressure coefficients of the amide
protons (1HN) and nitrogens (15N) determined by the equation 2.63.
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Table A.9.: Pressure coefficients and the ratio (b2/b1) of the amide protons
(1HN) of VHP35 with the corresponding mean (µ) and standard
deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA b0 [ppm] b1 [ppm/GPa] b2 [ppm/GPa2] b2/b1 [GPa−1]
L42 - - - -
S43 9.83 ±0.000 -0.36 ±0.008 0.24 ±0.033 -0.66 ±0.076
D44 9.36 ±0.001 0.04 ±0.011 0.07 ±0.044 1.55 ±1.382
E45 8.95 ±0.001 0.48 ±0.016 -0.43 ±0.062 -0.91 ±0.101
D46 8.11 ±0.001 -0.08 ±0.013 0.17 ±0.051 -2.07 ±0.294
F47 9.01 ±0.001 0.15 ±0.013 -0.08 ±0.053 -0.50 ±0.306
K48 7.85 ±0.001 -0.10 ±0.010 0.21 ±0.041 -2.00 ±0.197
A49 7.71 ±0.001 -0.25 ±0.011 0.10 ±0.045 -0.40 ±0.162
V50 8.00 ±0.000 -0.57 ±0.005 0.21 ±0.018 -0.37 ±0.029
F51 8.46 ±0.001 -0.03 ±0.011 0.52 ±0.046 -15.43 ±3.867
G52 8.20 ±0.000 -0.11 ±0.007 -0.54 ±0.027 4.82 ±0.530
M53 7.64 ±0.000 -0.40 ±0.007 0.16 ±0.028 -0.40 ±0.064
T54 8.33 ±0.000 0.18 ±0.010 -0.09 ±0.039 -0.49 ±0.192
R55 8.82 ±0.000 -0.46 ±0.006 0.17 ±0.024 -0.36 ±0.047
S56 8.31 ±0.001 0.45 ±0.013 -0.09 ±0.053 -0.20 ±0.113
A57 7.74 ±0.001 0.04 ±0.012 -0.17 ±0.049 -3.73 ±0.077
F58 8.51 ±0.001 0.33 ±0.011 0.19 ±0.045 0.58 ±0.155
A59 7.81 ±0.001 -0.33 ±0.012 0.48 ±0.047 -1.48 ±0.091
N60 7.19 ±0.000 -0.35 ±0.008 0.21 ±0.033 -0.61 ±0.080
L61 7.43 ±0.001 -0.66 ±0.012 0.58 ± 0.047 -0.88 ±0.055
P62 - - - -
L63 8.98 ±0.001 0.05 ±0.011 0.21 ±0.045 3.92 ±1.653
W64 8.06 ±0.001 0.37 ±0.013 0.22 ±0.054 0.60 ±0.168
K65 6.03 ±0.001 -0.58 ±0.014 0.46 ± 0.055 -0.79 ±0.076
Q66 7.61 ±0.001 -0.09 ±0.012 0.12 ±0.048 -1.27 ±0.349
Q67 8.28 ±0.001 -0.17 ±0.011 0.11 ±0.044 -0.67 ±0.221
N68 8.00 ±0.000 -0.56 ±0.010 0.27 ±0.039 -0.48 ±0.061
L69 8.47 ±0.001 -0.61 ±0.010 0.36 ±0.039 -0.59 ±0.055
K70 8.31 ±0.000 0.01 ±0.009 0.04 ±0.037 2.96 ±5.167
K71 8.08 ±0.001 -0.42 ±0.011 0.76 ±0.044 -1.81 ±0.058
E72 8.32 ±0.000 -0.25 ±0.010 0.01 ±0.039 -0.05 ±0.151
K73 7.83 ±0.001 -0.03 ±0.013 -0.39 ±0.053 12.52 ±7.064
G74 7.91 ±0.000 -0.10 ±0.007 -0.25 ±0.029 2.59 ±0.494
L75 7.90 ±0.001 -0.20 ±0.014 0.87 ±0.054 -4.40 ±0.026
F76 7.75 ±0.001 0.60 ±0.012 -0.13 ±0.047 -0.22 ±0.073
µ± σ 8.15 ±0.679 -0.12 ±0.333 0.14 ±0.314 -0.34 ±3.960
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A.17. Pressure coefficients of the 1H and 15N chemical shifts of VHP35

Table A.10.: Pressure coefficients and the ratio (b2/b1) of the nitrogens of
VHP35 with the corresponding mean (µ) and standard deviation
(σ) (values in brackets defined as outliers). Values (x) in bold:
|x| > (|µ|+ |σ|).

AA b0 [ppm] b1 [ppm/GPa] b2 [ppm/GPa2] b2/b1 [GPa−1]
L42 - - - -
S43 123.30 ±0.002 0.63 ±0.036 -0.66 ±0.144 -1.05 ±0.170
D44 122.49 ±0.002 -0.82 ±0.043 1.16 ±0.173 -1.41 ±0.137
E45 120.59 ±0.002 0.95 ±0.047 -0.82 ±0.187 -0.86 ±0.155
D46 122.77 ±0.003 -0.60 ±0.049 1.80 ±0.198 -3.02 ±0.082
F47 121.91 ±0.003 0.94 ±0.052 1.25 ±0.210 1.33 ±0.297
K48 118.69 ±0.002 0.53 ±0.040 -0.44 ±0.163 -0.84 ±0.244
A49 122.01 ±0.001 -0.97 ±0.027 0.54 ±0.110 -0.56 ±0.098
V50 117.97 ±0.002 0.06 ±0.044 -1.18 ±0.177 -20.03 ±11.909
F51 113.49 ±0.003 -0.38 ±0.067 3.46 ±0.270 -9.11 ±0.900
G52 108.67 ±0.002 1.27 ±0.044 -1.45 ±0.178 -1.15 ±0.101
M53 113.63 ±0.004 -1.06 ±0.072 1.79 ±0.289 -1.68 ±0.158
T54 107.48 ±0.003 -0.01 ±0.053 0.73 ±0.214 (-128.97 ±1178.743)
R55 120.80 ±0.001 -2.50 ±0.021 3.90 ±0.086 -1.56 ±0.021
S56 114.02 ±0.004 3.61 ±0.087 -2.16 ±0.348 -0.60 ±0.082
A57 125.47 ±0.002 1.93 ±0.047 -0.60 ±0.189 -0.31 ±0.090
F58 121.67 ±0.002 -0.28 ±0.030 1.53 ±0.119 -5.41 ±0.146
A59 117.64 ±0.002 0.17 ±0.033 1.46 ±0.134 8.57 ±2.470
N60 113.38 ±0.003 -1.07 ±0.051 1.23 ±0.206 -1.15 ±0.138
L61 122.07 ±0.002 -1.43 ±0.046 3.64 ±0.187 -2.54 ±0.048
P62 - - - -
L63 125.82 ±0.002 -0.21 ±0.044 3.18 ±0.177 -14.89 ±2.240
W64 114.95 ±0.002 1.17 ±0.046 0.72 ±0.183 0.62 ±0.181
K65 123.96 ±0.002 -1.51 ±0.034 1.96 ±0.137 -1.30 ±0.062
Q66 119.01 ±0.002 0.71 ±0.031 2.92 ±0.123 4.14 ±0.353
Q67 115.50 ±0.002 0.83 ±0.041 0.59 ±0.163 0.71 ±0.230
N68 119.55 ±0.002 -1.67 ±0.042 0.07 ±0.169 -0.04 ±0.100
L69 121.55 ±0.003 1.14 ±0.051 1.04 ±0.205 0.91 ±0.220
K70 118.13 ±0.002 -0.14 ±0.048 -0.75 ±0.191 5.22 ±3.058
K71 119.15 ±0.002 -1.42 ±0.042 2.04 ±0.168 -1.43 ±0.076
E72 119.96 ±0.002 -1.13 ±0.046 1.91 ±0.186 -1.69 ±0.095
K73 114.55 ±0.002 0.52 ±0.045 -0.24 ±0.179 -0.46 ±0.306
G74 108.37 ±0.003 0.75 ±0.056 -0.29 ±0.223 -0.39 ±0.270
L75 120.59 ±0.002 -1.49 ±0.041 2.09 ±0.163 -1.40 ±0.071
F76 124.53 ±0.002 0.40 ±0.036 1.56 ±0.143 3.87 ±0.699
µ± σ 118.60 ±4.853 -0.03 ±1.238 0.97 ±1.533 -1.48 ±5.20
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A.18. Pressure dependence of the 1H and 15N chemical
shifts of VHP35_L69A
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Figure A.30.: Pressure dependence of the chemical shifts of the amide protons
of VHP35_L69A (Fig. 3.22): Chemical shifts (δ) as function of pres-
sure (p) from ambient pressure up to 0.24 GPa in steps of 0.02 GPa at 278
K and at pH 7.0. Second-order polynomial fit (solid line) determined by
the equation 2.63
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A.18. Pressure dependence of the 1H and 15N chemical shifts of VHP35_L69A
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Figure A.31.: Pressure dependence of the chemical shifts of the backbone nitro-
gens of VHP35_L69A (Fig. 3.22): Chemical shifts (δ) as function of
pressure (p) from ambient pressure up to 0.24 GPa in steps of 0.02 GPa at
278 K and at pH 7.0. Second-order polynomial fit (solid line) determined
by the equation 2.63
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A.19. Pressure coefficients of the 1H and 15N chemical
shifts of VHP35_L69A
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Figure A.32.: Pressure coefficients of the protein backbone of VHP35_L69A:
Residue-specific linear (b1) and quadratic (b2) pressure coefficients of the
amide protons (1HN) and nitrogens (15N) determined by the equation 2.63.
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A.19. Pressure coefficients of the 1H and 15N chemical shifts of VHP35_L69A

