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Abstract

Abstrakt

Nékteré bilkoviny k plnéni své funkce vyzaduji pfitomnost specifického ligandu, kofaktoru
nebo prostetické skupiny. Vazba této specifické molekuly mtuze v molekuldch bilkovin
zpusobit konformaéni zmény. V nékterych piipadech muize charakterizace takovychto
konformacnich zmén predstavovat velmi narocny ukol. V ptedkladané praci je popsan
novy piistup slouzici ke sledovani téchto zmén pomoci kombinace chemického zesiténi a
hmotnostni spektrometrie s vysokym rozli§enim. Na modelovém systému, kterym byl
zvolen protein kalmodulin, je ukdzéano, ze analyza pomoci izotopové znacenych sitovacich
¢inidel umoznuje ziskat ptehled o zménach struktury zpisobenych ptitomnosti nebo
nepfitomnosti ligandu. Byly rovnéZz popsany potencialni nedostatky metody, které tkvi
predevsim v nedostatecné proteolyze proteinu.

Tato nova metoda, kterd zaroven umoziuje kvantifikaci strukturnich zmén proteind,
byla pouzita spolu s dal§imi technikami k charakterizaci neutralni trehalasy Nthl v
komplexu s proteinem Bmhl (kvasinkova forma proteinu 14-3-3). Vysledky odhalily, ze
vazba proteinu Bmhl vyvolava pteskupeni molekuly Nthl se zménami ptedevsim v tzv.

“EF-hand“ podobném motivu, ktery je nezbytny pro aktiva¢ni proces.



Abstract

Some proteins require presence of their specific ligand, cofactor or prosthetic group for
their activity. Binding of this specific molecule can cause conformational changes which
permit to perform their function. In some occasions the identification of conformational
changes could be really challenging task. In this thesis we describe the novel approach for
monitoring structural changes in proteins using chemical cross-linking and high resolution
mass spectrometry and its application on model calmodulin system. It is demonstrated that
analysis using isotope-labelled cross-linking agents enabled us to get insight into the
structural rearrangement caused by presence or absence of the protein ligand. However, it
is shown that the method has potential drawback due to limited enzymatic proteolysis.

The novel approach that also makes it possible to quantify the changes in protein
structure was used together with other methods for characterization of the neutral trehalase
Nthl in complex with Bmh1 protein (yeast isoform of protein 14-3-3). The results revealed
that Bmh1 induce structural rearrangement of Nth1l molecule with changes within the EF-

hand like motif which is essential for the activation process.
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ABBREVIATIONS

AP-MALDI  Atmosperic pressure - Matrix-Assisted Laser Desorption/lonization
BDP-NHP  Biotin Aspartate Prolin-PIR-N-hydroxyphtalimide

CCS Collision Cross Section

CD Circular Dichroism

CID Collision Induced Dissociation

DSG DiSuccinimidyl Glutarate

DSS DiSuccinimidyl Suberate

ECD Electron Capture Dissociation

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

EM Electron Microscopy

ESI ElectroSpray lonization

ETD Electron Transfer Dissociation

FTICR Fourier Transform lon Cyclotron Resonance

FPOP Fast Photochemical Oxidation of Proteins

H/D Hydrogen/Deuterium

ICAT Isotope-Coded Affinity Tags

IM-MS lon Mobility Mass Spectrometry

IRMPD InfraRed Multiphoton Dissociation

LC Liquid Chromatography

MALDI Matrix-Assisted Laser Desorption/lonization

MS Mass Spectrometry

MS/MS Tandem mass Spectrometry

NMR Nuclear Magnetic Resonance

PIR Protein Interaction Reporter

PKA CAMP-dependent Protein Kinase

RP-HPLC Reverse Phase High-Performance Liquid Chromatography
SDS-PAGE PolyAcrylamide Gel Electrophoresis in presence of Sodium Dodecyl Sulfate
TOF Time Of Flight

X-Ray Roentgen crystallography



Introduction

1 INTRODUCTION

1.1 Protein structure and methods of its determination

1.1.1 Proteins and their role in metabolism

Proteins are one of the building blocks of body tissue. They like other biological
macromolecules (biomacromolecules) are essential parts of organisms and participate in all
biological processes within cells. Proteins have many crucial roles in all living organisms
ranging from bacteria and viruses, through fungi to plants and animals including humans.
They function as catalysts, transporters and storage of other molecules as well as provide
immune response, generate movement, transmit nerve impulses or control growth and
differentiation. [Berg 2002, Whitford 2005].

Proteins are linear polymers that are formed from amino acids. The individual
amino acid residues are linked with adjacent residues by peptide bond into long chains
(called polypeptides). Although all proteins are composed of the only 20 (excluding
selenocysteine and pyrrolysine) L-a-amino acids, these molecules are very complex and
differ in size, number of subunits, function and other properties. In addition, proteins could
be posttranslationally modified (phosphorylation, glycosylation, disulphide bonds etc.) or
covalently/noncovalently bound to other molecules (iron ions, organic molecule, heme
group etc.). Each of these modifications can alter chemical and physical properties,

stability, activity and ultimately folding and function of proteins [Berg 2002, Voet 2011].

1.1.2 Protein structure

After unravelling the sequence of the genome in many organisms, the number of known
proteins rapidly increased. However, most of their structures are still unknown.
Unfortunately, the determination of the amino acid sequence is not sufficient for
elucidation of three-dimensional protein structure. In terms of structure the above noted
amino acid sequence (order of residues in polypeptide chain) is called as “primary
structure”. Folding of polypeptide chain into regular structure such as alpha helix, beta
sheet, turn or loop is denoted as “secondary structure” and the overall shape of single
molecule is referred as “tertiary structure”. If protein assembly consists of more than one
molecule then the spatial arrangement of all subunits is referred to as ‘“quaternary
structure” (Fig. 1) [Berg 2002, Voet 2011].

10
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Primary Protein structure
sequence of a chain of
animo acids

Secondary Protein structure
hydrogen bonding of the peptide
backbone causes the amino
acids to fold into a repeating
pattern

Tertiary protein structure
three-dimensional folding
pattern of a protein due to side
chain interactions

Quaternary protein structure
protein consisting of more
than one amino acid chain

Fig. 1: Different levels of protein structure [Boundless 2014].

Physiological function of proteins in organisms is directly dependent on their three-

dimensional structure and therefore elucidation of protein structure may also uncover its

physiological function. This is reason why the research of protein structures and

development of methods for its determination is still an attractive scientific field.
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1.1.3 Determination of protein structure

A number of methods have been employed to address the question of tertiary protein
structure, and as a consequence, the mechanisms of complex formation. The most often
used techniques are X-ray crystallography (also called Roentgen crystallography) [Parker
2003], and Nuclear magnetic resonance spectroscopy (NMR spectroscopy) [Mittermaier
2006].

X-ray crystallography is a method that helped in solving the three-dimensional
structure of proteins in a crystal at atomic level. Its principle is based on the diffraction of
X-ray beam on the crystal atoms. The positions of individual atoms in the crystal are
determined from the picture of electron density, which is produced by measuring the
intensities and angles of diffracted beams. The protein crystal is bombarded with a focused
monochromatic X-ray beam, producing a diffraction pattern of “reflections” (regularly
spaced spots). The final three-dimensional model of electrons within the crystal is
converted from the two-dimensional images taken at different rotations using Fourier
transform. X-ray crystallography can provide detailed information about protein complexes
but it is difficult to use for analysing large protein assemblies. Also, complexes cannot be
always reconstituted from recombinant components. A considerable disadvantage of this
method is crystal preparation that requires large volumes of highly concentrated protein
and usually takes a lot of time. Moreover, crystals hardly represent a natural solution
environment [llari 2008, McPherson 1990].

NMR spectroscopy is another method which can be used for determination of tertiary
structure of the proteins. It relies on the phenomenon of nuclear magnetic resonance in
which electromagnetic radiation energy is adsorbed and re-emited by nuclei which have
nonzero spin number and which are placed in a strong magnetic field. The radiation energy
Is used at a specific resonance frequency (usually 400-1000 MHz) which depends on the
strength of the applied magnetic field and the magnetic properties of the studied atoms.
The nuclei under study are isotopes that have an intrinsic magnetic moment and angular
momentum (nonzero spin) for example *H or *C. In contrast to X-ray crystallography,
NMR spectroscopy can provide detailed information not only about the structure of
molecules but also about their dynamics and reaction states in solution. Unfortunately, the
interpretation becomes difficult with the increasing size of the molecules or protein
complexes. Although larger structures have been solved, structure determination using

NMR spectroscopy is usually limited to proteins or protein assemblies smaller than 40
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kDa. Considerable amounts of material that have to be isotopically labelled are required,
and the resulting structure is an average of various conformations that might exist in
solution, which significantly reduces the quality of the information [Marion 2013,
Markwick 2008].

Due to limitations of the above described techniques, alternative methods are
increasingly used. They include, e.g., cryo-Electron Microscopy (cryo-EM) [Milne 2013],
Small-Angle X-Ray Scattering (SAXS) [Glatter 1982], InfraRed Spectroscopy (IR
spectroscopy) [Barth 2007], Surface Plasmon Resonance (SPR) [Schuck 1997],
thermophoresis [Jerabek-Willemsen 2011], analytical ultracentrifugation [Schuck 2003] or
mass spectrometry (MS) that cannot give information about positions of all atoms but can
provide information about shape, interaction partners, solvent accessibility or distance
constraints between atoms of studied molecule[Kaltashov 2013]. However, from the above
mentioned methods only mass spectrometry techniques represent efficient strategy to study
the tertiary structure, different conformation states and dynamics of proteins together under
physiological conditions. Moreover, mass spectrometry has a very low consumption of
sample and time the required for data interpretation is very short [Sinz 2007, Schmidt
2014].

1.2 Characterization of proteins by mass spectrometry

1.2.1 Principle of mass spectrometry

Mass spectrometry is an analytical method that is used to study chemical substances in
miscellaneous types of sample. That is why it has spread to the various scientific
disciplines. The analytes are during the MS process are ionized, separated in electric and
magnetic field and finally detected. From this it is apparent that ionization, separation and
detection are crucial processes for this analytical technique and therefore each of them will
be described in detail later. For individual ions in the gas phase, mass spectrometers
accurately measure so called “mass-to-charge (m/z) ratio” where m represents the ion’s
mass and z represents its charge. The result of mass spectrometry measurement is a plot in
which m/z ratio is on the x-axis whereas on the y-axis is abundance of measured ions.