Table A.11.: Pressure coefficients and the ratio (b2/b1) of the amide protons
(1HN) of VHP35_L69A with the corresponding mean (µ) and
standard deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA b0 [ppm] b1 [ppm/GPa] b2 [ppm/GPa2] b2/b1 [GPa−1]
L42 - - - -
S43 9.85 ±0.001 -0.69 ±0.023 1.06 ±0.091 -1.53 ±0.082
D44 9.37 ±0.002 -0.07 ±0.033 0.34 ±0.133 -4.94 ±0.443
E45 8.96 ±0.002 0.36 ±0.042 -0.24 ±0.170 -0.68 ±0.392
D46 8.10 ±0.002 -0.04 ±0.036 0.03 ±0.143 -0.73 ±3.131
F47 9.03 ±0.002 0.06 ±0.029 0.20 ±0.118 3.47 ±3.799
K48 7.86 ±0.002 -0.03 ±0.048 -0.06 ±0.194 1.92 ±9.804
A49 7.69 ±0.002 -0.26 ±0.044 0.18 ±0.176 -0.69 ±0.557
V50 7.97 ±0.002 -0.62 ±0.035 0.34 ±0.142 -0.55 ±0.198
F51 8.43 ±0.002 -0.10 ±0.042 0.27 ±0.168 -2.71 ±0.545
G52 8.17 ±0.002 -0.15 ±0.034 -0.25 ±0.136 1.70 ±1.305
M53 7.62 ±0.002 -0.21 ±0.029 -0.25 ±0.118 1.17 ±0.716
T54 8.33 ±0.001 0.07 ±0.028 0.30 ±0.114 4.43 ±3.550
R55 8.80 ±0.001 -0.59 ±0.020 0.58 ±0.081 -0.99 ±0.104
S56 8.34 ±0.002 0.44 ±0.034 0.01 ±0.136 0.01 ±0.311
A57 7.72 ±0.002 0.06 ±0.033 -0.36 ±0.131 -6.34 ±1.346
F58 8.62 ±0.002 0.36 ±0.030 0.03 ±0.122 0.08 ±0.341
A59 7.74 ±0.002 -0.20 ±0.034 0.16 ±0.137 -0.83 ±0.554
N60 7.22 ±0.002 -0.17 ±0.044 -0.34 ±0.175 2.05 ±1.593
L61 7.44 ±0.002 -0.56 ±0.039 0.29 ±0.155 -0.51 ±0.240
P62 - - - -
L63 9.00 ±0.002 -0.18 ±0.034 0.68 ±0.137 -3.83 ±0.036
W64 8.16 ±0.001 0.16 ±0.027 0.41 ±0.110 2.57 ±1.127
K65 6.20 ±0.002 0.05 ±0.039 -1.23 ±0.157 -24.37 ±15.819
Q66 7.60 ±0.002 0.02 ±0.030 -0.30 ±0.121 -14.18 ±14.428
Q67 8.42 ±0.002 -0.19 ±0.043 -0.16 ±0.174 0.85 ±1.138
N68 8.02 ±0.002 -0.33 ±0.031 -0.48 ±0.125 1.45 ±0.513
L69 8.10 ±0.002 -0.61 ±0.043 0.42 ±0.171 -0.68 ±0.234
K70 8.21 ±0.002 0.23 ±0.035 -0.34 ±0.142 -1.47 ±0.392
K71 8.19 ±0.001 -0.24 ±0.021 0.05 ±0.084 -0.22 ±0.336
E72 8.29 ±0.002 -0.16 ±0.032 -0.03 ±0.128 0.21 ±0.859
K73 7.72 ±0.002 0.64 ±0.033 -1.43 ±0.131 -2.22 ±0.091
G74 8.00 ±0.002 0.40 ±0.032 -1.05 ±0.129 -2.61 ±0.112
L75 7.90 ±0.002 -0.06 ±0.042 0.28 ±0.170 -4.91 ±0.665
F76 7.77 ±0.002 0.55 ±0.037 -0.08 ±0.148 -0.14 ±0.257
µ± σ 8.15 ±0.669 -0.06 ±0.339 -0.03 ±0.513 -1.67 ±5.265

135



A. Appendix

Table A.12.: Pressure coefficients and the ratio (b2/b1) of the nitrogens (15N)
of VHP35_L69A with the corresponding mean (µ) and standard
deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA b0 [ppm] b1 [ppm/GPa] b2 [ppm/GPa2] b2/b1 [GPa−1]
L42 - - - -
S43 123.16 ±0.025 -0.20 ±0.486 1.41 ±1.951 -7.15 ±7.687
D44 122.47 ±0.026 -0.89 ±0.512 1.75 ±2.054 -1.96 ±1.178
E45 120.60 ±0.025 1.08 ±0.482 -2.51 ±1.935 -2.33 ±0.753
D46 122.74 ±0.029 -0.86 ±0.554 1.73 ±2.224 -2.02 ±1.291
F47 121.87 ±0.025 1.02 ±0.485 0.01 ±1.948 0.01 ±1.920
K48 118.68 ±0.027 1.19 ±0.527 -3.23 ±2.116 -2.72 ±0.575
A49 121.96 ±0.028 -0.92 ±0.549 0.52 ±2.205 -0.57 ±2.063
V50 117.99 ±0.022 0.63 ±0.424 -0.75 ±1.704 -1.18 ±1.909
F51 113.76 ±0.027 1.25 ±0.513 -2.13 ±2.061 -1.71 ±0.948
G52 108.96 ±0.032 1.17 ±0.610 1.96 ±2.451 1.68 ±2.968
M53 113.59 ±0.025 0.32 ±0.476 -3.24 ±1.911 -10.24 ±9.346
T54 107.42 ±0.027 -0.53 ±0.519 2.90 ±2.085 -5.44 ±1.390
R55 120.71 ±0.023 -3.17 ±0.445 6.13 ±1.787 -1.93 ±0.292
S56 113.93 ±0.036 3.45 ±0.705 -0.69 ±2.832 -0.20 ±0.780
A57 125.39 ±0.026 1.58 ±0.509 -0.84 ±2.042 -0.53 ±1.123
F58 122.00 ±0.028 -0.05 ±0.536 0.12 ±2.153 -2.38 ±18.016
A59 117.28 ±0.027 1.47 ±0.532 -2.05 ±2.136 -1.39 ±0.947
N60 113.29 ±0.029 -0.13 ±0.566 -0.70 ±2.271 5.57 ±43.210
L61 122.15 ±0.037 -1.04 ±0.714 2.19 ±2.866 -2.10 ±1.311
P62 - - - -
L63 125.78 ±0.023 -1.09 ±0.438 5.04 ±1.757 -4.63 ±0.249
W64 115.34 ±0.033 1.65 ±0.631 -0.77 ±2.533 -0.47 ±1.354
K65 122.34 ±0.025 -0.29 ±0.487 1.18 ±1.954 -4.07 ±0.085
Q66 120.42 ±0.026 0.61 ±0.495 1.11 ±1.989 1.84 ±4.788
Q67 116.50 ±0.030 2.63 ±0.583 -6.18 ±2.342 -2.35 ±0.369
N68 118.65 ±0.015 -1.20 ±0.293 -3.27 ±1.176 2.73 ±1.649
L69 122.64 ±0.027 1.50 ±0.515 -6.76 ±2.068 -4.52 ±0.172
K70 116.91 ±0.030 2.96 ±0.584 -7.09 ±2.344 -2.39 ±0.320
K71 120.01 ±0.024 0.45 ±0.457 -4.48 ±1.834 -10.00 ±6.100
E72 119.52 ±0.036 -0.13 ±0.706 1.50 ±2.834 -11.83 ±43.427
K73 115.65 ±0.023 4.76 ±0.447 -8.25 ±1.793 -1.73 ±0.214
G74 108.57 ±0.026 1.46 ±0.510 -3.38 ±2.049 -2.31 ±0.595
L75 120.44 ±0.025 -0.40 ±0.488 1.10 ±1.958 -2.75 ±1.540
F76 124.51 ±0.025 -0.06 ±0.482 2.15 ±1.934 -33.13 ±215.933
µ± σ 118.64 ±4.762 0.55 ±1.544 -0.77 ±3.366 -3.40 ±6.407
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A.20. Relaxation rates of VHP35

Table A.13.: R1 and R2 relaxation rates of VHP35 at 0.1 MPa and 240 MPa and
the corresponding difference (∆) with the mean (µ) and standard
deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA R1 [s−1] ∆R[0.1,240]
1 [s−1] R2 [s−1] ∆R[0.1,240]

2 [s−1]
0.1 MPa 240 MPa 0.1 MPa 240 MPa

L42 - - - - - -
S43 2.19 ±0.06 2.18 ±0.05 0.00 ±0.01 6.44 ±0.42 5.93 ±0.21 0.51 ±0.21
D44 2.28 ±0.04 2.24 ±0.06 0.04 ±0.02 5.69 ±0.39 5.62 ±0.07 0.07 ±0.33
E45 2.15 ±0.03 2.25 ±0.05 -0.11 ±0.02 5.60 ±0.21 5.51 ±0.11 0.10 ±0.10
D46 2.25 ±0.07 2.33 ±0.03 -0.08 ±0.04 6.15 ±0.22 5.51 ±0.11 0.64 ±0.11
F47 2.29 ±0.04 2.32 ±0.08 -0.03 ±0.04 5.77 ±0.35 6.00 ±0.16 -0.23 ±0.19
K48 2.23 ±0.03 2.31 ±0.05 -0.07 ±0.02 6.40 ±0.23 6.60 ±0.29 -0.20 ±0.07
A49 2.24 ±0.04 2.32 ±0.03 -0.08 ±0.01 6.11 ±0.16 5.92 ±0.16 0.19 ±0.00
V50 2.16 ±0.03 2.16 ±0.05 0.00 ±0.02 5.99 ±0.18 5.51 ±0.24 0.48 ±0.06
F51 2.24 ±0.06 2.32 ±0.04 -0.09 ±0.02 6.05 ±0.24 7.50 ±0.19 -1.45 ±0.06
G52 2.21 ±0.05 2.26 ±0.05 -0.05 ±0.00 6.33 ±0.13 6.38 ±0.18 -0.05 ±0.05
M53 2.38 ±0.06 2.33 ±0.04 0.06 ±0.02 9.89 ±0.46 12.09 ±0.55 -2.20 ±0.09
T54 2.17 ±0.05 2.26 ±0.04 -0.09 ±0.01 5.90 ±0.18 5.90 ±0.15 0.00 ±0.03
R55 2.14 ±0.02 2.26 ±0.03 -0.12 ±0.01 5.80 ±0.31 5.88 ±0.12 -0.08 ±0.19
S56 2.21 ±0.03 2.20 ±0.04 0.01 ±0.01 6.69 ±0.13 6.26 ±0.11 0.43 ±0.02
A57 2.28 ±0.03 2.28 ±0.05 0.00 ±0.02 7.82 ±0.35 6.80 ±0.27 1.01 ±0.08
F58 2.18 ±0.05 2.27 ±0.03 -0.09 ±0.02 6.15 ±0.27 6.26 ±0.13 -0.11 ±0.14
A59 2.20 ±0.06 2.27 ±0.03 -0.07 ±0.03 7.12 ±0.20 6.06 ±0.27 1.05 ±0.06
N60 2.24 ±0.05 2.18 ±0.03 0.06 ±0.02 9.97 ±0.88 11.16 ±0.71 -1.20 ±0.17
L61 2.27 ±0.02 2.34 ±0.05 -0.06 ±0.03 6.53 ±0.23 5.94 ±0.18 0.59 ±0.06
P62 - - - - - -
L63 2.25 ±0.04 2.32 ±0.04 -0.08 ±0.01 5.96 ±0.26 6.11 ±0.11 -0.15 ±0.14
W64 2.22 ±0.03 2.27 ±0.05 -0.05 ±0.02 8.87 ±0.30 6.58 ±0.12 2.29 ±0.17
K65 2.42 ±0.07 2.41 ±0.07 0.01 ±0.00 6.80 ±1.48 6.51 ±1.22 0.29 ±0.25
Q66 2.30 ±0.04 2.32 ±0.06 -0.02 ±0.02 7.43 ±0.62 6.19 ±0.22 1.23 ±0.39
Q67 2.20 ±0.04 2.27 ±0.05 -0.07 ±0.01 7.15 ±0.20 6.06 ±0.16 1.09 ±0.04
N68 2.23 ±0.02 2.25 ±0.02 -0.02 ±0.00 6.43 ±0.22 5.93 ±0.14 0.51 ±0.08
L69 2.21 ±0.04 2.24 ±0.03 -0.03 ±0.01 6.60 ±0.18 5.82 ±0.11 0.78 ±0.07
K70 2.20 ±0.03 2.25 ±0.05 -0.05 ±0.02 5.92 ±0.16 5.85 ±0.28 0.06 ±0.13
K71 2.17 ±0.02 2.22 ±0.03 -0.06 ±0.00 6.54 ±0.54 6.44 ±0.24 0.10 ±0.30
E72 2.20 ±0.02 2.25 ±0.06 -0.04 ±0.04 6.20 ±0.16 5.80 ±0.02 0.40 ±0.13
K73 2.20 ±0.02 2.23 ±0.03 -0.03 ±0.01 6.68 ±0.18 6.70 ±0.30 -0.02 ±0.12
G74 2.13 ±0.03 2.14 ±0.05 -0.02 ±0.02 5.57 ±0.24 5.45 ±0.21 0.12 ±0.03
L75 2.04 ±0.03 2.18 ±0.04 -0.14 ±0.01 5.02 ±0.10 4.84 ±0.21 0.18 ±0.11
F76 1.72 ±0.02 1.79 ±0.02 -0.07 ±0.00 4.08 ±0.07 3.81 ±0.13 0.27 ±0.06
µ± σ 2.21 ±0.11 2.25 ±0.10 -0.04 ±0.05 6.53 ±1.20 6.33 ±1.50 0.20 ±0.79
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Table A.14.: Ratio of the R2 and R1 relaxation rates (Tab. A.13) and the
heteronuclear NOE ratio values of VHP35 at 0.1 MPa and 240
MPa and the corresponding difference (∆) with the mean (µ) and
standard deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA R2/R1 ∆R2/R[0.1,240]
1 hetNOE ∆ hetNOE[0.1,240]