These plots are called mass spectra [Dass 2007].

13
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1.2.2 Ion sources

The first necessary step in mass spectrometry is ionisation (conversion of analytes into gas
phase ions) that occurs in ion source. Nowadays there exists a plethora of ion sources each
of which is suitable for a specific application. One of from the commonly used ionisation
technique is Electron Impact (EI). El is performed by volatilizing analyte directly in the
source that is directly linked to the analyser. During the ionisation process the molecules of
samples in gas phase are bombarded by a beam of electrons that is directly formed by
heating a filament bias at a negative voltage compared to the source. The beam of electrons
is accelerated to 70 eV. Positive molecular ion is formed by removing electron from the
highest energy orbital. The series of fragment and radical ions are produced in addition to
the molecular ions. The molecular weight of analysed sample can be determined whereas
from the fragment ions can be determined the structure of sample. El is typically used for
GC-MS analyses. The big disadvantage of El is the fact that it cannot be used for
ionisation of biomacromolecules [Dass 2007].

1.2.3 Soft ionisation techniques

Although the beginnings of mass spectrometry go back to the end of nineteenth century,
the soft ionization techniques for the identification of biomolecules were invented at the
end of the twentieth century [Fenn 1989, Karas 1988, Tanaka 1988]. Nobel Prize was
awarded for invention of these ionisation techniques in 2002. Only soft ionization
techniques such as ElectroSpray lonization (ESI) and Matrix-Assisted Laser
Desorption/lonization (MALDI) enable the transfer of the high mass biomolecules into
ions in the gas phase without undesirable fragmentation. Into the group of soft ionization
techniques belong also Fast Atom Bombardment (FAB), Atmospheric Pressure Chemical
lonization (APCI) or Atmospheric Pressure Photo-lonization (APPI).

The mechanisms of the two main soft ionisation methods are completely different. In
the ESI, the liquid, which contain the studied substance, is dispersed by electrospray into
an aerosol. This very fine aerosol is sprayed into the vacuum space using a thin capillary
which carries a large potential difference (approximately 3000 eV) and which can also be
heated to increase evaporation of the solvent from creating droplets (Fig. 2). The size of a
charged droplet is steadily decreasing via solvent evaporation to the point when the droplet
reaches the so-called Rayleigh limit. At this moment the electrostatic repulsion becomes

more powerful than the surface tension that causes that the droplet holds together. This

14
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action leads to Coulomb fission and when the original droplet is broken, forming many
smaller but more stable droplets. The new smaller droplets continue in decreasing their size
and the process of Coulomb fissions is repeated until the point when the solvent is
completely evaporated [Fenn 1989]. The common solvents for ESI are mixtures of water
with methanol, acetonitrile or other volatile organic compounds. Volatile substances are
used because the ion formation is connected with intensive evaporation of the electrospray
solvent. Because with increasing conductivity of the solvent the size of droplet decreases,
organic acids (formic acid, acetic acid etc.) in positive mode or bases (ammonium, urea
etc.) in negative mode are usually added to the electrosprayed solution. In addition, the
acids and bases are an essential source of protons to facilitate the ionization process. To
increase sensitivity modern mass spectrometers are equipped with nanospray, i.e.
electrospray with a thinner capillary adapted for lower flow rates [Wilm 1994, Wilm
1996]. ESI has many various applications; however, it is typically used for the study of
biomolecules in cases when the mass spectrometry is combined with separation by liquid
chromatography [Chaurand 2012, Inutan 2012]. In terms of mass spectrometry ESI could

be combined with various types of mass analysers.

A) TAYLOR SOLVENT IONIZED
CONE EVAPORATION PEPTIDES
FLOW FROM
LC SYSTEM e 2%
P & FF
I T B B F ®
268 2aa0l, Fal Potee S I NI 4 TO

¥
F &
*

P +\‘ * ANALYZER

Fig. 2: Principle of ESI (ElectroSpray lonization) [Demartini 2013].

In the case of MALDI, the sample is first mixed with a solution of a suitable matrix
and dried on a special plate. The resulting crystallized mixture is irradiated by laser which
leads to the ablation and desorption of the matrix (including sample) that absorbs the
energy of the laser (Fig. 3). Finally, molecules of the sample are ionized by de/protonation
in the hot plume of ablated gases. The de/protonation occurs due to the transfer of charged
particles from the matrix to the sample. [Knochenmuss 2003, Dreisewerd 2003, Karas

2003] Unfortunately, the detailed mechanism is still unclear. Forming charged ions are
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accelerated by high electric

. . MALDI PLATE FOCUSING
field into mass analysers SAMPLE + MATRIX LENSES

where are further processed.

MALDI ionisation occurs in @0

vacuum. However, an °2 @ TO
atmospheric pressure-MALDI @if °® ANALYZER
(AP-MALDI) technique ®

recently described shows the ©

MALDI can operate also ekt )

under atmospheric pressure.
Fig. 3: Principle of MALDI (Matrix-assisted laser

Unfortunately, the process of desorption ionisation) [Demartini 2013].

ionisation in AP-MALDI is
less effective than in vacuum MALDI and therefore this ionisation is not commonly used.
As it is apparent from the above facts, the selection of the matrix is a crucial step. The
suitable matrices are selected so as strongly and efficiently absorb the laser energy and
crystallize with samples without side reaction. They are mostly low mass aromatic acids,
for example a-cyano-4-hydroxycinnamic acid (CHCA) or 2,5-dihydroxybenzoic acid
(DHB) that cannot to evaporate during the sample preparation. MALDI commonly
employs the use of UV lasers such as nitrogen lasers (337 nm), Nd:YAG lasers (266 nm
and 355 nm) or IR lasers such as Er:YAG lasers (2.94 mm) and CO; laser (10.6 mm). In
contrast to ESI that produces multicharged ions, MALDI mostly produces positive or
negative ions with one or two charges, which simplifies data interpretation. Typical
molecular ions are [M+/-H]*" or [M+Na]". The relative advantage of MALDI over ESI is
the purity of studied samples because the presence of contaminants (salts, detergents) in
electrospray significantly decreases the sensitivity of measurement and contaminants also
could form adducts with the sample. MALDI is mostly combined with mass analysers with
a wide mass range such as TOF (Time of flight) [Aeberslod 2003]. MALDI-TOF and
MALDI-TOF/TOF instruments are useful and powerful tools for peptide fingerprinting and
proteomic applications generally. Modern mass spectrometers with high resolution

(orbitrap, FT-ICR) are usually equipped for both ionisation techniques ESI and MALDI.
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1.2.4 Mass analysers

Generally, mass analyser is a component of mass spectrometer which separates the ions in
vacuum according to their m/z ratio. As previously described, the suitable combination of
ion source with mass analyser is a necessary step to achieve satisfactory results. The
parameters describing analyser characteristics are resolving power (ability to distinguish
signals for samples with similar m/z value), mass accuracy (ability to determine correct m/z
value to the signal), m/z range (range of m/z values that can be measured by analyser),
linear dynamic range (range over which the signal of an ion is linear with analyte
concentration) and acquisition speed (time necessary for measurement; its value is

specified in Da/s, Hz or number of measurements) (Table 1) [Holcapek 2012].

Table 1. Common parameters of mass spectrometers used in LC-MS [Holcapek
2012].

Mass analyser | Resolving power | Mass accuracy m/z range Acquisition Linear dynamic
type [x107] (ppm) [x10°] speed (Hz) range
Q 3-5 Low 2-3 2-10 10°-10°
T 4-20 Low 4-6 2-10 10*-10°
TOF 10-60 1-5 10-20 10-50 10*-10°
Orbitrap 100-240 1-3 4 1-5 5 x 10°
ICR 750-2500 0.3-1 4-10 0.5-2 10*

Q - quadrupole analyser, IT - ion trap, TOF - time of flight, ICR - ion cyclotron resonance

The principle of ion separation is different for each mass analyser. With sector mass
analysers the path and/or velocity of the charged particles are affected using an electric
and/or magnetic field. The trajectories of the ions are bent according to their m/z ratios.
The electric field plays a crucial role also in quadrupole mass analysers because oscillation
of electric field is used to affect ions passing through a 4 parallel rods (at any time one pair
is positive and the other negative) between which a radio frequency field is also formed.
Quadrupole mass analyser works as selective mass filter. Only the ions with certain m/z
value are passed through the field at a defined potential and frequency on the rods. Similar
principles as quadrupole are employed by ion traps (linear ion trap, cylindrical ion trap)
that differ only in the arrangement of the system. Other mass analysers, TOF and Fourier
Transform - lon Cyclotron Resonance (FT-ICR) [Comisarow 1974] were used for the

measurement of proteins in this Ph.D. thesis and therefore will be described in detail.
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TOF mass analyser uses an electric field to accelerate the ions through the same
potential, and then measures how long it takes to travel from the source to the detector
(Fig. 4) [Stephens 1946]. The separation is based on the kinetic energy and velocity of the
ions in a drift tube. lons of the same charges have equal kinetic energies; therefore their
velocities will therefore depend only on their masses. lons with low m/z reach the detector
faster than ions with high m/z. The time, which the ions spend in drift tube is in the range
of ns-pys. TOF analysers, which are typically used with MALDI, have theoretically
unlimited m/z range, very high sensitivity and mass accuracy, but a limited dynamic range
and not so high resolving power. The resolving power can be increase if the TOF
instrument is equipped with a reflector. The reflector is an ion mirror with constant
electrostatic field that is attached to drift tube and that reflects the ion beam toward the
detector. The reflector is used to correction of kinetic energy distribution. lons with same
m/z value and different Kinetic energy spend a different time in the reflector. lons with
higher kinetic energy penetrate deeper into the reflector, and thus take longer path to the
detector. Arrangement of TOF mass spectrometer with reflector is beneficial by increasing
the ion flight path.