0.1 MPa 240 MPa 0.1 MPa 240 MPa
L42 - - - - - -
S43 2.95 ±0.27 2.71 ±0.15 0.23 ±0.12 0.64 ±0.02 0.64 ±0.02 0.00 ±0.00
D44 2.50 ±0.22 2.51 ±0.10 -0.01 ±0.12 0.76 ±0.02 0.74 ±0.02 0.02 ±0.00
E45 2.61 ±0.14 2.44 ±0.10 0.17 ±0.04 0.67 ±0.01 0.79 ±0.02 -0.12 ±0.00
D46 2.74 ±0.19 2.37 ±0.08 0.37 ±0.11 0.76 ±0.02 0.68 ±0.01 0.08 ±0.00
F47 2.52 ±0.20 2.58 ±0.16 -0.06 ±0.04 0.74 ±0.01 0.76 ±0.02 -0.02 ±0.00
K48 2.87 ±0.14 2.86 ±0.19 0.00 ±0.05 0.73 ±0.01 0.70 ±0.02 0.03 ±0.00
A49 2.73 ±0.12 2.55 ±0.10 0.17 ±0.02 0.75 ±0.01 0.79 ±0.01 -0.04 ±0.00
V50 2.78 ±0.12 2.55 ±0.17 0.23 ±0.05 0.73 ±0.02 0.72 ±0.01 0.01 ±0.00
F51 2.70 ±0.18 3.23 ±0.14 -0.52 ±0.04 0.76 ±0.02 0.72 ±0.02 0.04 ±0.00
G52 2.87 ±0.13 2.82 ±0.15 0.04 ±0.02 0.75 ±0.02 0.74 ±0.02 0.01 ±0.00
M53 4.15 ±0.29 5.19 ±0.32 -1.04 ±0.02 0.69 ±0.01 0.71 ±0.02 -0.02 ±0.00
T54 2.72 ±0.15 2.61 ±0.12 0.11 ±0.03 0.73 ±0.02 0.69 ±0.02 0.04 ±0.00
R55 2.71 ±0.17 2.60 ±0.09 0.10 ±0.08 0.75 ±0.02 0.73 ±0.02 0.02 ±0.00
S56 3.03 ±0.09 2.84 ±0.09 0.19 ±0.00 0.75 ±0.02 0.74 ±0.02 0.01 ±0.00
A57 3.43 ±0.20 2.98 ±0.18 0.45 ±0.02 0.80 ±0.02 0.78 ±0.02 0.02 ±0.00
F58 2.82 ±0.19 2.76 ±0.09 0.06 ±0.09 0.78 ±0.02 0.77 ±0.02 0.01 ±0.00
A59 3.24 ±0.18 2.67 ±0.15 0.56 ±0.03 0.78 ±0.02 0.75 ±0.02 0.03 ±0.00
N60 4.45 ±0.49 5.13 ±0.39 -0.68 ±0.10 0.76 ±0.01 0.72 ±0.01 0.04 ±0.00
L61 2.87 ±0.13 2.54 ±0.13 0.33 ±0.00 0.80 ±0.02 0.79 ±0.02 0.02 ±0.00
P62 - - - - - -
L63 2.65 ±0.16 2.63 ±0.09 0.02 ±0.07 0.74 ±0.02 0.77 ±0.02 -0.03 ±0.00
W64 4.00 ±0.18 2.90 ±0.12 1.10 ±0.07 0.81 ±0.01 0.69 ±0.01 0.11 ±0.00
K65 2.81 ±0.69 2.71 ±0.59 0.11 ±0.10 0.75 ±0.02 0.76 ±0.02 -0.01 ±0.00
Q66 3.23 ±0.33 2.67 ±0.16 0.55 ±0.16 0.74 ±0.02 0.73 ±0.02 0.01 ±0.00
Q67 3.25 ±0.15 2.67 ±0.13 0.58 ±0.02 0.72 ±0.02 0.74 ±0.02 -0.02 ±0.00
N68 2.89 ±0.13 2.64 ±0.09 0.25 ±0.04 0.73 ±0.01 0.73 ±0.01 0.00 ±0.00
L69 2.99 ±0.14 2.60 ±0.08 0.39 ±0.06 0.77 ±0.02 0.74 ±0.02 0.03 ±0.00
K70 2.69 ±0.11 2.61 ±0.18 0.09 ±0.07 0.74 ±0.02 0.77 ±0.02 -0.03 ±0.00
K71 3.02 ±0.28 2.90 ±0.14 0.12 ±0.14 0.78 ±0.02 0.77 ±0.02 0.01 ±0.00
E72 2.81 ±0.09 2.58 ±0.08 0.23 ±0.02 0.70 ±0.01 0.71 ±0.01 0.00 ±0.00
K73 3.03 ±0.11 3.00 ±0.18 0.03 ±0.06 0.74 ±0.02 0.70 ±0.02 0.04 ±0.00
G74 2.62 ±0.14 2.54 ±0.15 0.08 ±0.01 0.68 ±0.02 0.64 ±0.02 0.04 ±0.00
L75 2.46 ±0.08 2.22 ±0.13 0.24 ±0.05 0.59 ±0.01 0.61 ±0.01 -0.02 ±0.00
F76 2.37 ±0.06 2.13 ±0.10 0.24 ±0.03 0.35 ±0.01 0.26 ±0.01 0.10 ±0.00
µ± σ 2.95 ±0.47 2.81 ±0.64 0.14 ±0.37 0.73 ±0.08 0.71 ±0.09 0.01 ±0.04
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A.21. Pressure-dependent difference of the dynamic
parameters of VHP35
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Figure A.33.: Pressure-dependent difference of the dynamic parameters of the
backbone amide protons of VHP35 (Tab. A.13, A.14): Differ-
ence (∆) of longitudinal (R1) or transverse (R2) relaxation rates, the ratio
(R2/R1) and heteronuclear NOE ratio values at 0.1 MPa and 240 MPa,
respectively, and the corresponding mean (dashed line).
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A.22. Relaxation rates of VHP35_L69A

Table A.15.: R1 and R2 relaxation rates of VHP35_L69A at 0.1 MPa and 240
MPa and the corresponding difference (∆) with the mean (µ) and
standard deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA R1 [s−1] ∆R[0.1,240]
1 [s−1] R2 [s−1] ∆R[0.1,240]

2 [s−1]
0.1 MPa 240 MPa 0.1 MPa 240 MPa

L42 - - - - - -
S43 2.16 ±0.10 2.14 ±0.03 0.02 ±0.07 6.55 ±0.10 7.05 ±0.19 -0.50 ±0.09
D44 2.19 ±0.05 2.22 ±0.04 -0.03 ±0.00 5.57 ±0.11 5.54 ±0.21 0.03 ±0.10
E45 2.14 ±0.08 2.22 ±0.03 -0.08 ±0.05 5.94 ±0.08 5.52 ±0.12 0.42 ±0.05
D46 2.49 ±0.09 2.20 ±0.06 0.28 ±0.03 8.44 ±0.10 5.59 ±0.16 2.85 ±0.06
F47 2.28 ±0.09 2.29 ±0.05 -0.02 ±0.04 6.10 ±0.07 5.60 ±0.20 0.50 ±0.13
K48 2.21 ±0.04 2.29 ±0.07 -0.08 ±0.03 6.04 ±0.09 8.05 ±0.19 -2.02 ±0.10
A49 2.16 ±0.08 2.28 ±0.06 -0.12 ±0.02 10.16 ±0.36 7.23 ±0.38 2.93 ±0.02
V50 2.10 ±0.04 2.17 ±0.05 -0.07 ±0.01 6.99 ±0.15 7.12 ±0.24 -0.13 ±0.10
F51 2.22 ±0.14 2.31 ±0.02 -0.09 ±0.11 7.99 ±0.20 14.51 ±0.45 -6.51 ±0.25
G52 2.35 ±0.10 2.29 ±0.10 0.06 ±0.00 6.18 ±0.13 5.77 ±0.15 0.41 ±0.02
M53 2.18 ±0.12 2.30 ±0.04 -0.12 ±0.08 7.85 ±0.28 10.35 ±0.56 -2.51 ±0.28
T54 2.25 ±0.10 2.20 ±0.05 0.04 ±0.05 6.46 ±0.14 10.84 ±0.33 -4.37 ±0.20
R55 2.06 ±0.07 2.14 ±0.04 -0.09 ±0.03 6.15 ±0.12 6.59 ±0.15 -0.44 ±0.03
S56 2.16 ±0.11 2.20 ±0.03 -0.05 ±0.08 5.63 ±0.06 6.33 ±0.06 -0.70 ±0.00
A57 2.14 ±0.10 2.24 ±0.04 -0.10 ±0.06 8.01 ±0.20 6.08 ±0.30 1.93 ±0.10
F58 2.18 ±0.09 2.24 ±0.05 -0.06 ±0.05 6.68 ±0.14 6.99 ±0.26 -0.31 ±0.12
A59 2.22 ±0.08 2.23 ±0.05 -0.02 ±0.03 7.82 ±0.15 9.12 ±0.28 -1.30 ±0.13
N60 2.07 ±0.08 2.16 ±0.03 -0.09 ±0.05 6.84 ±0.17 6.89 ±0.49 -0.06 ±0.32
L61 2.09 ±0.11 2.29 ±0.06 -0.20 ±0.05 9.03 ±0.35 8.11 ±0.42 0.92 ±0.07
P62 - - - - - -
L63 2.11 ±0.15 2.22 ±0.03 -0.11 ±0.13 7.90 ±0.10 8.87 ±0.28 -0.97 ±0.18
W64 2.22 ±0.09 2.26 ±0.06 -0.05 ±0.04 7.33 ±0.13 7.79 ±0.22 -0.46 ±0.10
K65 2.04 ±0.34 1.81 ±0.18 0.23 ±0.17 13.43 ±0.85 11.34 ±1.63 2.10 ±0.77
Q66 2.34 ±0.13 2.32 ±0.04 0.02 ±0.10 15.70 ±1.10 10.95 ±0.25 4.75 ±0.85
Q67 2.15 ±0.05 2.21 ±0.02 -0.06 ±0.03 6.69 ±0.10 8.13 ±0.18 -1.44 ±0.08
N68 2.21 ±0.03 2.29 ±0.03 -0.08 ±0.00 8.76 ±0.22 8.61 ±0.39 0.15 ±0.17
L69 2.14 ±0.01 2.21 ±0.06 -0.07 ±0.04 8.47 ±0.12 9.74 ±0.24 -1.27 ±0.12
K70 2.14 ±0.08 2.17 ±0.03 -0.03 ±0.05 6.29 ±0.09 6.87 ±0.17 -0.58 ±0.08
K71 2.17 ±0.12 2.15 ±0.06 0.02 ±0.06 6.13 ±0.06 6.61 ±0.16 -0.48 ±0.10
E72 2.17 ±0.06 2.18 ±0.05 -0.01 ±0.01 5.76 ±0.11 6.56 ±0.20 -0.80 ±0.08
K73 2.17 ±0.09 2.24 ±0.06 -0.07 ±0.03 10.53 ±0.21 13.40 ±0.53 -2.87 ±0.32
G74 2.17 ±0.09 2.14 ±0.05 0.04 ±0.04 6.19 ±0.09 6.20 ±0.19 -0.01 ±0.09
L75 2.04 ±0.09 2.05 ±0.03 0.00 ±0.06 5.29 ±0.12 8.00 ±0.17 -2.70 ±0.04
F76 1.68 ±0.04 1.76 ±0.03 -0.08 ±0.02 3.93 ±0.07 5.02 ±0.17 -1.09 ±0.10
µ± σ 2.16 ±0.13 2.20 ±0.12 -0.03 ±0.09 7.48 ±2.32 7.92 ±2.30 -0.44 ±2.09
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Table A.16.: Ratio of the R2 and R1 relaxation rates (Tab. A.15) and the
heteronuclear NOE ratio values of VHP35_L69A at 0.1 MPa and
240 MPa and the corresponding difference (∆) with the mean (µ)
and standard deviation (σ). Values (x) in bold: |x| > (|µ|+ |σ|).