U ’
T TOF mass analyzer = URef
Uacc —I | i
A PN PN
.
Sample |
plate [ Ay
MALDI
ion source

Detector Reflector

Fig. 4: Scheme of MALDI-TOF instrumentation with reflector. Grey and black dots
represent ions with same m/z value and different kinetic energy (“black ions” have
lower kinetic energy). [Hirsch 2004].

lon Cyclotron Resonance with Fourier transform for measuring m/z value uses the
movement of ions in a magnetic field. The ions are accelerated and trapped into a Penning
trap (a static electric/magnetic ion trap) where they are effectively excited at their resonant

cyclotron frequency. The excitation is caused by an oscillating electric field which is
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orthogonal to the magnetic field. Excited ions move in a circular path with increasing size
of the orbit. The m/z value is determined by detecting the image current produced by
cyclotroning ions. Detectors at fixed positions in space measure the electrical signal of ions
which pass near them over time, producing a periodic signal. The frequency of an ion's
cycling is determined by its mass to charge ratio [Comisarow 1974]. Final mass spectrum
(frequency- domain spectrum) is obtained from current image (time domain signal) by
performing a Fourier transform (Fig. 5) [Marshall 1998, Marshall 2002, Heeren 2004].
FTICR is a mass analyser with high sensitivity, highest resolving power and thus

outstanding mass accuracy [Marshall 2000]. In addition, FTICR is a non-destructive mass

analyser.
induced current
detector plates
- Fourier Mass >
excitation W%Nhansfom | Correction |
plates
time-domain frequency-domain Mass Spectrum
‘ spectrum spectrum

|

oscillating R-F electric field l

Fig. 5: Principle of FT-ICR mass analyser. [Dunnivant 2014].

Hybrid mass spectrometers consisting of two or more different types of analysers are
often used in order to improve device characteristics. Arrangement of at least two mass
analysers in series also allows us to carry out MS/MS experiments due to which we can
determine the amino acid sequence of peptides and determine the exact location of a
modification. The principle of tandem MS is fragmentation of analyte ions, mostly due to
collisions with inert gas. The first step of MS/MS experiments is a selection of an ion with
certain m/z whose fragmentation spectrum we would like to acquire. This so-called

precursor ion is subjected to fragmentation using any of the many techniques and
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subsequently the spectrum of ions, which are formed from a selected precursor, is
subsequently measured. The MS/MS spectrum contains characteristic signals for a series of
complementary ions. Mostly it is possible to see b- and y- ions because fragmentation
occurs preferably at the peptide bond (Fig. 6). Each signal from b- or y- ion series
corresponds to loss of one, two, three etc. amino acids from the peptide C- or N-terminus
[Aebersold 2003]. The presence of the amino acid can be determined based on the
differences in the value of m/z between two consecutive y- or b-fragments can be

determine. « vz

Commonly  used  fragmentation )
techniques are  Collision  Induced H:NW)L /J\ i
Dissociation (CID) [McLuckey 1992, H \r
Paizs 2005], Electron Capture R © R ©
Dissociation (ECD) [Zubarev 2008] a, b ¢ a b ¢
Electron Transfer Dissociation (ETD)

[Coon 2009]or InfraRed Multiphoton
Dissociation (IRMPD) [Little 1994].

=
e
.

Fig. 6: Fragmentation of precursor ion
during MS/MS analysis.

1.3 Mass spectrometry techniques for structural biology

In order to study protein (or generally biomacromolecules) three-dimensional structure,
shape, dynamics and interaction of proteins in solution, mass spectrometric approaches
seem to be a promising technology where a standard high resolution technique fails. These
mass spectrometric approaches can be divided into techniques such as native mass
spectrometry and ion mobility, which are not based on covalent modification, and into
techniques which use covalent modification. The techniques which are based on covalent
modification can be further divided to methods which can be used to monitor changes of
protein backbone such as hydrogen/deuterium exchange, and methods which can be used
to monitor changes of protein side chains such as covalent labelling or hydroxyl radical
labelling. Results obtained from mass spectrometric approaches do not represent spatially
high resolution data but can form a basis for generating three dimensional models,
mapping protein interaction interface/landscape or refinement of earlier resolved
structures, and thus indirectly lead to the elucidation of physiological function
[Konijnenberg 2013,Konermann 2014].
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1.3.1 Native mass spectrometry and ion mobility

Native mass spectrometry is a relatively new approach for determining intact structure of
biomacromolecules and their complexes in the gas phase in the near-native state. The basis
of this expanding approach is the theory that the structure of molecules in solution can be
identical to their structure in the gas phase [Wyttenbach 2011, Skinner 2012].. The theory
is based on previously published papers and studies describing that overall size of a studied
molecule and its noncovalent interactions can be conserved in the gas phase. Overall, it is
apparent that biomacromolecular ions after desolvation in electrospray can be preserved in
a state of local energy minimum under properly optimized conditions the molecular
structure retains short-time (in millisecond range common for native MS experiments)
stability in properly optimized conditions. Even so it is undisputed that in some cases the
transition of biomacromolecules from physiological conditions in solution to the gas phase
can affect the native assembly of the studied molecule or complex. For successful native
MS it is necessary to perform nanoESI ionization of the sample in a suitable volatile buffer
such as ammonium acetate. The characteristic feature of protein conformation in native
MS is different distribution of charge states. ESI-MS spectra with higher charge states of
ions (lower m/z) are typical for unfolded or unstructured proteins because their backbone is
more accessible to solvent [Kaltashov 2005]. Opposite are ESI-MS spectra of proteins with
native conformation in the gas phase in which lower charge states are presented. Based on
the distribution of charge states it is therefore possible to study the dynamics of proteins
[Robinson 2007, Robinson 2011].

Additional structural information can be obtained by combining native MS and ion
mobility (IM-MS, lon Mobility Mass Spectrometry) [Bohrer 2008]. The IM-MS
investigates the movement of ions in an electric field in the presence of inert gas. The
behaviour of ions in an inert gas is characterized by their effective Collision Cross Section
(CCS). Via the CCS IM-MS provides information about the size and shape of the analysed
biomacromolecules. Noncovalent complexes can be dissociated into individual
components using fragmentation techniques in the gas phase. After dissociation, the
effective CCS for individual subunits of a complex can be also determined. Subsequent
comparison of CCS for the complex and for individual subunits can provide valuable
information about the composition and stoichiometry of protein complexes [Sobott 2003,
Hyung 2009].
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1.3.2 Hydrogen/deuterium exchange

One of the first techniques which utilized covalent modification of proteins for their
structural study was hydrogen/deuterium exchange. In the early period, this method was
frequently combined with NMR. However, currently it is mostly connected with mass
spectrometry, which has several advantages (low sample consumption, no size limitation
and rate of interpretation) over NMR. Indeed, the H/D exchange is a time-resolved
monitoring of replacement of covalently bonded hydrogen atoms by deuterium atoms and
vice versa. The source of deuterium in solution is D,O solvent in which the studied protein
is located. Exchange rate depends on the accessibility of the solvent and the involvement
of hydrogen atoms in the hydrogen bonding, which are the main stabilizing factors of the
protein secondary structure. H/D exchange represents a very gentle method, since
replacement of deuterium atoms for hydrogen has no effect on the tertiary structure. Amide
hydrogens which are part of the polypeptide backbone are monitored during the H/D
exchange. Hydrogen atoms of functional groups in the side chains are also replaced by
deuterium atoms, but their exchange rate is very high and therefore cannot be detected
during the measurement. On the contrary, hydrogen atoms of the peptide bond are
exchanged very slowly and this is the reason why the exchange also cannot be detected

during the measurement. This technique | | L

provides information about the surface
accessibility of studied molecules [lacob 2013,
Konermann 2011]. Based on the obtained data,

it can be deduced which part of the molecule is

los(K} (’sec" 3
(s8]
]
T

in the interaction with a ligand or which part of 0 - -
the molecule changed its conformation. A big 2 _

disadvantage of H/D exchange is the so called

back exchange. Back exchange is a o 2 4 6 8 10 12 4
pH

phenomenon in which deuterium atoms are back ) o
Fig. 7: A plot describing the

dependence of exchange rate
pH of solution have a crucial effect on back constant  on reaction  pH
[Bai 1993].

replaced by hydrogen atoms. Temperature and

exchange (Fig. 7).
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The dependence of the exchange on pH rate can be expressed by the equation
k, = ky+107P° + koy-10PP7PKD) 4 |y o

where k; is the rate constant of exchange, Kp represents the constant of D,O dissociation,
pD is pH value correlated for deuterated buffer, ky+ and kop. are rate constants for acid and
base catalysis, kmo IS a rate constant of exchange catalysed by water [Bai 1993].
Temperature dependence for a model peptide at 20°C can be expressed by the equation

~zal7 553

k. (T)=Fk/(293)e F
where k; is the rate constant of exchange, T represents reaction temperature, Ea is
activation energy of reaction and R is universal gas constant. The above equation implies
that the Kkinetics of replacement is the slowest at 0°C and pH 2.5-3.0 (Fig. 7) [Bai 1993].

1.3.3 Covalent labelling and hydroxyl radical labelling

Covalent labelling (also referred to as “footprinting”) is a technique that provides
information about the solvent accessibility of side chains. Exposed regions can react with a
covalent probe, whereas regions inside the molecule are protected. Side chain
modifications formed during covalent labelling are highly stable and therefore the back
exchange is not possible. Unfortunately, interpretation of acquired LC-MS spectra can be
complicated because digestion of labelled peptides can be altered and also differentially
labelled peptides are eluted from the LC system at different retention times.

A really broad range of chemical probes have been developed during the last twenty
years including isotope-coded affinity tags (ICAT) or probes that can absorb UV light
pulse, thus enabling the specific photo-dissociation of labelled peptides. Beside the
determination of structure and interactions of proteins and protein complexes, the covalent
labelling techniques have been successfully applied for exploring nucleic acids.

A special type of covalent labelling is labelling by hydroxyl radical (¢*OH). Hydroxyl
radical labelling utilizes the highly reactive *OH which causes oxidative modifications of
solvent exposed side chains. Although hydroxyl radical react with all types of residues,
sulphur-containing and aromatic residues react significantly faster than aliphatic or

negatively charged side chains (Chyba! Nenalezen zdroj odkazi.).
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Table 2. A list of reaction rates of

hydroxyl radical labelling for all

amino acid residues [Chen 2012].