AA R2/R1 ∆R2/R[0.1,240]
1 hetNOE ∆ hetNOE[0.1,240]

0.1 MPa 240 MPa 0.1 MPa 240 MPa
L42 - - - - - -
S43 3.03 ±0.19 3.30 ±0.14 -0.26 ±0.05 0.62 ±0.011 0.63 ±0.01 -0.01 ±0.00107
D44 2.54 ±0.10 2.50 ±0.14 0.04 ±0.04 0.74 ±0.011 0.72 ±0.01 0.02 ±0.00047
E45 2.77 ±0.14 2.48 ±0.08 0.29 ±0.05 0.68 ±0.009 0.76 ±0.01 -0.08 ±0.00154
D46 3.39 ±0.17 2.54 ±0.14 0.86 ±0.03 0.78 ±0.012 0.68 ±0.01 0.10 ±0.00191
F47 2.68 ±0.14 2.44 ±0.15 0.24 ±0.00 0.74 ±0.011 0.73 ±0.01 0.01 ±0.00188
K48 2.73 ±0.09 3.51 ±0.19 -0.78 ±0.10 0.72 ±0.010 0.70 ±0.01 0.02 ±0.00052
A49 4.70 ±0.33 3.17 ±0.25 1.53 ±0.09 0.77 ±0.010 0.78 ±0.01 -0.01 ±0.00025
V50 3.33 ±0.14 3.28 ±0.19 0.05 ±0.05 0.71 ±0.011 0.71 ±0.01 0.00 ±0.00003
F51 3.60 ±0.31 6.27 ±0.26 -2.67 ±0.06 0.75 ±0.013 0.70 ±0.02 0.06 ±0.00198
G52 2.63 ±0.17 2.52 ±0.18 0.11 ±0.00 0.75 ±0.011 0.73 ±0.01 0.02 ±0.00002
M53 3.60 ±0.33 4.50 ±0.32 -0.91 ±0.01 0.65 ±0.010 0.72 ±0.01 -0.07 ±0.00190
T54 2.88 ±0.19 4.92 ±0.27 -2.04 ±0.07 0.73 ±0.012 0.70 ±0.01 0.03 ±0.00174
R55 2.99 ±0.17 3.07 ±0.13 -0.09 ±0.04 0.77 ±0.011 0.75 ±0.01 0.02 ±0.00026
S56 2.61 ±0.16 2.87 ±0.07 -0.26 ±0.09 0.75 ±0.010 0.71 ±0.01 0.04 ±0.00048
A57 3.74 ±0.26 2.71 ±0.19 1.03 ±0.08 0.81 ±0.011 0.78 ±0.01 0.02 ±0.00058
F58 3.06 ±0.20 3.12 ±0.18 -0.06 ±0.02 0.74 ±0.012 0.78 ±0.01 -0.03 ±0.00054
A59 3.53 ±0.20 4.08 ±0.21 -0.55 ±0.01 0.79 ±0.011 0.76 ±0.01 0.03 ±0.00082
N60 3.31 ±0.21 3.20 ±0.28 0.11 ±0.06 0.72 ±0.011 0.72 ±0.01 0.00 ±0.00153
L61 4.32 ±0.40 3.54 ±0.28 0.78 ±0.12 0.79 ±0.012 0.80 ±0.01 -0.01 ±0.00091
P62 - - - - - -
L63 3.75 ±0.32 3.99 ±0.17 -0.24 ±0.15 0.75 ±0.013 0.77 ±0.01 -0.02 ±0.00139
W64 3.31 ±0.20 3.44 ±0.18 -0.13 ±0.01 0.76 ±0.011 0.74 ±0.01 0.02 ±0.00006
K65 6.59 ±1.53 6.27 ±1.51 0.33 ±0.02 0.72 ±0.016 0.71 ±0.02 0.01 ±0.00752
Q66 6.71 ±0.85 4.72 ±0.18 1.99 ±0.67 0.72 ±0.012 0.74 ±0.01 -0.02 ±0.00017
Q67 3.11 ±0.11 3.68 ±0.11 -0.57 ±0.00 0.77 ±0.012 0.75 ±0.01 0.02 ±0.00004
N68 3.97 ±0.15 3.77 ±0.22 0.20 ±0.07 0.75 ±0.011 0.71 ±0.01 0.03 ±0.00014
L69 3.96 ±0.08 4.41 ±0.23 -0.45 ±0.14 0.74 ±0.008 0.77 ±0.01 -0.04 ±0.00302
K70 2.95 ±0.15 3.17 ±0.13 -0.23 ±0.03 0.71 ±0.011 0.72 ±0.01 0.00 ±0.00018
K71 2.83 ±0.19 3.08 ±0.16 -0.24 ±0.03 0.70 ±0.011 0.65 ±0.01 0.05 ±0.00021
E72 2.66 ±0.13 3.01 ±0.16 -0.35 ±0.03 0.67 ±0.010 0.64 ±0.01 0.03 ±0.00019
K73 4.86 ±0.29 5.99 ±0.38 -1.13 ±0.09 0.70 ±0.014 0.64 ±0.02 0.06 ±0.00400
G74 2.85 ±0.17 2.90 ±0.16 -0.05 ±0.01 0.68 ±0.012 0.66 ±0.01 0.03 ±0.00013
L75 2.59 ±0.18 3.90 ±0.14 -1.31 ±0.04 0.52 ±0.009 0.54 ±0.01 -0.02 ±0.00041
F76 2.34 ±0.10 2.85 ±0.14 -0.51 ±0.04 0.40 ±0.006 0.22 ±0.01 0.18 ±0.00031
µ± σ 3.45 ±1.03 3.61 ±1.05 -0.16 ±0.89 0.72 ±0.079 0.70 ±0.10 0.01 ±0.04698

141



A. Appendix

A.23. Pressure-dependent difference of the dynamic
parameters of VHP35_L69A
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Figure A.34.: Pressure-dependent difference of the dynamic parameters of the
backbone amide protons of VHP35_L69A (Tab. A.15, A.16):
Difference (∆) of longitudinal (R1) or transverse (R2) relaxation rates,
the ratio (R2/R1) and heteronuclear NOE ratio values at 0.1 MPa and
240 MPa, respectively, and the corresponding mean (dashed line).
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A.24. τm of VHP35 and VHP35_L69A

A.24. τm of VHP35 and VHP35_L69A
The overall rotational correlation time τm as a function of the ratio of longitudinal (R1)
and transverse (R2) 15N relaxation rates [147]:

τm = 1
4πνN

√
6R2

R1
− 7, (A.1)

where νN is the 15N resonance frequency in Hz.

Table A.17.: Overall rotational correlation time τm of VHP35 and
VHP35_L69A at 0.1 MPa and 240 MPa determined by equation
A.1.

VHP35 VHP35_L69A
Pressure [MPa] τm [ns] τm [ns]
0.1 3.91 ±0.55 4.46 ±1.06
240 3.74 ±0.79 4.63 ±1.05
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B. Pulse Sequences
Some of the pulse programs used were implemented and tested by different people within
the research group. This can be recognized by the respective file extensions (first line):
*.uw: Ulrich Weininger, *.mk: Michael Kovermann.

B.1. 1D 1H spectra

Table B.1.: 1D 1H: zgpr

;zgpr 1 ze ph1=0 2 2 0 1 3 3 1
;avance-version (12/01/11) 2 30m ph29=0
;1D sequence with f1 presaturation d12 pl9:f1 ph31=0 2 2 0 1 3 3 1

d1 cw:f1 ph29
#include <Avance.incl> 4u do:f1

d12 pl1:f1
d12=20u p1 ph1

go=2 ph31
acqt0=-p1*2/3.1416 30m mc #0 to 2 F0(zd)

exit

Table B.2.: 1D 1H: zgprwg.mk

;zgprwg.mk #nclude <Avance.incl> go=2 ph31 ; d19 = (1/(2*d)), d = distance
;p3919gp #nclude <Grad.incl> 30m pl9:f1 mc # to 2 F0(zd) ; of next null (in Hz)
;avance-version (02/05/31) exit ;NS: 8 * n, total number of scans:
;1D sequence ; NS * TD0
;water suppression using 3-9-19 1 ze ;DS: 4
;pulse sequence with gradients 2 30m pl9:f1 ph1=0 2 ";use gradient ratio: gp 1"
; d1 cw:f1 ph3=0 0 1 1 2 2 3 3 "; 20"
;M. Piotto, V. Saudek & V. Sklenar, d13 do:f1 ph4=2 2 3 3 0 0 1 1
;J. Biomol. NMR 2, 661 - 666 (1992) d12 pl1:f1 ph31=0 2 2 0 ;for z-only gradients:
;V. Sklenar, M. Piotto, R. Leppik & p1 ph1 ;gpz1: 20%
;V. Saudek, J. Magn. Reson., 50u UNBLKGRAD ;pl1 : f1 channel - power level
; Series A 102, 241 -245 (1993) p16:gp1 ; for pulse (default) ;use gradient files:
; d16 pl18:f1 ;pl18: f1 channel - power level ;gpnam1: SINE.100
;$CLASS=HighRes p28*0.231 ph3 ; for 3-9-19-pulse (watergate)
;$DIM=1D d19*2 ;p0 : f1 channel - 90 degree
;$TYPE= p28*0.692 ph3 ; pulse at pl18
;$SUBTYPE= d19*2 ; use for fine adjustment ;$I: p3919gp,v 1.12 2005/11/10
;$COMMENT= p28*1.462 ph3 ;p1 : f1 channel - 90 degree ; 12:17:00 ber Exp $
;$COMMENT= d19*2 ; high power pulse
; tested on ubiquitin at 23/11/06 p28*1.462 ph4 ;p16: homospoil/gradient pulse

d19*2 ;p27: f1 channel - 90 degree
;$WNER=nmrsu p28*0.692 ph4 ; pulse at pl18
p16=1000u d19*2 ;d1 : relaxation delay; 1-5 * T1
p28=40u p28*0.231 ph4 ;d16: delay for homospoil/gradient
d12=20u 46u ; recovery
d13=3u p16:gp1 ;d19: delay for binomial water
d16=100u d16 ; suppression
d19=90u 4u BLKGRAD
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B.2. Backbone and side chain assignment

B.2. Backbone and side chain assignment

Table B.3.: 1H,15N-fHSQC: fhsqcN15.uw

;fhsqcN15.uw 50u UNBLKGRAD ph0=0
;avance-version (p1 ph0) ph1=1
;2D H-1/X correlation via double inept transfer 4u ph2=2
;phase sensitive using States-TPPI method p16:gp1 ph3=3
;with decoupling during acquisition d16 ph4=0 2
;S. Mori, C. Abeygunawardana, TAU pl3:f3 ph5=0 0 0 0 2 2 2 2
;M. O’Neil-Johnson & P.C.M. van Zijl, (CEN_HN2 p2 ph0) (p21 ph0 3u p22 ph6=0 0 2 2
; J. Magn. Reson. B 108, 94-98 (1995) ph1 3u p21 ph0):f3 ph31=0 2 0 2 2 0 2 0

TAU
; tested on ubiquitin at 22/11/06 4u ;pl1 : f1 channel - 1H PL for p1 (high pow)

p16:gp1 ;pl18: f1 channel - 1H PL for p28 (3-9-19)
d16 pl2:f2 ;pl2 : f2 channel - 13C PL for p3 (high pow)

;$OWNER=nmrsu (p1 ph1) ;pl3 : f3 channel - 15N PL for p21 (high pow)
4u ;pl16: f3 channel - 15N PL for pcpd3 (decoup.)