HO~

substrate  rate (M~1s7}) pH
Cys 3.5 x 1010 7.0
Trp 1.3 x 10 6.5—8.5
Tyr 1.3 x 1010 7.0
Met 8.5 x 10° 6—7
Phe 6.9 x 10° 7-8
His 48 x 10° 1.9
Arg 3.5 x 10° 6.0—-7.5
cystine 2.1 x 10° 6.5
Ile 1.8 x 109 6.6
Leu 1.7 x 10° ~6
Val 8.5 x 108 6.9
Pro 6.5 x 10 6.8
Gln 5.4 x 108 6.0
Thr 5.1 x 108 6.6
Lys 3.5 x 10° 6.6
Ser 3.2 x 10° ~6
Glu 2.3 x 108 6.5
Ala 7.7 x 107 5.8
Asp 7.5 x 107 6.9
Asn 4.9 x 107 6.6
Gly 1.7 x 107 5.9

Introduction

The reaction rate is naturally affected by
ambient conditions (pH, temperature etc.). Various
methods can be used for *OH formation; for
example, synchrotron radiolysis [Wang 2011],
y-irradiation [Schorzman 2011], pulsed electron
beams, electrochemical flow cells or FPOP (Fast
Photochemical Oxidation of Proteins) [Chen 2012].
In the case of FPOP, *OH is produced by UV laser
photolysis of dilute H,O, inside a continuous-flow
capillary tube. Labelling by *OH is extremely fast.
It has been estimated that oxidation occurs on a
microseconds and is thus faster than most
conformational changes. Therefore FPOP provides
the opportunity to gain insight into the structures of
short-lived folding intermediates (Fig. 8). However,
this approach can also be used for monitoring
protein—protein interactions, protein—DNA

complexes, epitope mapping or integral membrane

protein studies [Fabris 2012, Konermann 2010, Kiselar 2010, Takamoto 2006].

normalized ox. level

1

—_—
-08 08-06 06-04 04-02 02-0

Fig. 8: Structural changes of myoglobin folding measured by fast photochemical
oxidation of proteins. Level of myoglobin oxidation was visualized onto the protein
crystal structure using a five colour code. Red corresponds to unfolded structure
whereas blue represents segments with native structure [Konermann 2014].
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1.3.4 Chemical cross-linking

Another method which is based on the covalent modification of proteins and is combined
with mass spectrometry is chemical cross-linking. The principle of chemical cross-linking
is the formation of a covalent linkage between two amino acids which are located close
together in the spatial assembly within one or two molecules [Sinz 2005, Young 2000].
This technique allows determining the intra- and inter-molecular distances and plays an
important role in refining the already proposed structural models [Lasker 2012, Rozbesky
2012] The conversion of distance constraint information into molecular structures is made
possible due to a mathematical technique called distance geometry. Distance geometry,
which was introduced for structural purposes by Crippen and Havel remains an important
method for deriving structures from NMR studies in solution and for homology modelling
[Havel 1979, Crippen 1988]. However, alternatives such as constrained molecular
dynamics can also be utilized.

In general, chemical cross-linking reaction is a process forming a covalent bond
between functional groups of amino acids using a cross-linking agent. Cross-links (forming
bonds) are created only if the distance between modified amino acids approximately
corresponds to the length of the cross-linking agent. It is possible to get information about
the distances from all areas of studied molecule via appropriately selected cross-linking
agents with different length and functional specificity. Cross-linking experiments have to
be thoroughly planned to avoid unwanted side reactions, agent hydrolysis or change of
native structure and to achieve a maximum yield of the anticipated cross- linked products.
Therefore, the optimization of reaction conditions (molar excess of agent over protein,
concentration of protein and agent, buffer, pH, incubation time) is always a necessary and
crucial step [Sinz 2005]. In combination with mass spectrometry, chemical cross-linking
represents an established and powerful tool for elucidation of three-dimensional structure
of biomacromolecules, their complexes and interaction partners. Chemical cross-linking is
a fast procedure with low material consumption that represents a low resolution alternative
to X-Ray crystallography and NMR: In addition, the reaction occurs under physiological

conditions in solution and there is not any limitation for the size of the studied molecule.
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Cross-linking agents

Hundreds of cross-linking agents have already been described in the literature and most
used agents are also offered commercially. However most of them utilize common organic
chemical principles that can be reduced to a few primary reactions. Reactions of the most

common cross-linking agents with functional groups are shown in the Fig. 9.
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Fig. 9: Reactions of some of the most common functional groups in cross-linking
reagents. (1) N-hydroxysuccinimide (NHS) esters, (2) imidoesters and (3)
carbodiimides [Sinz 2003].

Cross-linking agents can be divided according to the number of reactive groups into
bi- or polyfunctional agents. The two reactive groups of bifunctional reagents can be
chemically inducible, photoactivatable or both. If the functional groups of the cross-linking

agent are different then the gents are called heterobifunctional whereas if the reactive
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groups are identical, we speak about homobifunctional reagents. Polyfunctional cross-
linking agents are a relatively new group of agents, possessing more than two reactive
groups. The polyfunctional cross-linker approach comes from the concept of the
heterobifunctional cross-linkers with the an additional third functional group that is able to
link specifically to a protein or be used for affinity purification of the cross-linking
products in case the affinity moiety is incorporate. Generally, the design of cross-linking
agents is very similar. Bi- and polyfunctional agents consist of a minimum of two reactive
groups that react with functional side chain groups of amino acids and that are connected
with a carbon chain spacer (arm, linker) whose length indirectly determines the maximum
distance between modified residues. It is possible to predict the maximum distance Ca-Ca
restrains by summing the length of the agent spacer a double length of connected residues.
An exception is represented by zero-length cross-linkers which does not contain any
carbon spacer and directly connect two side chains without any additional atoms.

Cross-linking agents can be further divided into two groups. The first group consists of
agents whose reactivity is modulated by the presence of functional groups in the molecule.
Reactive functional groups include for example primary amines, carboxylic acids or
aldehyde groups. Representatives of this group are also NHS (N-hydroxysuccinimide)
esters which were used in this thesis and will therefore be described in more detail later.
The second class of agents includes the so-called photoactivatable agents whose reactivity
can be induced by ultraviolet irradiation pulse. The most popular types of photosensitive
agents are aryl azides [Sinz 2003].

Many improvements of chemical cross-linking strategy have been introduced in last
decade. For example, to simplify identification of cross-linking reaction products, new
types of agents were developed such as isotopically labelled agents which result in specific
peak patterns [Fisher 2013]Jor CID cleavable cross-linkers which can generate easily
recognizable peak patterns as well. Other new agents include cross-linkers with affinity
tags that enable the enrichment of cross-linker-containing digestion products [Lutz 2012].

A very promising alternative is cross-linking using photoactivatable amino acids
(photo-lle, photo-Leu, photo-Met) [Haladova 2012, Ptackova 2014]. Due to their structural
similarity to natural amino acids, photoactivatable analogues may be incorporated directly
into the structure of the protein during recombinant expression. In terms of reaction

mechanism the analogues behave as a photo-reactive zero length cross-linkers. After
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irradiation with UV light the diazirine groups is converted to form a highly reactive
carbene radical which covalently bonds to any amino acid residue in its vicinity.

Another really challenging approach is the application of cross-linking studies in vivo
in which experiments are performed directly within cells [Bruce 2012]. The primary
advantage of in vivo technology that distinguishes it from other available methods is the
capability of concurrently mapping protein-protein interactions and their binding interfaces
in native biological systems. An obvious challenge with such cross-linking studies is that
the bifunctional reagents have to be able to penetrate into subcellular compartments
without causing major physiological perturbations. So-called PIR (Protein Interaction
Reporter) cross-linking agents were developed for this purpose. The most commonly used
PIR cross-linker is BDP-NHP (Biotin Aspartate Prolin-PIR-N-hydroxyphthalimide) [Bruce
2012, Chavez 2013].

NHS esters

N-hydroxysuccinimide (NHS) esters belong into the group of the most popular agents and
therefore were also used for experiments presented in this thesis. Generally, NHS esters
react with primary amines; hence thus they interact with the e-amino group of lysine or the
N-terminus in the protein structure. Unfortunately, their selectivity is not high. Depending
on the reaction pH of these agents can also react with hydroxyl groups of tyrosine, serine
and threonine. NHS esters are soluble in an aqueous environment where they rapidly
hydrolyse to form carboxylic acids which are not reactive. pH optimum for the
modification of primary amines by these agents is from 7 to 9. Because of the reaction
principle it is necessary to use pH buffers that do not contain any primary amines. A
typical representative of NHS esters is disuccinimidyl glutarate (Fig. 10) that allows the
connection of primary amines in the range from 3.1 to 7.7 A. Another frequently used
crosslinking agent is disuccinimidyl suberate, which enables covalent linkage of a primary
amine in the range from 5.6 to 11.4 A. Water-soluble analogue of the above mentioned

agents are formed by modification with sulfate groups on imidyl rings.
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Fig. 10: Formulas of amine-reactive NHS esters disuccinimidyl glutarate and
disuccinimidyl suberate and their deuterated forms.

Digestion and products of cross-linking reaction

After the cross-linking reaction, the resulting mixture is mostly digested by specific
proteases and further processed via a bottom-up approach. The application of mass
analysers with extremely high resolution and mass accuracy is highly beneficial in this
context. By analysing the acquired spectra, the products of cross-linking reaction are
identified and information about the structure is gained. During a cross-linking study of
protein-protein interaction, four different types of products could be generated. (i) Dead-
end cross-link (also called monolink) is formed when the cross-linking agent reacts with
only one of its reactive groups. (ii) Intrapeptide cross-link (also called looplink) originates
from the reaction of the cross-linking agent with side chains of the same peptide. (iii)
Intramolecular cross-links represent linkage of two peptides of the same protein. (iv)
Intermolecular cross-link connections originate when the cross-linker reacts with two
peptides from different proteins. Only the intermolecular cross-link carries valuable
information about the interaction site of the studied protein complex (Fig. 11) [Sinz 2003].

meonolink looplink intramolecular intermolecular
dead-end cross-link intrapeptide cross-link interpeptide cross-link interpeptide cross-link

Fig. 11: Possible products of cross-linking reaction.
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2 AIMS OF THE THESIS

1)

2)

To develop the novel mass spectrometric approach for monitoring of conformational
changes in proteins using isotope-labelled cross-linking agent
a) To apply the novel approach on calmodulin model system.
b) To optimize the conditions for enzymatic proteolysis of cross-linking reaction

products

To characterize structure of neutral trehalase Nthl in complex with Bmhl using

chemical cross-linking and hydrogen/deuterium exchange combined with high

resolution mass spectrometry

a) To identify structural changes occuring upon the complex formation

b) To elucidate the role of the EF-hand —like motif in the 14-3-3 protein-mediated
activation of yeast neutral trehalase Nthl
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3 METHODS

The publications in this thesis describe each the used methods in detail, including all the
technical detail necessary for their reproducibility. Therefore, this chapter presents only a

list of research methods that were used in this thesis.

List of research methods:

Analytical ultracentrifugation

Circular dichroism spectroscopy

Differential scanning fluorimetry

Enzyme activity measurements

Chemical cross-linking in combination with mass spectrometry
Hydrogen/deuterium exchange in combination with mass spectrometry
Homology modelling of proteins

Protein expression and purification
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4 RESULTS AND DISCUSSION

4.1 Paper1

Chemical cross-linking combined with high resolution mass spectrometry is an established
and powerful tool for determination of three-dimensional protein structure. Unfortunately,
proteins are not static objects and molecules are continuously structural changed in
solution. Here we demonstrate the utilization of isotopically labelled chemical cross-
linking agents to monitor and quantify these protein conformation changes. The results of
this study are described in detail in attached publication (appendices 1):

Kukacka Z., Rosulek M., Strohalm M., Kavan D and Novak P.: Mapping protein

structural changes by quantitative cross-linking. Methods. (accepted)

The novel mass spectrometric approach

was demostrated on the protein | non-deuterated l deuterated
. cross-linker cross-linker
calmodulin  whose structure was well U
. Ca” Na’
characterized by X-ray and NMR. Two )
conformational states (with and without G @

calcium ions) of calmodulin were

conducted with the amine-reactive

reagents DSGd0/d4 and DSSd0/d4. The

¥
SDS-PAGE %‘@
setup of a cross-linking experiment for the \

quantification of conformational changes Digestion Digestion
in gel in solution

was different from usual cross-linking
experiments because non-deuterated and K FT-LCMS/MS? J

deuterated forms of the agents were used

X-links
separately. One form was added to the identification
protein with cofactor, while the second J,
form was added to the protein without mMass

quantification

cofactor. After quenching both reactions
Fig. 12: Workflow of cross-linking

experiment for quantification of protein
experiment is given in Fig 12. conformational changes.

were mixed. Detailed scheme of the
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Products of cross-linking reaction were
monitored by SDS-PAGE electrophoresis
where several forms of cross-linked ~17kDa
protein  monomer were observed. The gel
clearly shows that protein bands obtained by
cross-linking calcium-free calmodulin (Fig. 13,
lane 3 and 4) differ significantly from the
bands which represented cross-linked calcium-
lane 7 and 8).

Electrophoresis also showed the patterns in lane

containing state. (Fig. 13,

5 and 6 containing a mixture of calcium-free
and calcium-containing calmodulin are not
This
quantitation analysis of individual distinguished
the

identical. phenomenon prevents

bands and therefore whole region

containing cross-linked protein was analysed by
MS. Unfortunately, results revealed only a few
cross-links indicating the electrophoretic
separation hampers the comparison of two
conformers and thus it is not suitable for
quantitative

cross-linking experiments.

MM 1

Results and discussion
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Fig. 13: SDS electrophoresis of
chemical cross-linking products

M: protein marker, Lanes 1 and 2:
calmodulin control sample without
cross-linker, Lanes 3 and 4:
calmodulin cross-linked with 10/30
molar excess of mixture DSGd0/d4
(1:1) in calcium-free state, Lanes 5
and 6: mixture of calmodulin cross-
linked by DSGdO in calcium-
containing state and calmodulin
cross-linked by DSGd4 in calcium-
free state (10 and 30 molar excess),
Lanes 7 and 8: calmodulin cross-
linked with 10/30 molar excess
mixture DSGdO0/d4 (1:1) in calcium-
containing state.

However the absence of aggregates or multimeric forms of calmodulin allows digestion in

solution. Since we observed a large amount of uncleaved protein in the calcium-containing

samples (Fig. 14B) after digestion we optimized conditions for enzymatic proteolysis.

When two shots of trypsin were used and temperature was increased from 37°C to 55 °C

we achieved the almost complete tryptic proteolysis with similar total spectral intensity for

the calcium-free and calcium-containing states (Fig. 14D). However, this behaviour lead us

to conclusion the utilization of proteases with cleavage specificities different from cross-

linking agents, non-specific proteases or middle down approach in combination with

chemical proteolysis would probably be beneficial. Using subsequent LC-MS and LC-

MS/MS analysis of peptide mixture, which was not different from classical cross-linking

workflow, ten cross-links were identified.

33



Results and discussion

5 Intens.
x10 x107"

1

12+
1300.15

] L

12+
1408.25

L]
4 13+ 1+
1207.28 1536.36

.
| ,ﬂJ

D | “ N > * *

o
5 10 15 20 25 30 35 40 45 Time 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 miz
[min]

oCaNw o = N ©

Fig. 14: Comparison of LC-MS chromatograms (A) Chromatogram of calmodulin in
the calcium-free state after digestion at 55°C trypsin: protein ratio 1:10. (B)
Chromatogram of calmodulin in the calcium-containing state after digestion at 37°C
trypsin: protein ratio 1:20. (C) at 37°C trypsin: protein ratio 1:10. (D) at 55°C
trypsin: protein ratio 1:10. Zoom of the selected region corresponding to uncleaved
calmodulin. Signals originating from unmodified protein (star), protein with one
cross-linker (filled circle), and protein with two cross-linkers (square) are indicated.

In order to quantify the structural changes in calmodulin the ratio of non-deuterated to
deuterated forms of the reagents (i.e., the “quantifying ratio”) was determined for each
cross-link by using the open source software, mMass. Special function envelope fit
calculates the quantifying ratio on the basis of comparison of acquired centroid spectra

with in-silico simulation.

Table 3: Summary of identified cross-links as well as their quantifying ratios.

Peptide Modified AA  DSG Ca*:Na*  DSS Ca**:Na*
91-106x76-86 K94-K77 11:89+0 9:91+1
91-106x75-77 K94-K75 88:12+0 76:24£0
91-106x22-37 K94-K30 16:84 + 1 21:79 0
91-106x14-30 K94-K21 37631 71:29+1
75-77x22-37 K75-K30 87:13+0 51:49+2
75-77x14-30 K75-K21 87:13+0 76:24 £ 0

75-77x1-21 K75-K13 34:56 + 1 4:96 + 1
75-90 K77-K75 81:19 + 1 76:24 +0
75-86 K77-K75 60:40 + 2 71:29 + 0
14-37 K21-K30 52:48 +1 48:52 + 1
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A comparison of isotopic
envelopes for cross-linked
peptides from control samples
corresponded to the expected
isotopic pattern (i.e., the ratio of
the envelopes is 52:48 for
DSGd0/d4 and  56:44  for
DSSd0/d4). This nearly 1:1 ratio
confirmed that the measurement
and subsequent quantification of
cross-linked proteins should be
possible. In addition, data show
really good quantification
accuracy and precision. The results
from model calmodulin analysis
further revealed the quantifying
ratio of cross-linked peptide nicely
correspond to accessibility of
cross-linked  residues in that
conformation state. In the case, the
residues were equally accessible in
both conformational states, the
guantifying ratio was close to
50:50 (i.e. cross-link K21-K30)
whereas when the cross-link was
preferentially formed in calcium-
containing state the quantifying
ratio was significantly higher (i.e.
cross-link 94-75) (Table 3 and Fig.
15). Similar or opposite behaviour
was observed for all cross-links,
indicating that they were state-
specific (Table 3 and Fig. 15).

Results and discussion

\ LYS 94

Fig. 15. Structures of calmodulin with identified
cross-links. (A) NMR structure of calcium-free
state (1DMO/4). (B) X-Ray structure of calcium-
containing state (1PRW). (C) X-Ray structure of
calcium-containing state (3CLN). Side chains of
modified lysines are visualized. Lines indicate
distances between Ca atoms. The color of the lines
correspond to quantifying ratio (blue=ratio 0-30,
violet=ratio 30-70 and red=ratio 70-100).
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4.2 Paper 2

Trehalases are glycoside hydrolyses which catalyze the convertion of trehalose to glucose
in a wide range of organisms. The activity of yeast neutral trehalase Nthl is regulated
using a 14-3-3 proteins and calcium ions. The Bmhl protein (the yeast 14-3-3 isoform)
enhances the enzymatic activity of phosphorylated Nthl through an unknown mechanism.
In order to elucidate the mechanism of the 14-3-3-dependent activation of pNthlas well as
process of Nthl activity regulation, we performed a structural study of the Bmhl-pNthl
complex using CD, H/D exchange and chemical cross-linking combined with high-
resolution mass spectrometry. Results of this study are described in detail in attached
publication (appendices 2):

Macakova E., Kopecka M., Kukacka Z., Veisova D., Novak P., Man P., Obsil T.,
Obsilova V.: Structural basis of the 14-3-3 protein-dependent activation of yeast
neutral trehalase Nth1. Biochim Biophys Acta. 1830, 4491-9 (2013)

Studied proteins were prepared using heterologous expression in E. coli according
previously described protocols. Purity of samples was monitored using SDS-PAGE and
amino acids sequence and phosphorylation sites were checked by mass spectrometry
analysis.

Solvent accessibility of free Nthl and Bmhl as well as conformational changes and
interaction sites of Bmh1-pNthl complex were studied using H/D exchange. H/D data of
Nthl revealed many regions around the whole molecule (2-110 111-151 156-262, 276—
303, 412-465, 607-636, 665-712 and 738-751) whose deuteration kinetic is relatively
fast. This phenomenon suggests that these regions are solvent exposed or characterized by
high flexibility. Similarly, regions with fast deuteration kinetics (helix H6, loops between
helices H2 and H3, H3 and H4, H4 and H5, H8-H9, and the C-terminal tail) were
determined for Bmhl protein.
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Fig. 16: A) Protection plot showing deuteration level of pNthl in the presence/absence
of Bmhl. B) Protection plot showing deuteration level of Bmhl in the
presence/absence of pNthl

Comparison of results from H/D measurement of free proteins and results from H/D
measurement of complex showed significant differences in deuteration on both studied
molecule. The segments with most apparent decrease in deuteratium were 98-198, 263—
275, 307-313, 431-445, 466-489, 607—636 and 665—737 for Nthl (Fig. 16A and Fig. 17)
and 39-47, 48-61, 137-151, 152-175,184-207, 222-232 for Bmh1 (Fig. 16B and Fig. 18).
The decrease in deuterium incorporation can be interpreted as lower solvent exposure or
the change in hydrogen bonding during the complex formation, thus strongly suggesting
that these segments form the interaction surface of pNthl and/or undergo a structural
rearrangement upon Bmhl1 binding. Most of these regions are around the active site.
However, some regions with significant decrease in deuteration are even involved in
enzymatic catalysis. This behaviour confirmed the previous published studies which
predict that Bmhl binding is necessary for trehalase activation. Since active site on
trehalases is not solvent exposed, it is reasonable to speculate that the activation of Nthl
requires a conformational change that opens the active site and allows a better substrate
and product entry and departure, respectively.