#include <Avance.incl> p16:gp2 ;p1 : f1 channel - 90 deg high power pulse
#include <Grad.incl> d16 ;p3 : f2 channel - 90 deg high power pulse
#include <Delay.incl> (p21 ph4):f3 ;p21 : f3 channel - 90 deg high power pulse

d0 ;p28 : f1 channel - 90 deg pulse (3-9-19)
in0=inf1/2 (CEN_HC2 p2 ph6) (p3 ph0 3u p4 ;p16 : gradient pulse

ph1 3u p3 ph0):f2 ;d16 : delay for gradient recovery
d0 ;pcpd3: f3 channel - 90 deg dec. pulse at pl16

p2=p1*2 (p21 ph5):f3 ;cpdprg3: composite pulse dec. for ch.3 [garp]
p4=p3*2 4u ;d26 : ca. 1/(2*J(N,HN)) [2.5m]
p22=p21*2 p16:gp2 ;d19: delay for binomial water suppression
p16=1m d16 ; d19 = (1/(2*d)), d = distance of next null (in Hz)
p28=40u (p1 ph2) ; d19 = 90u for 600 MHz
d11=30m DELTA1 ;d1 : relaxation delay
d12=20u p16:gp3 ;ND0 = 2
d16=100u d16 pl18:f1 ;NS = N*2
d19=90u p28*0.231 ph1 ;DS >= 8
d26=2.5m d19*2 ;phc0(F1) = 90 deg, phc1(F1) = -180 deg

p28*0.692 ph1 ;gradient ration : 50 : 80 : 30
d19*2 ;use sine.100

DELTA=d19-p22/2 p28*1.462 ph1 ;d31:in0
DELTA1=d26-p16-d16-p28*3-d19*5+p22/2 DELTA
DELTA2=d26-p16-d16-p28*3-d19*5+ (p22 ph0):f3
p22/2-8u-p21-108u DELTA ;gpz1: 50%

p28*1.462 ph3 ;gpz2: 80%
TAU=d26-p16-d16-4u d19*2 ;gpz3: 30%

p28*0.692 ph3
CEN_HN2=(p22*2+6u-p2)/2 d19*2 ;gpnam1: SINE.100
CEN_HC2=(p4*2+6u-p2)/2 p28*0.231 ph3 ;gpnam2: SINE.100
d0=(in0-(p21*1.273+6u+4*p3))*0.5 4u ;gpnam3: SINE.100

p16:gp3
;;"l3=(td1/2)" d16

4u BLKGRAD
1 ze DELTA2
d11 pl16:f3 (p21 ph0):f3
2 d1 do:f3 4u
3m 100u pl16:f3
3 d11 4u
4 d12 pl1:f1 go=2 ph31 cpd3:f3

d1 do:f3 mc #0 to 2 F1PH(ip4, id0)
exit
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B. Pulse Sequences

Table B.4.: 1H,13C-ctHSQC: hsqc_C13ct.mk

;hsqc_C13ct.mk 1 ze ph0=0
;Constant Time HSQC d11 pl12:f2 pl3:f3 ph1=1
;avance-version 2 d1 do:f2 ph2=2
;off-resonance carbonyl decoupling 9m ph3=3
;using shaped pulse 3 d11*4 ph4=0 2
;N15 refocusing pulses on F3-channel 4 d11 pl2:f2 ph5=0 0 2 2
;phase sensitive using echo/antiecho method 50u UNBLKGRAD ph6=1 1 3 3
;G.W. Vuister & A. Bax, (p3 ph0):f2 ph7=0 0 2 2
;J. Magn. Reson. 98, 428-435 (1992) 4u ph8=0 0 0 0 2 2 2 2 1 1 1 1 3 3 3 3
;using gradient coherence selection without p16:gp1 ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2
;Sensitivity enhancement 2m

(p1 ph0)
;Author: Kristian Schweimer, 28.12.1997 d4
;gradients (p16=1.5ms) (CEN_HC2 p2 ph0) (p3 ph0 3u p3*2.5 ;gpz1: 13.0%
;gpz1: 13.0% ph1 3u p3 ph0):f2 ;gpz2: 90.0%
;gpz2: 90.0% d4 ;gpz3: 80.0%
;gpz3: = 80.0% p1 ph0 ;gpz4:-20.1%
;gpz4: =-20.1% d13

(p1 ph1)
;p14/sp5 = G3.256, 130ppm offresonant, 320us 4u

p16:gp2
;$OWNER=nmrsu d16
#include <Avance.incl> (p3 ph4):f2
#include <Grad.incl> d6 ;; d8=(d7-p14)*0.5
#include <Delay.incl> 3u pl0:f2 ;; setting pl for c13

to 120dB, d0 = 20u
in0=inf1/4 (CEN_HC1 p2 ph7) (p14:sp5 ph7):f2

(CEN_CN1 p22 ph0):f3
p2=p1*2 d6
p4=p3*2 3u pl2:f2
p16=1.5m (p4 ph8):f2
d0=3u d8

d0
in6=in0 3u pl0:f2

(CEN_HC1 p2 ph7) (p14:sp5 ph7):f2
d4=1.7m (CEN_CN1 p22 ph0):f3
d7=13.3m d9
d6=(d7-p14)*0.5-3u d0
d8=(d7-p14)*0.5-3u-d0 3u pl2:f2
d9=d8-p16-d16 p16:gp3
d11=30m d16
d12=20u (p1 ph0) (p3 ph5):f2
d13=4u d4
d16=100u (CEN_HC2 p2 ph0) (p3 ph0 3u p3*2.5
d21=d4-(d13+p16+d16+4u) ph1 3u p3 ph0):f2
CEN_HC2=(p3*4.5+6u-p2)/2 d21
CEN_HC1=(p14-p2)/2 d13
CEN_CN1=(p14-p22)/2 p16:gp4*EA

d16 pl12:f2
spoffs5=19620 4u BLKGRAD

go=2 ph31 cpd2:f2
;"l3=(td1/2)" d1 do:f2 mc #0 to 2

F1EA(igrad EA, id0 & dd6 &
ip4*2 & ip31*2)
exit
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B.2. Backbone and side chain assignment

Table B.5.: 1H,13C-ctHSQC-TOCSY: hsqcA_ct_tocsy.uw

;hsqcA_ct_tocsy.uw d6 p6*0.944 ph23
;Constant Time HSQC-TOCSY (p4 ph0):f2 p6*0.333 ph25
;avance-version d8 p6*1.389 ph23
;N15 refocusing pulses on F3-channel d0 d14
;phase sensitive using echo/antiecho method (center (p2 ph0) (p22 ph0):f3 ) p6*1.333 ph23

d9 p6*3.333 ph25
;gradients (p16=1.0ms) d0 d14
;gpz1 = 13.0% p16:gp3 p6*0.833 ph25
;gpz2 = 90.0% d16 p6*2.833 ph23
;gpz3 = 80.0% (center (p1 ph0) (p3 ph5):f2 ) d14
;gpz4 =-20.1% d4 p6*0.111 ph23

(center (p2 ph0) (p4 ph0):f2 ) p6*2.111 ph25
d4 d14

;$OWNER=nmrsu 7 p6*2.000 ph23 p6*2.000 ph25
#include <Avance.incl> d14 p6*2.000 ph23
#include <Grad.incl> p6*1.556 ph23 d14
#include <Delay.incl> p6*3.556 ph25 p6*1.556 ph23

d14 p6*3.556 ph25
in0=inf1/4 p6*1.000 ph25 d14

p6*3.000 ph23 p6*1.000 ph25
p2=p1*2 d14 p6*3.000 ph23
p4=p3*2 p6*0.222 ph23 d14
p16=1.0m p6*2.222 ph25 p6*0.222 ph23
d0=3u d14 p6*2.222 ph25
p14=970u p6*0.944 ph25 d14

p6*0.333 ph23 p6*0.944 ph25
in6=in0 p6*1.389 ph25 p6*0.333 ph23

d14 p6*1.389 ph25
p6*1.333 ph25 d14

d7=8.928m p6*3.333 ph23 p6*1.333 ph25
d6=(d7-p22)*0.5 d14 p6*3.333 ph23
d8=(d7-p22)*0.5-d0 p6*0.833 ph23 d14
d9=d8-p16-d16 p6*2.833 ph25 p6*0.833 ph23
d11=30m d14 p6*2.833 ph25
d13=4u p6*0.111 ph25 d14
d16=100u p6*2.111 ph23 p6*0.111 ph25
;"d21=d4-(d13+p16+d16+4u)" d14 p6*2.111 ph23
d21=p16+d16+7u p6*2.000 ph23 d14

p6*2.000 ph25 p6*2.000 ph23
d14 lo to 7 times l1

p6=25u p6*1.556 ph25
FACTOR1=(d15/(p6*172.659))/2+0.5 p6*3.556 ph23 d21
l1=FACTOR1*2 d14 (p2 ph0)
d14=p6*1.599 p6*1.000 ph23 3u

p6*3.000 ph25 p16:gp4*EA
spoff5=0 d14 d16 pl12:f2 pl10:f1

p6*0.222 ph25 4u BLKGRAD
p6*2.222 ph23

;"l3=(td1/2)" d14 go=2 ph31 cpd2:f2
p6*0.944 ph23 d1 do:f2 mc #0 to 2

1 ze p6*0.333 ph25 F1EA(igrad EA, id0 & dd6 &
d11 pl12:f2 pl3:f3 p6*1.389 ph23 ip4*2 & ip31*2)
2 d1 do:f2 d14 exit
9m p6*1.333 ph23
3 d11*4 p6*3.333 ph25 ph0=0
4 d11 pl2:f2 pl1:f1 d14 ph1=1
50u UNBLKGRAD p6*0.833 ph25 ph2=2
(p3 ph0):f2 p6*2.833 ph23 ph3=3
4u d14 ph4=0 2
p16:gp1 p6*0.111 ph23 ph5=0 0 2 2
2m p6*2.111 ph25 ph23=3
(p1 ph0) d14 ph25=1
d4 pl0:f2 p6*2.000 ph25 ph31=0 2 2 0
(center (p2 ph0) (p14:sp5 ph0):f2 ) p6*2.000 ph25
d4 pl2:f2 d14
p1 ph0 p6*1.556 ph25 ;d4: 1.60m (F,Y), 1.35m (all), 1.25m (H)
d13 p6*3.556 ph23
(p1 ph1) d14
4u p6*1.000 ph23
p16:gp2 p6*3.000 ph25
d16 d14
(p3 ph4):f2 p6*0.222 ph25
d6 p6*2.222 ph23
(center (p2 ph0) (p22 ph0):f3 ) d14