Representation of regular secondary structures in molecules and structural changes of
Bmhl and Nthl upon the complex formation were verified by circular dichroism
spectroscopy. Circular dichroism measurements in far- and near UV spectra region were
performed with

reconstituted complex Bmh1l:pNthl (molar stoichiometry 2:1)
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and with individual proteins (Bmh1, pNthl and Nth1). From the measured far-UV spectra
was revealed that Bmhl molecule contains ~84% of a-helix and ~16% of random coil
regions, pNthl contains ~31% of a-helix, ~17% of B-sheet and ~52% of random coil
regions and unphosphorylated molecule of Nthl contains ~26% of a-helix, ~24% of -
sheet and ~50% of random coil regions. The comparison of far-UV CD spectra acquired
for complex and sum of spectra acquired for individual proteins did not reveal significant
difference in the secondary structure composition. However, comparison of near-UV
spectra suggests changes in tertiary structures. This phenomenon is in good agreement with
above described data from H/D exchange.

On the basis of data from circular dichroism and sequence alignment with known
crystal structures of proteins from same families, the homology models of Bmh1 and Nthl
were generated. For modelling were used the DeepView, SWIS-MODEL and PROCHECK
programs. In order to validate the homology models of individual protein, the chemical
cross-linking  experiments with amine-reactive homobifunctional agents DSG
(disuccinimidyl glutarate) and DSS (disuccinimidyl suberate) were done. The results from
cross-linking experiments show that all distance constraints of modified residues are in
length range that used cross-linking agents allow. Thus, the generated models were
experimentally validated. In addition, the homology models really well correspond to H/D
exchange results. Nth1 regions with slower exchange kinetics (307-350, 384-411, 493—
505, 532-581, and 648 660) are according the model buried in structure or involve in
regular secondary structural elements. These results imply that novel homology models

reflect real structure of proteins well.
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4.3 Paper 3

Trehalases are important highly conserved enzymes which are responsible for hydrolysis
the trehalose that serve as a universal protectant and storage carbohydrate. N-terminal
extensions of some yeast neutral trehalases contain protein kinase A phosphorylation sites
and the EF-hand like motif that are involved in the regulation of their activities. Recently,
it has been shown that the activity of neutral trehalase Nthl from Saccharomyces
cerevisiae is mediated by 14-3-3 protein that affects the conformation of the catalytic
domain as well as the EF-hand-like motif. This suggested that this motif plays an
important, although unclear, role in the regulation of Nth1. In this work, the importance of
this EF-hand-like motif located between residues 114 and 125 in the activation of Nthl as
well as structure pNthl was investigated using site-directed mutagenesis, circular
dichroism, small angle X-ray scattering, hydrogen/deuterium exchange coupled to mass
spectrometry and chemical cross-linking. Results of this study are described in detail in
attached publication (appendices 3):

Kopecka M, Kosek D, Kukacka Z, Rezabkova L, Man P, Novak P, Obsil T, Obsilova
V. Role of the EF-hand-like Motif in the 14-3-3 Protein-mediated Activation of Yeast
Nth1.J Biol Chem. 289, 13948-61 (2014)

The main goal of this work was to investigate the role of the putative EF-hand like
motif in the regulation of S. cerevisiae Nth1l. Since was recently described that the Ca?*-
dependent activation of Nthl from Schizosaccharomyces pombe is mediated by a
conserved Ca**-binding EF-hand like motif (sequence D™ TDKNYQITIED'®) which is
also present in sequence of Nthl from S. cerevisiae we performed site-directed
mutagenesis of several important residues that correspond to both conserved and not-
conserved positions from EF-hand motifs of Ca**-binding proteins. The stability and
binding of mutants to Bmh1 was monitor by using differential scanning fluorimetry (DSF)
and analytical ultracentrifugation respectively. Results from these two methods revealed no
significant changes compared to wild type pNthl. No differences between mutant and
pNthl wild were also observed from CD spectra from near-UV region. It seems that
mutants behave similar to wild type.

In previous publication, we described the Bmhl-mediated conformational changes of
pNthl and Bmh1 binding affects the structure of both the N-terminal EF-hand like motif
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and the catalytic trehalase domain. However, many proteins containing the EF-hand motif
change their structure upon the Ca?* binding, therefore the hydrogen/deuterium exchange
and quantitative chemical cross-linking experiments were used to determine structural
changes of pNthl that can be mediated by Ca®*. pNthl alone and the pNthl:Bmhl
complex were analysed by both techniques in the presence and absence Ca**. The
comparison of HDX-MS data for pNth1 in the presence Ca**, Bmh1 and Bmh1+Ca*" show
big differences in the deuteration for several peptides from the N-terminal region
containing the EF-hand like domain as well as from catalytic trehalase domain. HDX-MS
data suggest that observed Ca?*-dependent change in pNthl activity (Fig. 2A) reflect
different conformational state of the EF-hand-like motif-containing region and/or different
relative position of the N-terminal region and the catalytic domain.

We also investigated whether the presence of Ca®* affects the deuterium exchange
kinetics of Bmhl peptides. These experiments revealed significant decrease in the
deuteration level in the presence of Ca?* for several peptides, with the strongest effect
being observed for helices H3 (peptides 39-47 and 48-61), H8 (peptide 184-207), and H9
(peptide 227-232) (Fig. 19 and Fig. 20). Only two peptides (184-207 and 222-232 from
helices H8 and H9, respectively) showed significantly decreased exchange kinetics when
comparing peptides from the pNth1:Bmh1 complex with or without Ca?* (Fig. 21).

The cross-linking experiments with pNthl revealed 33 cross-links (Table 4). However
quantification ratio between non-deuterated and deuterated cross-links is for most cross-
link close to 50:50. Exceptions was the peptide from the region containing the EF-hand
like motif whose lysines 132 and 142 were cross-linked only in the presence of Ca?* (DSG
and DSS cross-links are ~78 % and ~90 %, respectively). This seems that in the presence
of Ca?* these two lysines are close enough to form a cross-link whereas in the absence of
Ca®* this region possesses different conformation and/or flexibility and the distance
between these two residues is too large to form a cross-link.

The cross-linking experiments with pNth1:Bmhl complex revealed 17 cross-links
(Table 5). In this case the presence of Ca** changed the abundances of significantly more
cross-links compared to pNthl alone. This confirms that pNthl (complexed with Bmh1)
significantly changes its structure in the presence of Ca**. The most interesting is the
presence of the cross-link Lys214—Lys563, which was not observed for analysis of pNthl
alone. These facts lead to conclusion that the N-terminal part (containing Lys214) and the
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catalytic domain (containing Lys563) of pNthl are much closer to one another in the
Bmh1-bound form.

All results from above noted methods suggested that for pNth1 activation, the structural
integrity and the conformational change of the region containing the EF-hand-like motif
are essential. This suggests that this region is adjacent to the catalytic domain and its
conformational changes affect the structure of the active site and hence enable the
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slower deuterium exchange kinetics upon the Bmh1 binding.
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Bmh1 and Ca?* (green triangles). Time units are in seconds.
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Table 4: Distance constraints of Nthl derived from the cross-linking experiments in
the presence and the absence of Ca**and their comparison with distance constraints

derived from the homology model of the catalytic domain of Nthl.

Co-Ca
Qa-Ca distance Nthl
. Cross-linked distance constraint d
Cross-linker . a from the DSS(G)/DSS(G)D4
residues from the
homology cross-linking
model . 5c DSS(G) DSS(G)D4
experiments
A A % %
DSG/DSGD4 K49-K584, inter - <20 49.8 50.2
DSG/DSGD4 K49-K69, inter - <20 55.7 44.3
DSS/DSSD4  K52-K104, inter - <24 42.2 57.8
DSS/DSSD4  K52-K584, inter - <24 48.4 51.6
DSG/DSGD4 K70-K75, intra - <20 45.1 54.9
DSS/DSSD4  K70-K75, intra - <24 53.4 46.6
DSG/DSGD4 K132-K142, intra - <20 77.6 22.4
DSS/DSSD4 K132-K142, intra - <24 89.8 10.2
DSG/DSGD4 K210-K213, intra - <20 51 49
DSS/DSSD4  K210-K213, intra - <24 45.4 54.6
DSG/DSGD4 K257-K258, intra - <20 47 53
DSS/DSSD4  K257-K258, intra - <24 50.3 49.7
DSG/DSGD4 K258-K343, inter - <20 47.8 52.2
DSS/DSSD4  K258-K343, inter - <24 55.6 44.4
DSG/DSGD4 K258-K393, inter - <20 51 49
DSS/DSSD4  K258-K393, inter - <24 51.3 48.7
DSG/DSGD4 K370-K371, intra 3.9 <20 49.7 50.3
DSS/DSSD4  K370-K371, intra 3.9 <24 45.4 54.6
DSG/DSGD4 K371-K718, inter 17.7 <20 50.1 49.9
DSS/DSSD4  K371-K718, inter 17.7 <24 48.9 51.1
DSG/DSGD4 K385-K517, inter 17.5 <20 48.8 51.2
DSS/DSSD4  K385-K517, inter 17.5 <24 455 54.5
DSG/DSGD4 K456-K458, intra 6.5 <20 46.4 53.6
DSS/DSSD4  K456-K458, intra 6.5 <24 51.4 48.6
DSS/DSSD4  K458-K461, intra 7.6 <24 41.3 58.7
DSG/DSGD4 K461-K561, inter 16.4 <20 48.1 51.9
DSS/DSSD4  K461-K561, inter 16.4 <24 48.8 51.2
DSS/DSSD4  K537-K584, inter 16.4 <24 44.9 55.1
DSG/DSGD4 K561-K563, intra 5.6 <20 52.4 47.6
DSG/DSGD4 K589-K593, intra 6.1 <20 46.2 53.8
DSS/DSSD4  K589-K593, intra 6.1 <24 46.9 53.1
DSG/DSGD4 K593-K597, intra 6.3 <20 46.9 53.1
DSS/DSSD4  K593-K597, intra 6.3 <24 47.7 52.3
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Table 5: Distance constraints of pNth1 bound to Bmh1 derived from the cross-
experiments in the presence and the absence of Ca?*and their comparison with
distance constraints derived from the homology model of the catalytic domain of
Nth1.

Ca-Ca
Ca-Car distance Nthl
. Cross-linked distance constraint d
Cross-linker ) a from the DSS(G)/DSS(G)D4
residues h from the
omology L
model  cross-linking - hoggy  pss(G)D4
experiments”
A A % %
DSG/DSGD4 K70-K75, intra - <20 55.5 44.5
DSS/DSSD4  K70-K75, intra - <24 49.0 51.0
DSG/DSGD4 K132-K142, intra - <20 56.8 43.2
DSS/DSSD4  K132-K142, intra - <24 52.9 47.1
DSG/DSGD4 K210-K213, intra - <20 65.3 34.7
DSS/DSSD4  K210-K213, intra - <24 58.8 41.2
DSG/DSGD4 K214-K563, inter - <20 80.0 20
DSS/DSSD4  K214-K563, inter - <24 60.1 39.9
DSG/DSGD4 K257-K258, intra - <20 66.7 33.3
DSS/DSSD4  K257-K258, intra - <24 59.3 40.7
DSG/DSGD4 K258-K393, inter - <20 68.3 31.7
DSS/DSSD4  K258-K393, inter - <24 71.2 28.8
DSG/DSGD4 K370-K371, intra 3.9 <20 54.9 45.1
DSS/DSSD4  K370-K371, intra 3.9 <24 47.9 52.1
DSG/DSGD4 K385-K517, inter 17.5 <20 70.2 29.8
DSS/DSSD4  K385-K517, inter  17.5 <24 50.8 49.2
DSG/DSGD4 K393-K396, intra 5.1 <20 51.1 48.9
DSS/DSSD4  K393-K396, intra 5.1 <24 49.5 50.5
DSG/DSGD4 K456-K458, intra 6.5 <20 68.8 31.2
DSS/DSSD4  K456-K458, intra 6.5 <24 63.7 36.3
DSS/DSSD4  K458-K460, intra 7.6 <24 50.2 49.8
DSS/DSSD4  K537-K584, inter 16.4 <24 51.1 48.9
DSG/DSGD4 K589-K593, intra 6.1 <20 71.1 28.9
DSS/DSSD4  K589-K593, intra 6.1 <24 55.1 449

% Intra denotes cross-link between residues from the same peptide, inter denotes cross-link

between residues from two different peptides.
°¢ The Ca-Ca inter-residue distances constraints used were based on the length of the
spacer arm which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flexibility of the
lysine side chains the following cutoffs are generally used: 20 A for a-carbons of lysine

cross-linked with DSG, and 24 A for a-carbons of lysine cross-linked with DSS (31).
9 Representation (%) of individual cross-link isoform.
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SUMMARY

1)

2)
3)

4)

5)

Using isotope-labelled cross-linking agent it was developed the novel mass
spectrometric approach for monitoring of conformational changes in proteins.

The novel approach was successfully applied on calmodulin system.

The conditions for enzymatic proteolysis of cross-linking reaction products were
optimized.

Using hydrogen/deuterium exchange and chemical cross-linking experiments the
structural changes of complex pNth1 with Bmhl1were identified.

The role of EF-hand-like motif was elucidate in in the 14-3-3 protein-mediated

activation of yeast neutral trehalase Nthl
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Abstract

Chemical cross-linking is a promising technology for protein tertiary structure determination. Though the
data has low spatial resolution, it is possible to obtain it at physiological conditions on proteins that are
not amenable to standard high resolution techniques such as X-ray, NMR analysis and cryo-EM. Here
we demonstrate the utilization of isotopically labeled chemical cross-linking to visualize protein
conformation rearrangements. Since calmodulin exists in two distinct conformations (calcium-free and
calcium-containing forms), we selected this protein for testing the potential and the limits of a new
technique. After cross-linking of both calmodulin forms, the calcium-free and calcium-containing forms
were mixed together and digested under different conditions and the products of proteolysis were
monitored using high resolution mass spectrometry. Finally, the ratios of heavy/light cross-links were

calculated by mMass open source platform.



1. Introduction
Chemical cross-linking in combination with mass spectrometry (XL-MS) is an established and powerful
tool for the elucidation of three-dimensional protein structures which also provides valuable information
about protein-protein and protein-nucleic acid interactions[1-5]. Current cross-linking strategies do not
significantly differ from early experiments in which the analysis of products was limited to photometric
and electrophoretic methods[6]. The methodology has, however, been significantly improved by the
introduction of soft ionization techniques, which enabled the analysis of cross-linked biomolecules by
mass spectrometry[7,8].
Current XL-MS includes chemical and photo-crosslinking whose aim is to determine distances in proteins
or protein complexes[9—-11]. Modified proteins with amino acids connected by cross-linkers are
enzymatically digested and the resulting peptide mixture is separated by liquid chromatography and
analyzed by mass spectrometer coupled on-line. The initial structural information includes the length of
cross-linker spacer and the position of cross-linked amino acids in protein sequence. The cross-links
formed provide distance constraints which form a basis for generating three dimensional models[12-15],
mapping protein interaction interface[16—19] or refinement of earlier resolved structures[20-23].
Analysis of conformational changes in proteins represents a very challenging task because proteins are
not static objects and their structural dynamics has crucial effect on the behavior of biological systems.
Until recently XL-MS was used for studying the dynamics of proteins or protein complexes in a qualitative
manner by identifying cross-links that are specifically formed only in one conformation or state[24,25].
However, recent publications show that XL-MS analysis using isotope-labelled cross-linkers allows
quantification of structural changes and protein interaction dynamics[26,27]. While quantitative
proteomics is a well-established tool, quantitative determination of dimension in protein structural
analysis by XL-MS is still challenging. Quantification based on the proportional relationship between the
sample concentration and the measured intensities of signal is a commonly used method in differential
proteomics[28—31]. Isotope labeling for XL-MS quantification was introduced eight years ago, and

included only 180-labeling of cross-linked peptides[32].



Isotope-labelled cross-linkers were introduced at the beginning of the millennium and immediately
became a valuable tool for the identification of modified peptides. Only peptides containing the cross-
linker will be represented by a specific doublet (light and heavy form) isotopic pattern in a mass spectrum
[33—35]. This distinguishing feature is advantage of quantification by isotope-labelled cross-linker over
other general differential labeling methods such as iTRAQ[36,37] or TMT[38]. The use of the isotope-
labelled cross-linkers is also an alternative technique to SILAC[39] and does not require preparation of
labeled proteins.
In the present work, we used isotope-labeled cross-linkers for quantification of two different
conformational states of the model protein, the 17kDa large calmodulin. The sequence of this protein is
highly conserved across many organisms. It is known that calmodulin exists in two structurally different
conformations — calcium containing and calcium free forms[40]. Using this simple system we describe the
feasibility and limitation of the cross-linking strategy.
The structures of calmodulin forms with and without calcium ions are completely different[40]. Both
conformational states have been well characterized by X-Ray and NMR spectroscopy[41-43] and
calmodulin has been often used for developing and improving cross-linking approaches[44—46]. Different
software tools for quantification of the acquired spectra have also been described [26,47]. In this study,
we introduce another method to determine the ratios of light and heavy cross-linker in modified peptides -
- mMass 5.5 software[48-50].

2. Material and methods
2.1 Material
Calmodulin from bovine brain was obtained from Calbiochem (Germany). Cross-linkers disuccinimidyl
glutarate (DSGd0/DSGd4) and disuccinimidyl suberate (DSSd0/DSSd4) were purchased from
Proteochem (USA). Sequencing grade modified trypsin was obtained from Promega (USA). Water and
HPLC solvents were LC/MS grade purity and were obtained from Thermo Scientific (USA). Other
chemicals at the highest available purity were purchased from Sigma-Aldrich (USA).

2.2 Sample preparation



Calmodulin was dissolved in 1mM EGTA to 1 mg/ml concentration and transferred to 10mM HEPES
buffer (pH 7.5) containing 100mM NaCl and 1mM EGTA using Micro Bio-Spin™ 6 columns (cut off 6 kDa
BioRad, USA). Calmodulin concentration after chromatography was monitored by Bradford assay[51].
2.3 Calmodulin characterization using ESI-FTICR-MS

One microgram of calmodulin was desalted on protein micro trap column (C4 phase, Michrom
Bioresources, USA) according manufacturer instruction, and eluted in 100 pl of 80% acetonitrile/1%
acetic acid. Protein was electrosprayed to solariX XR FT-ICR mass spectrometer (Bruker Daltonics,
Germany) equipped with 12 T superconducting magnet. The instrument was internally calibrated using
Agilent tuning mix (Agilent Technologies, USA). Mass spectra were acquired in the positive mode over
the m/z range 245 to 2500 with 1 M data points transient and 0.4 s ion accumulation, 8 scans were
accumulated per spectrum. Data acquisition was performed using solariXControl and interpreted by
DataAnalysis 4.1.

2.4 Chemical cross-linking reaction

Calmodulin aliquots in 10mM HEPES buffer (pH 7.5) containing 100mM NaCl and 1mM EGTA for the
induction of calcium conformational structural changes were spiked with calcium ions (CaCl,) to produce
a 12mM final concentration of Ca**. Aliquots intended to represent the calcium-free state were mixed with
sodium ions (NaCl) to balance ionic strength to achieve a 136mM final concentration of Na®. After 30 min
incubation at room temperature, aliquots were mixed with the cross-linking reagents. Calmodulin
samples representing the calcium-containing state were mixed only with non-deuterated cross-linker
(DSGAO or DSSd0) while calcium-free samples were mixed with deuterated cross-linker (DSGd4 or
DSSd4). A ten and thirty-fold molar excess of cross-linker (dissolved in DMSO to 15 mM concentration,
final content of DMSO in reaction mixture was 1.3 %) compared to the protein was used. Thus the final
concentration of calmodulin was 20uM and concentrations of cross-linking agents were 200puM/600uM.
The cross-linking reactions were quenched after two hours of incubation at room temperature by adding
ethanolamine to a final concentration of 0.4/1.2 mM. Calcium-containing samples and identical calcium-

free samples were mixed in 1:1 ratio. Control samples without cross-linkers, and samples cross-linked



with 1:1 mixture DSGd0/DSGd4 or DSSA0/DSSd4 were prepared at the same time, in order to obtain the
chemical activities of each cross-linker which could have changed during synthesis, transport, storage
and/or preparation of cross-linking agents. Reaction mixtures were split into two identical aliquots. One
half of each cross-linked protein sample was analyzed using SDS-PAGE and the other was taken for
high-resolution mass spectrometric characterization. Three sets of replicates were prepared and
measured.