147



B. Pulse Sequences

Table B.6.: trHNCACB: trhncacb.uw

;trhncacb.uw 1 ze (p2 ph2):f1 DELTA2
;TROSY-HNCACB d11 3u DELTA3
;avance-version 2 d11 (p14:sp5 ph7):f2 (p22 ph0):f3

d1 pl11:f1 pl2:f2 pl3:f3 10u DELTA3
;$OWNER=nmrsu 50u UNBLKGRAD 4u pl2:f2 p28*0.231 ph0
#include <Avance.incl> (p11 ph3) d19*2
#include <Grad.incl> 4u (p3 ph11):f2 p28*0.692 ph0
#include <Delay.incl> 20u pl1:f1 4u d19*2

4u d23 pl0:f2 p28*1.462 ph0
in0=inf1/2 (p1 ph0) (p14:sp5 ph10):f2 d19*2
in10=inf2/4 4u 4u p28*1.462 ph2

p16:gp1 d23 pl2:f2 d19*2
p2=p1*2 d16 (p4 ph0):f2 p28*0.692 ph2
p4=p3*2 TAU 4u d19*2
p22=p21*2 (CEN_HN2 p2 ph1) (p22 ph0):f3 d23 pl0:f2 p28*0.231 ph2
p16=1m 4u (p14:sp5 ph0):f2 4u
p28=40u TAU 4u DELTA4

p16:gp1 d23 pl2:f2 p16:gp5
;GPZ=50-80-(-80)-(-30)-(-65) d16 (p3 ph13):f2 d17
;p14/sp3 G3.256 (p1 ph3) 4u (p21 ph5):f3
;p14/sp5 G3.256 131ppm offset 4u 4u

p16:gp2*EA (p21 ph6):f3 p16:gp3*0.1013
d3=12.4m d16 d30 pl0:f2 d16
d11=30m (p21 ph7):f3 (p14:sp5 ph10):f2 4u BLKGRAD
d16=100u d3 d30 go=2 ph31
d17=200u (p14:sp3 ph10):f2 (p14:sp3 ph11):f2 d11 mc #0 to 2
d19=90u 3u 3u F1PH(rd10 & rd30 & ip11 & ip13, id0)

(p22 ph0):f3 (p22 ph9):f3 F2EA(igrad EA & ip4*2 & ip5*2, id10
d0=10u 3u 3u & dd30 & ip6*2 & ip31*2)
d10=4u TAU1 TAU1 exit
d23=(3.5m-p14)*0.5 d3 pl1:f1 pl2:f2 d29
d26=2.65m (p21 ph1):f3 d10
d30=d3*0.5 4u ph0=0
d29=d30-d10 (p3 ph8):f2 (p14:sp5 ph12):f2 ph1=1
"d28=d29-p16-d16+p21*1.273 4u d10 ph2=2
+DELTA1-p11-28u" d23 pl0:f2 d28 ph3=3
TAU=d26-p16-d16-4u (p14:sp5 ph0):f2 p16:gp3*EA ph4=1
DELTA=d0*2-10u+3u+p22 4u d16 pl11:f1 ph5=0
DELTA1=4u d23 pl2:f2 (p11 ph0):f1 ph6=1 3
DELTA2=d26-p16-d17-4u (p4 ph10):f2 4u ph7=0
"DELTA3=0.5*(p16+d17 4u 20u pl1:f1 ph8=0 0 2 2
+8u-p28*4-0.77 d23 pl0:f2 4u ph9=0 0 0 0 0 0 0 0
d19*10-p22-DELTA1)" (p14:sp5 ph0):f2 (p1 ph4) 2 2 2 2 2 2 2 2
"DELTA4=DELTA2-p28 4u 4u ph10=0
*4.77-d19*10" d23 pl2:f2 p16:gp4 ph11=3 3 3 3 1 1 1 1
TAU1=p14 (p3 ph12):f2 d16 ph12=1 1 1 1 3 3 3 3

4u TAU ph13=0
CEN_HN1=(p21-p1)/2 d0 pl0:f2 (CEN_HN2 p2 ph1) (p22 ph0):f3 ph31=0 2 2 0
CEN_HN2=(p22-p2)/2 (p2 ph0):f1 4u
CEN_CN2=(p14-p22)/2 3u TAU
CEN_HC2=(p14-p2)/2 (p14:sp5 ph10):f2 p16:gp4 ;gpz1: 50%

3u d16 ;gpz2: 80%
spoffs3=0 (p22 ph0):f3 (p1 ph2) ;gpz3: -80%
spoffs5=19770 d0 DELTA1 ;gpz4: -30%

4u pl2:f2 (p21 ph1):f3 ;gpz5: -65%
"in30=in10" ;; nd0 = 4 (p4 ph10):f2 4u

4u p16:gp5
aqseq 321 DELTA pl0:f2 d17 pl18:f1
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B.2. Backbone and side chain assignment

Table B.7.: HNCO: hncogp3d

;hncogp3d spoff2=0 d16
;avance-version (15/02/27) spoff3=0 DELTA3 pl1:f1
;HNCO spoff5=bf2*(cnst22/1000000)-o2
;3D sequence with spoff8=0 (center (p1 ph1) (p21 ph5):f3 )
; inverse correlation for triple resonance d26
; using multiple inept transfer steps (center (p2 ph1) (p22 ph1):f3 )
; aqseq 321 d26
; F1(H) -> F3(N) -> F2(C=O,t1) -> (center (p1 ph2) (p21 ph6):f3 )
; F3(N,t2) -> F1(H,t3) d26
; 1 d11 ze (center (p2 ph1) (p22 ph1):f3 )
;on/off resonance Ca and C=O pulses d11 pl16:f3 d26
; using shaped pulse 2 d11 do:f3 (p1 ph1)
;phase sensitive (t1) 3 d1 pl1:f1 DELTA1
;phase sensitive using Echo/Antiecho p1 ph1 (p2 ph1)
; gradient selection (t2) d26 pl3:f3 d13
;using constant time in t2 (center (p2 ph1) (p22 ph1):f3 ) p16:gp5
;(use parameterset HNCOGP3D) d26 UNBLKGRAD d16 pl16:f3
; (p1 ph2):f1 4u BLKGRAD
;S. Grzesiek & A. Bax, J. Magn. Reson. 96, go=2 ph31 cpd3:f3
; 432 - 440 (1992) 4u pl0:f1 d11 do:f3 mc #0 to 2
;J. Schleucher, M. Sattler & C. Griesinger, (p11:sp1 ph1:r):f1 F1PH(calph(ph4, +90), caldel(d0, +in0))
; Angew. Chem. Int. Ed. 32, 1489-1491 (1993) 4u F2EA(calgrad(EA) & calph(ph6, +180),
;L.E. Kay, G.Y. Xu & T. Yamazaki, p16:gp1 caldel(d10, +in10) & caldel(d29, +in29)
; J. Magn. Reson. A109, 129-133 (1994) d16 & caldel(d30, -in30))
; exit
;$CLASS=HighRes (p21 ph3):f3
;$DIM=3D d21 pl19:f1
;$TYPE= (p26 ph2):f1 ph1=0
;$SUBTYPE= DELTA2 cpds1:f1 ph1 ph2=1
;$COMMENT= (center (p14:sp3 ph1):f2 (p22 ph1):f3 ) ph3=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2

d23 ph4=0 2
(p21 ph1):f3 ph5=0 0 2 2

prosol relations=<triple> ph6=3 3 1 1
d13 do:f1 ph7=3
(p26 ph7):f1 ph8=0 0 0 0 2 2 2 2

#include <Avance.incl> 4u ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2
#include <Grad.incl> p16:gp2
#include <Delay.incl> d16

;use gradient ratio:
(p13:sp2 ph4):f2 ; gp 1 : gp 2 : gp 3 : gp 4 : gp 5

p2=p1*2 d0 ; 60 : -40 : 10 : 80 : 8.1
p22=p21*2 (center (p14:sp5 ph1):f2 (p22 ph1):f3 )
d11=30m d0 ;for z-only gradients:
d13=4u 4u ;gpz1: 60%

(p14:sp3 ph1):f2 ;gpz2: -40%
d21=5.5m DELTA ;gpz3: 10%
d23=12m (p14:sp5 ph1):f2 ;gpz4: 80%
d26=2.3m 4u ;gpz5: 8.1%

(p13:sp8 ph1):f2
;use gradient files:

d0=3u 4u ;gpnam1: SMSQ10.100
d10=d23/2-p14/2 p16:gp3 ;gpnam2: SMSQ10.100
d29=d23/2-p14/2-p26-d21-4u d16 ;gpnam3: SMSQ10.100
d30=d23/2-p14/2 (p26 ph2):f1 ;gpnam4: SMSQ10.100

20u cpds1:f1 ph1 ;gpnam5: SMSQ10.100
in0=inf1/2
in10=inf2/4 (p21 ph1):f3 ;$Id: hncogp3d,v 1.18.2.1 2015/03/03

d30 ; 11:21:23 ber Exp $
in29=in10 (p14:sp5 ph1):f2
in30=in10 d30

(center (p14:sp3 ph1):f2 (p22 ph8):f3 )
td2=tdmax(td2,d30*2,in30) d10

(p14:sp5 ph1):f2
d29

DELTA=d0*2+larger(p14,p22)-p14 4u do:f1
DELTA1=p16+d16+d13+4u (p26 ph7):f1
DELTA2=d23-d21-p26 4u
DELTA3=d21-p16-d16-4u p16:gp4*EA
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B. Pulse Sequences

Table B.8.: HCCH-TOCSY: hcchtocsy.uw

;hcchtocsy.uw 1 d11 ze (p9*2.722 ph9):f2 DELTA5
;hcchdigp3d.2 d11 pl12:f2 (p9*4.389 ph7):f2 (p2 ph1) (CEN_HC2 p4 ph1):f2
;avance-version (00/12/15) 2 d11 do:f2 (p9*2.778 ph9):f2 ; (CEN_HC2 p2 ph1) (p4 ph1):f2
;HCCH-TOCSY 3 d1 (p9*3.056 ph7):f2 4u
;3D sequence with 50u UNBLKGRAD (p9*0.333 ph9):f2 p16:gp1
; inverse correlation using multiple d12 pl1:f1 (p9*2.556 ph7):f2 d16
; inept transfer and (p9*4.000 ph9):f2 DELTA5
; C-C DIPSI3 spinlock (p1 ph3) (p9*2.722 ph7):f2 (p1 ph1) (CEN_HC1 p3 ph1):f2
; 4u (p9*4.111 ph9):f2 ; (CEN_HC1 p1 ph1) (p3 ph1):f2
; F1(H,t1) -> F2(C,t2) -> p16:gp1 (p9*3.778 ph7):f2
; F2(C’) -> F1(H’,t3) d16 (p9*3.889 ph9):f2 4u
; DELTA1 pl2:f2 (p9*2.889 ph7):f2 p16:gp1
;off resonance C=O pulse using shaped pulse d0 (p9*3.000 ph9):f2 d16
;phase sensitive (t1) (p4 ph1):f2 (p9*0.333 ph7):f2 DELTA1
;phase sensitive (t2) d0 (p9*2.500 ph9):f2 (p2 ph1) (CEN_HC2 p4 ph1):f2
;(use parameterset HCCHDIGP3D) (p2 ph1) (p9*4.050 ph7):f2 ; (CEN_HC2 p2 ph1) (p4 ph1):f2
; DELTA2 pl3:f3 (p9*2.830 ph9):f2 4u
;(L.E. Kay, G.Y. Xu, A.U. Singer, p16:gp1 (p9*4.389 ph7):f2 p16:gp1
; D.R. Muhandiram & J. D. Forman-Kay d16 (p9*2.722 ph9):f2 d16
; J. Magn. Reson. B 101, 333 - 337 (1993)) 4u (p9*4.389 ph7):f2 DELTA6

(p1 ph2) (p9*2.778 ph9):f2 (TAU p1 ph1) (p3 ph1 3u p3 ph5):f2
(p9*3.056 ph7):f2 4u pl12:f2

;$OWNER=nmrsu p19:gp3 (p9*0.333 ph9):f2 4u BLKGRAD
#include <Avance.incl> d16 (p9*2.556 ph7):f2 go=2 ph31 cpd2:f2
#include <Grad.incl> (p9*4.000 ph9):f2 d11 do:f2 mc #0 to 2
#include <Delay.incl> (p3 ph4):f2 (p9*2.722 ph7):f2 F1PH(ip3, id0)

d10 (p9*4.111 ph9):f2 F2PH(rd0 & ip4, id10)
in0=inf1/2 (p22 ph1):f3 (p9*3.778 ph7):f2 exit
in10=inf2/2 4u (p9*3.889 ph9):f2

p29:gp2 (p9*2.889 ph7):f2
p2=p1*2 d16 (p9*3.000 ph9):f2 ph1=0
p4=p3*2 DELTA3 pl0:f2 (p9*0.333 ph7):f2 ph2=1
d0=3u (p14:sp5 ph1):f2 (p9*2.500 ph9):f2 ph3=0 2
d10=3u 4u (p9*4.050 ph7):f2 ph4=0 0 2 2
d11=30m p29:gp2 (p9*2.830 ph9):f2 ph5=0 0 0 0 2 2 2 2
d12=20u d16 (p9*4.389 ph7):f2 ph7=1
d16=100u DELTA3 pl2:f2 (p9*2.722 ph7):f2 ph9=3
"""d4=1.6m"" ;tau a" p2 ph1 (p9*4.389 ph9):f2 ph31=0 2 2 0
"""d21=1.1m"" ;tau c" d10 (p9*2.778 ph7):f2
"""d23=475u"" ;tau b" (p4 ph1):f2 (p9*3.056 ph9):f2

DELTA4 (p9*0.333 ph7):f2 ;use gradient ratio: gp 1 : gp 2 : gp 3 : gp4
l1=4 p29:gp2 (p9*2.556 ph9):f2 ; 16 : 16 : -80 : -60

d16 (p9*4.000 ph7):f2
DELTA3 pl0:f2 (p9*2.722 ph9):f2

p9=20u (p14:sp5 ph1):f2 (p9*4.111 ph7):f2
p28=1m 4u (p9*3.778 ph9):f2

p29:gp2 (p9*3.889 ph7):f2
p16=500u d16 (p9*2.889 ph9):f2
p19=2m DELTA3 pl2:f2 (p9*3.000 ph7):f2
p29=300u (p3 ph2):f2 (p9*0.333 ph9):f2
p30=5m 4u (p9*2.500 ph7):f2
p31=4.4m d12 pl15:f2 (p9*4.050 ph9):f2

" ;begin DIPSI3" (p9*2.830 ph7):f2
9 (p9*2.722 ph7):f2 (p9*4.389 ph9):f2

DELTA1=d4-p16-d16-4u (p9*4.389 ph9):f2 lo to 9 times l1
DELTA2=d4-p16-d16-4u+d0*2+p4 (p9*2.778 ph7):f2 " ;end DIPSI3"
DELTA3=d23-p29-d16 (p9*3.056 ph9):f2 d12
DELTA4=p22+p2+d10*2+4u (p9*0.333 ph7):f2 (p28 ph1)
DELTA5=d21-p16-d16-4u (p9*2.556 ph9):f2 (p28*2 ph2)
DELTA6=d4-p16-d16-p3*2-7u+p1 (p9*4.000 ph7):f2 4u

(p9*2.722 ph9):f2 p30:gp4
TAU=(p3*2+3u)-p1 (p9*4.111 ph7):f2 d16

(p9*3.778 ph9):f2 (p1 ph1)
;"CEN_HC1=(p1-p3)/2" (p9*3.889 ph7):f2 4u
;"CEN_HC2=(p2-p4)/2" (p9*2.889 ph9):f2 p31:gp4
CEN_HC1=(p3-p1)/2 (p9*3.000 ph7):f2 d16 pl2:f2
CEN_HC2=(p4-p2)/2 (p9*0.333 ph9):f2

(p9*2.500 ph7):f2 (p3 ph2):f2
spoffs5=19770 (p9*4.050 ph9):f2 4u

(p9*2.830 ph7):f2 p16:gp1
aqseq 312 (p9*4.389 ph9):f2 d16
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B.3. NOESY

B.3. NOESY

Table B.9.: NOESY-HSQC: noesyhsqcetf3gp3d

;noesyhsqcetf3gp3d 1 ze ph1=0
;avance-version (12/01/11) d11 pl16:f3 ph2=1
;NOESY-HSQC 2 d1 do:f3 ph3=0 2
;3D sequence with 3 d12 pl3:f3 ph4=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2
; homonuclear correlation via (p1 ph7) ph5=0 0 2 2
; dipolar coupling DELTA ph6=0
; dipolar coupling may be due to (p2 ph8) ph7=0 0 0 0 2 2 2 2
; noe or chemical exchange. d0 ph8=1 1 1 1 3 3 3 3
; H-1/X correlation via double inept transfer # ifdef LABEL_CN ph31=0 2 0 2 2 0 2 0 2 0 2 0 0 2 0 2
;phase sensitive (t1) (center (p14:sp3 ph1):f2 (p22 ph1):f3 )
;phase sensitive using Echo/Antiecho-TPPI # else
; gradient selection (t2) (p22 ph1):f3 ;use gradient ratio: gp 1 : gp 2
;using trim pulses in inept transfer # endif /*LABEL_CN*/ ; 80 : 20.1 for C-13
;with decoupling during acquisition ; 80 : 8.1 for N-15
;(use parameterset NOESYHSQCETF3GP3D) d0
; (p1 ph1):f1 ;for z-only gradients:
;A.L. Davis, J. Keeler, E.D. Laue & D. Moskau, d8 ;gpz1: 80%
; J. Magn. Reson. 98, 207-216 (1992) (p1 ph1):f1 ;gpz2: 20.1% for C-13, 8.1% for N-15
; d26
;$CLASS=HighRes (center (p2 ph1) (p22 ph6):f3 ) ;use gradient files:
;$DIM=3D d26 UNBLKGRAD ;gpnam1: SMSQ10.100
;$TYPE= p28 ph1 ;gpnam2: SMSQ10.100
;$SUBTYPE= d13
;$COMMENT= (p1 ph2) (p21 ph3):f3 ;preprocessor-flags-start

d10 ;LABEL_CN: for C-13 and N-15 labeled samples
; start experiment with

#include <Avance.incl> # ifdef LABEL_CN ; option -DLABEL_CN (eda: ZGOPTNS)
#include <Grad.incl> (center (p2 ph5) (p14:sp3 ph1):f2 ) ;preprocessor-flags-end
#include <Delay.incl> # else

(p2 ph5)
# endif /*LABEL_CN*/ ;for older datasets use AQORDER : 3 - 2 - 1

p2=p1*2
p22=p21*2 d10
d11=30m p16:gp1*EA ;$Id: noesyhsqcetf3gp3d,v 1.8 2012/01/31
d12=20u d16 ; 17:49:27 ber Exp $
d13=4u (p22 ph4):f3
d26=1s/(cnst4*4) DELTA1

(ralign (p1 ph1) (p21 ph4):f3 )
d26

d0=3u (center (p2 ph1) (p22 ph1):f3 )
d10=3u d13

p16:gp2
in0=inf1/2 DELTA2 pl16:f3
in10=inf2/2 4u BLKGRAD

go=2 ph31 cpd3:f3
d1 do:f3 mc #0 to 2

DELTA2=d26-p16-d13-4u F1PH(calph(ph7, +90) & calph(ph8, +90),
caldel(d0, +in0))

# ifdef LABEL_CN F2EA(calgrad(EA), caldel(d10, +in10) &
DELTA=larger(p14,p22)+d0*2 calph(ph3, +180) & calph(ph6, +180) &
DELTA1=p16+d16+larger(p2,p14)+d10*2 calph(ph31, +180))
# else exit
DELTA=p22+d0*2
DELTA1=p16+d16+p2+d10*2
# endif /*LABEL_CN*/

aqseq 321
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B. Pulse Sequences

B.4. Protein dynamics

Table B.10.: hNOE: hsqcnoef3gpsi

;hsqcnoef3gpsi spoff1=0 d26
;avance-version (12/01/11) spoff13=bf2*((cnst21+cnst22)/2000000)-o2 (p1 ph1)
;2D H-1/X correlation via double DELTA2
; inept transfer (p2 ph1)
; using sensitivity improvement 1 ze 4u
;for measuring H1-N15 NOEs d11 pl16:f3 p16:gp3
;phase sensitive using Echo/Antiecho-TPPI 2 d11 do:f3 d16 pl16:f3
; gradient selection 3 d12 4u BLKGRAD
;with decoupling during acquisition go=2 ph31 cpd3:f3
;using f3 - channel if "l0 %2 == 1" d11 do:f3 mc #0 to 2
;recording NONOE and NOE interleaved { F1I(iu0, 2)
;(use parameterset HSQCNOEF3GPSI) d1 F1EA(calgrad(EA) & calph(ph5, +180),
; 50u UNBLKGRAD caldel(d0, +in0) & calph(ph6, +180) &
;$CLASS=HighRes 4u pl0:f1 calph(ph8, +180) & calph(ph31, +180))
;$DIM=2D (p11:sp1 ph1:r):f1 exit
;$TYPE= 4u
;$SUBTYPE= 4u pl1:f1
;$COMMENT= } ph1=0

else ph2=1
{ ph4=0 0 2 2

prosol relations=<triple> 4 (p0 ph1) ph5=3 3 1 1
5m ph6=0
lo to 4 times l4 ph7=3

#include <Avance.incl> 4u ph8=1 3
#include <Grad.incl> 50u UNBLKGRAD ph9=0 0 2 2
#include <Delay.incl> } ph31=0 2 2 0

(p1 ph1)
p16:gp1 ;use gradient ratio: gp 1 : gp 2 : gp 3

p2=p1*2 d16 pl3:f3 "; 50 : 80 : 16.2"
p22=p21*2 ; for N-15
d11=30m (p21 ph8):f3
d12=20u 4u ;for z-only gradients:
d24=1s/(cnst4*cnst11) p16:gp2*-1*EA ;gpz1: 50%
d25=1s/(cnst4*cnst12) d16 ;gpz2: 80%
d26=1s/(cnst4*4) DELTA3 ;gpz3: 16.2%

(p22 ph6):f3
p0=p1*4/3 d0 ;use gradient files:

;gpnam1: SMSQ10.100
# ifdef LABEL_CN ;gpnam2: SMSQ10.100

d0=3u (center (p2 ph9) (p8:sp13 ph1):f2 ) ;gpnam3: SMSQ10.100
# else

in0=inf1/2 (p2 ph9)
# endif /*LABEL_CN*/ ;preprocessor-flags-start

" " ;LABEL_CN: for C-13 and N-15 labeled
DELTA2=p16+d16+8u d0 ;samples start experiment with
DELTA3=d25-p16-d16-4u p16:gp2*EA ;option -DLABEL_CN (eda: ZGOPTNS)

d16 ;preprocessor-flags-end
# ifdef LABEL_CN DELTA1
DELTA1=d25-p16-d16-larger(p2,p8)-d0*2
# else (center (p1 ph1) (p21 ph4):f3 ) ;use AU-program split [2] to separate NOE
DELTA1=d25-p16-d16-p2-d0*2 d24 ; and NONOE data into
# endif /*LABEL_CN*/ (center (p2 ph1) (p22 ph1):f3 ) ; different datasets

d24
(center (p1 ph2) (p21 ph5):f3 )

l0=1 d26
l4=d1/(p0+5m) (center (p2 ph1) (p22 ph1):f3 ) ;$ Id: hsqcnoef3gpsi,v 1.11 2012/01/31

; 17:49:26 ber Exp $
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B.4. Protein dynamics

Table B.11.: R1 relaxation rate: r1N.uw

;r1N.uw 3u 30m do:f3 wr #0 if #0 zd
; R1 15N Lopt - PEPHSQC detection p28:gp28 1m r1list.inc
; Using channel 3 for 15N d16 lo to 11 times l5
; based on Lopt 13C aro relax experiments DELTA1 1m ip9*2
"; 1) use vclist for different" (center (p2 ph4):f1 (p22 ph4):f3 ) 1m igrad EA
; blocks of T1 delays 3u 1m r1list.res
"; 3) use interleaved acquisition" DELTA1 lo to 2 times 2
; ns - T1 - hypercomplex - t1 p28:gp28 1m id10
; works for signals between 10.5 and d16 1m ip5*2
; 6.5 ppm @ 600 MHz (p1 ph1):f1 1m ip0*2

3u pl10:f1 lo to 3 times l4
(p13:sp7 ph2):f1 exit

#include <Avance.incl> 3u pl1:f1
#include <Delay.incl> (p21 ph7):f3
#include <Grad.incl> 3u ph0 = 0 2 0 2 2 0 2 0

p23:gp23
define list<loopcounter> r1list = <$VCLIST> d16

DELTA2 ph1 = 1
aqseq 312 (center (p2 ph4):f1 (p22 ph4):f3 ) ph2 = 2

3u ph3 = 3
in10=inf2/2 DELTA2 ph4 = 0

p23:gp23 ph5 = 1 3
;***** PULSES ***** d16 ph7 = 0 0 0 0 2 2 2 2
p2=p1*2 ;***** T1 *****
p22=p21*2 (p21 ph1):f3 ph8 = 1 1 3 3
p13=1150u if "l3 == 0" goto 7 ;ph8 = 1
p14=1600u 20 DELTA4 pl10:f1 ph9 = 0

(p14:sp5 ph4):f1 ;ph9 = 0 0 2 2
;***** LOOPS ***** DELTA4 pl1:f1
l4=(td2/2) lo to 20 times l3
l5=(td1) 7 (p21 ph5):f3 ;*** VARIABLES SET BY USER ***

;***** t1 LABELING + inphase –> antiphase ***** ";cnst21: JNH [93 Hz]"
d10 ;d1: recycle delay 1-5*T1

;***** DELAYS ***** DELTA6 ;d3 : loopdelay T1 = 50ms
d10=3u p18:gp18*EA ;d16 : grad delay [100u]
d16=100u d16 ;d20 : inept delay 1 [2.5m]
d3=50m (center (p2 ph4):f1 (p4 ph4):f2 ) ;d21 : 1/4JNH [2.69m]
d21=1/(4.0*cnst21) d10 ;td1: 2* number of complex points
DELTA1=d20-p28-d16-3u (p22 ph4):f3 ;p1: 1H 90 pulse length @ pl1
DELTA2=d21-p23-d16-3u 6u ;p21: 15N 90 pulse length @ pl3
DELTA3=d20-p13-3u p18:gp18*EA*-1 ;p18: encoding gradient [1000u]

d16 ;p20: gradient purge for 15N [1000u]
DELTA4=d3/2-p14/2 DELTA7 ;p23: gradient purge for P-element [300u]

;***** PEP period ***** ;p28: gradient purge for 180 pulse [1000u]
DELTA6=d21-p18-d16-6u-p2 "(p1 ph4):f1 (p21 ph9):f3 "
DELTA7=d21-p18-d16-6u 3u pl10:f1

(p13:sp7 ph2):f1 ;pl1: 1H full power
spoff5=2500 DELTA3 pl1:f1 ;pl10: 120 dB
spoff6=-1680 "(center (p2 ph4):f1 (p22 ph4):f3 ) " ;pl3: 15N full power
spoff7=-1680 DELTA3 pl10:f1

(p13:sp6 ph1):f1
3u pl1:f1

ze (p1 ph1):f1 (p21 ph8):f3 ;l3: r1list, timeT1 = l3*50ms
10u pl1:f1 pl3:f3 d20
1 31m do:f3 (center (p2 ph4):f1 (p22 ph4):f3 ) ;spnam5: reburp.1000
11 5m d20 ;spnam6: eburp2.1000
2 3m (p1 ph4):f1 ;spnam7: eburp2tr.1000
3 10m 3u pl10:f1
l3=r1list (p13:sp7 ph4):f1 ;gpz18 80%
12 3u 3u pl1:f1 ;gpz20 20%

(p2 ph4):f1 ;gpz23 7.5%
3u ;gpz26 7.5%

;***** INEPT ***** 50u ;gpz28 6.25%
d1 pl1:f1 pl3:f3 p18:gp18*0.2026 ; decode gradient
(p21 ph4):f3 d16 pl16:f3 ;gpnam18: SINE.100
50u UNBLKGRAD 3u BLKGRAD ;gpnam20: SINE.100
p20:gp20 ;gpnam23: SINE.32
d16 ; ***** ACQUISITION ***** ;gpnam26: SINE.32
(p1 ph4):f1 go=1 ph0 cpd3:f3 ;gpnam28: SINE.100
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B. Pulse Sequences

Table B.12.: R2 relaxation rate: r2N.uw

;r2N.uw DELTA1 3u BLKGRAD
; R2 15N Lopt - PEPHSQC detection p28:gp28
; Using channel 3 for 15N d16 ; ***** ACQUISITION *****
; based on Lopt 13C aro relax experiments (p1 ph1):f1 go=1 ph0 cpd3:f3
"; 1) use vclist for different blocks" 3u pl10:f1 30m do:f3 wr #0 if #0 zd
; of T2 delays (p13:sp7 ph2):f1 1m r2list.inc
"; 3) use interleaved acquisition" 3u pl1:f1 lo to 11 times l5
; ns - T2 - hypercomplex - t1 (p21 ph7):f3 1m ip9*2
; works for signals between 10.5 and 3u 1m igrad EA
; 6.5 ppm @ 600 MHz p23:gp23 1m r2list.res

d16 lo to 2 times 2
DELTA2 1m id10

#include <Avance.incl> (center (p2 ph4):f1 (p22 ph4):f3 ) 1m ip5*2
#include <Delay.incl> 3u 1m ip0*2
#include <Grad.incl> DELTA2 lo to 3 times l4

p23:gp23 exit
define list<loopcounter> r2list = <$VCLIST> d16

;***** gradient filter ***** ph0 = 0 2 0 2 2 0 2 0
aqseq 312 (p21 ph1):f3

3u
in10=inf2/2 p23:gp24 ph1 = 1

d16 ph2 = 2
;***** PULSES ***** (p21 ph5):f3 ph3 = 3
p2=p1*2 ;***** T2 relaxation ***** ph4 = 0
p22=p21*2 if "l3 == 0" goto 7 ph5 = 1 3
p13=1150u 20 DELTA4 pl10:f1 pl8:f3 ph7 = 0 0 0 0 2 2 2 2
p14=1600u (center (p14:sp5 ph4):f1 (p8 ph4 DELTA4

DELTA4 p8 ph4 DELTA4 DELTA4 p8 ph1 DELTA4 ph8 = 1 1 3 3
;***** LOOPS ***** DELTA4 p8 ph3 DELTA4 DELTA4 p8 ph4 DELTA4 ;ph8 = 1
l4=(td2/2) DELTA4 p8 ph4 DELTA4 DELTA4 p8 ph3 DELTA4 ph9 = 0
l5=(td1) DELTA4 p8 ph1):f3) ;ph9 = 0 0 2 2

DELTA4
DELTA4

;***** DELAYS ***** (center (p14:sp5 ph2):f1 (p8 ph4 DELTA4 ;*** VARIABLES SET BY USER ***
d10=3u DELTA4 p8 ph4 DELTA4 DELTA4 p8 ph1 DELTA4 ";cnst21: JNH [93 Hz]"
d16=100u DELTA4 p8 ph3 DELTA4 DELTA4 p8 ph4 DELTA4 ;d1: recycle delay 1-5*T1
d3=250u DELTA4 p8 ph4 DELTA4 DELTA4 p8 ph3 DELTA4 ;d3 : loopdelay T1 = 50ms
d21=1/(4.0*cnst21) DELTA4 p8 ph1):f3) ;d16 : grad delay [100u]
DELTA1=d20-p28-d16-3u DELTA4 pl1:f1 pl3:f3 ;d20 : inept delay 1 [2.5m]
DELTA2=d21-p23-d16-3u lo to 20 times l3 ;d21 : 1/4JNH [2.69m]
DELTA3=d20-p13-3u ;***** t1 LABELING + inphase –> antiphase ***** ;td1: 2* number of complex points

7 d10 ;p1: 1H 90 pulse length @ pl1
DELTA4=d3-p8/2 DELTA6 ;p21: 15N 90 pulse length @ pl3

p18:gp18*EA ;p8: 15N CPMG (180) pulse @ pl8 [110u]
DELTA6=d21-p18-d16-6u-p2 d16 ;p18: encoding gradient [1000u]
DELTA7=d21-p18-d16-6u (center (p2 ph4):f1 (p4 ph4):f2 ) ;p20: gradient purge for 15N [1000u]

d10 ;p23: gradient purge for P-element [300u]
spoff5=2500 (p22 ph4):f3 ;p28: gradient purge for 180 pulse [1000u]
spoff6=-1680 6u
spoff7=-1680 p18:gp18*EA*-1

d16 ;pl1: 1H full power
DELTA7 ;pl10: 120 dB

ze ;***** PEP period ***** ;pl3: 15N full power
10u pl1:f1 pl3:f3 "(p1 ph4):f1 (p21 ph9):f3 " ;pl8: 15N CPMG power (calibrate)
1 31m do:f3 3u pl10:f1
11 5m (p13:sp7 ph2):f1
2 3m DELTA3 pl1:f1 ;l3: r2list, timeT2 = l3*8ms
3 10m "(center (p2 ph4):f1 (p22 ph4):f3 ) "
l3=r2list DELTA3 pl10:f1 ;spnam5: reburp.1000
12 3u (p13:sp6 ph1):f1 ;spnam6: eburp2.1000

3u pl1:f1 ;spnam7: eburp2tr.1000
;***** INEPT ***** (p1 ph1):f1 (p21 ph8):f3
d1 pl1:f1 pl3:f3 d20 ;gpz18 80%
(p21 ph4):f3 (center (p2 ph4):f1 (p22 ph4):f3 ) ;gpz20 20%
50u UNBLKGRAD d20 ;gpz23 7.5%
p20:gp20 (p1 ph4):f1 ;gpz24 30%
d16 3u pl10:f1 ;gpz28 6.25%
(p1 ph4):f1 (p13:sp7 ph4):f1
3u 3u pl1:f1 ;gpnam18: SINE.100
p28:gp28 (p2 ph4):f1 ;gpnam20: SINE.100
d16 3u ;gpnam23: SINE.32
DELTA1 50u ;gpnam24: SINE.32
(center (p2 ph4):f1 (p22 ph4):f3 ) p18:gp18*0.2026 ; decode gradient ;gpnam28: SINE.100
3u d16 pl16:f3
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