2.5 Protein electrophoresis

The cross-linking reaction mixture (approximately 10 ug of calmodulin in 30 pl) was mixed with
4x-concentrated LDS sample buffer (Invitrogen) containing 100 mM dithiothreitol as the reducing agent in
a 3:1 (v:v) ratio. Samples were incubated for 5 min at 90°C and then loaded onto a NuPage 4-12% Bis-
Tris gel (80.0x80.0x1.0 mm, 10 wells). Separation was performed in MES running buffer for 35 min at
200V. After separation, the gels were stained by Coomassie Brilliant Blue R250 and destained by
solution containing ethanol, water, and acetic acid in the ratio 55:35:10[52].

2.6 Enzymatic digestion

For in-gel digestion, the calmodulin bands were excised and destained. The gel pieces were covered
with trypsin solution (trypsin in 100 mM ethylmorpholine buffer, pH 8.5 with 10% AcN, enzyme:protein
ratio 1:20) and incubated at 37°C overnight.

For in solution digestion, the cross-linked protein was digested with trypsin in five different ways:

A) The cross-linking reaction mixture was diluted 1:1 (protein;buffer) with 200 mM ethylmorpholine buffer
(pH 8.5) with 10% AcN, while the pH of the mixture was monitored. Trypsin in 100 mM ethylmorpholine
buffer (pH 8.5) with 10% was added to give a final concentration 1:20 (w/w) trypsin to protein and
digestion was carried out at 37°C overnight.

B) The cross-linking reaction mixture was diluted 1:1 (protein;buffer) with 100 mM ethylmorpholine buffer
(pH 8.5) with 20% AcN. Trypsin in 100 mM ethylmorpholine buffer (pH 8.5) with 10% was added to give a

final concentration of 1:20 (w/w) trypsin to protein and digestion was carried out at 37 or 55°C. After a 6-



hour incubation, trypsin was added to give a final concentration of 1:10, and digestion was allowed to
proceed at 37 or 55°C overnight.

C) Guanidine was added to the cross-linking reaction mixture to give a final concentration of 6 M and the
reactions were carried out for 2 min at 90°C. After incubation, the guanidine was diluted by 100 mM
ethylmorpholine buffer (pH 8.5) with 20% AcN to give a final concentration of 2 M. Trypsin in 100 mM
ethylmorpholine buffer (pH 8.5) with 10% was added to give a final concentration of 1:20 (w/w)
trypsin:protein, and digestion was carried out at 37 or 55°C. After a 6-hour incubation, trypsin was added
to give a final concentration of 1:10, and digestion was allowed to proceed at 37°C overnight.

D) Guanidine and RapiGest (Waters, USA) were added to the cross-linking reaction mixture. Final
concentrations were 6 M for guanidine and 0.05% (v/v) for RapiGest. After a 1-hour incubation at 60°C,
guanidine was diluted by 50 mM ammonium bicarbonate buffer (pH 8.0) with 20% AcN to give a final
concentration of 2 M. Trypsin in 100 mM ethylmorpholine buffer (pH 8.5) with 10%was added to the final
concentration 1:20 (w/w) trypsin:protein and digestion was carried out at 37°C. After 6 hours incubation
trypsin in 100 mM ethylmorpholine buffer (pH 8.5) with 10% was added to give a final concentration of
1:10 trypsin: protein and digestion was allowed to proceed at 37°C overnight.

E) Trypsin in 200 mM ethylmorpholine buffer (pH 8.5) with 10% was added to give a final concentration
of 1:20 (w/w) trypsin: protein. Trypsin digestion was carried out at 37 or 55°C in Barocycler Nep2320
(Pressure BioSciences, USA) for 1 hour (36 cycles; 1 cycle corresponds to 100 second, 95 s at 24 psi
and 5 s at atmospheric pressure) at pressure 24 psi.

2.7 Nano-UHPLC/Nano-ESI-FTICR mass spectrometry

The resulting peptides were desalted by peptide micro trap column (C8 phase, Michrom Bioresources,
USA) according manufacturer instruction. Samples were dried by SpeedVac and re-suspended in 100 pl
of solvent A (0.1% formic acid in 2% ACN) for further processing. A 1 pl of each peptide mixture was
injected onto a reversed-phase trap column (Acclaim PepMap™ 100, C18, 0.1 x 20mm, 5um, Thermo
Scientific, USA) heated to 60°C. Eluting peptides were subsequently separated on a 60°C-heated

reversed-phase analytical column (Acclaim PepMap™ 100, C18, 0.075 x 150mm, 3um, Thermo



Scientific,USA) using UltiMate 3000 RSLCnano System (Dionex , USA) at a flow rate of 0.5 pl/min under
the following gradient conditions: 2-45% solvent B (0.1% formic acid) in 43 min, 45-95% B in 3 min, 3 min
in 95% B, 95-2% B in 1 min and 10 min in 2% B. The nano-UHPLC system was coupled to CaptiveSpray
which directly introduces ions into a solariX XR FT-ICR mass spectrometer (Bruker Daltonics, Germany)
equipped with 12 T superconducting magnet. The instrument was calibrated on-line by using The Agilent
tuning mix (Agilent Technologies, USA). Mass spectral data was acquired in positive broadband mode
over the m/z range 245 to 2000, with 1 M data points transient and 0.4 second ion accumulation and 4
scans were accumulated per spectrum. Data acquisition was performed using solariXControl.

2.8 Data interpretation

For cross-link identification, we used the Links algorithm, previously described as ASAP (Automated
Spectrum Assignment Program)[3,53]. Because it requires input in the format of tab separated m/z and
intensity values, it was necessary to program a data output script using the internal scripting language
(Visual Basic) in DataAnalysis 4.1 software suite (Bruker Daltonics, Germany) This script uses
DataAnalysis implementation of the SNAP 2.0 algorithm to generate deconvoluted spectra and then
exports a file containing the sorted monoisotopic masses and corresponding intensities (and other
related data).

2.9 Identification of cross-links

Cross-links were identified using our self-written software that also uses the Links algorithm [3,53]. This
algorithm identifies cross-linked peptides by matching experimental data to a theoretical library generated
based on the protein sequence, protease specificity, cross-linker reactivity and composition, and protein
chemical modification. The parameters for the search were defined as follows: enzyme — trypsin
(specificity — cleavage after lysine and arginine, not cleaved after modification, 3 missed cleavages);
variable modification — oxidation on methionine, dead-end cross-link (hanging DSGd0/DSGd4 or hanging
DSSd0/DSSd4), dead-end cross-link with ethanolamine; cross-linker — DSGd0/DSGd4 or DSSA0/DSSd4
(specificity to lysine, tyrosine); mass error — 2 ppm. All cross-links identified by the Links algorithm were

manually confirmed by examination of the raw data.



2.10 Quantification of cross-links
All spectra containing the appropriate isotopic pattern of manually validated cross-linked peptides were
summed, reduced to centroid spectra, and exported from DataAnalysis 4.1 as an XY ASCII format (.xy)
for further processing by mMass 5.5 (http://www.mmass.org/)[50,54]. Spectra in mMass 5.5 were
swapped (transfer spectrum points to peak list data) and all unrelated peaks were manually removed.
Ratios of light and heavy cross-linker were calculated using an envelope fit function which generates
theoretical profiles of light and heavy cross-linked peptides and calculates the percentage of each form in
the experimental data by linear combination and least-square fitting. These in-silico simulations were
compared with and fitted to experimental data. mMass’s advantage over other methods is its support of
modern open formats that are used for spectrometric data. Moreover mMass can also run on different
operating systems. Quantitative data from mMass were corrected by the quantifying ratio (ratio of non-
deuterated and deuterated reagents form) for control calmodulin samples that was cross-linked with
DSXd0/d4 (1:1). The quantifying ratio for control samples was calculated as the average of the
quantifying ratios for all cross-links that were identified.
2.11 LC-MS/MS analysis
Cross-linked peptides were also evaluated by MS/MS analysis (qCID). The conditions for the separation
of peptides resulting from enzymatic digestion were identical to those used for the LC-MS analysis. A
solariX XR FT-ICR mass spectrometer (Bruker Daltonics, Germany) equipped with CaptiveSpray and 12
T superconducting magnet was coupled on-line with a nano UHPLC system. Data were acquired in auto
MS/MS mode, with inclusion list of masses (window £20 ppm) corresponding to the identified cross-links.
Singly charged ions were excluded from fragmentation. MS boost was set to 2 seconds. The minimum
threshold for fragmentation was defined as 5x10°. Data analysis was performed using MS2links and
GPMAW software packages [55,56].

3. Results and Discussion

3.1 Calmodulin characterization



The prerequisite for any protein structural analysis is a detailed characterization of the protein sequence,
including post-translational modifications and splicing variants. Therefore, the exact mass of intact
protein was measured by ESI-FTICR-MS. The acetylation at the N-terminus and trimethylation at position
115, noted by the supplier of calmodulin, was confirmed. The exact monoisotopic mass of calmodulin for
base peak after spectral deconvolution was determined at m/z 16 781.862 (theoretical monoisotopic m/z
16 781.867, a difference of 0.005 mass units, 0.3 ppm). Data not shown.

3.2 Chemical cross-linking SDS-electrophoresis, and in gel digestion.

Cross-linking reactions were conducted with the amine-reactive reagents DSGd0/d4 and DSSd0/d4.
Homobifunctional NHS esters (N-hydroxysuccinimide esters) were selected because they represent the
most widely used group of isotope-labelled cross-linkers. In addition, amine-reactive reagents have also
been used in previous calmodulin structural studies[34,46]. Two cross-linkers, differing only in spacer
length, were used to get a better insight into the dynamics of the protein. Distance constraints acquired
from an analysis with one reagent provides valuable information about the structure of the protein.
However, two separate analyses -- each with a different cross-linker -- provide data that more accurately
reflects the flexibility of molecule in solution by allowing a comparison of the distances obtained from the
two experiments. The setup of a cross-linking experiment for the quantification of conformational
changes differs from classical cross-linking because it uses non-deuterated (light) and deuterated
(heavy) forms of the reagents separately. One form is added to the protein at a defined condition, while
the second form is added to the protein under conditions that differ significantly from the first state. After
guenching, both reactions are mixed. Detailed scheme of the experiment are shown in Fig. 1. After cross-
linking experiments, half of each reaction mixture was separated by SDS-PAGE, the results of which are
shown in Fig 2. Several forms of cross-linked ~17kDa protein monomer were observed. The gel clearly
shows that protein bands obtained by cross-linking calcium-free calmodulin (lane 3 and 4) differ
significantly from the bands obtained by cross-linking calcium-containing calmodulin (lane 7 and 8).
Lanes 5 and 6 contain a mixture of calcium-free and calcium-containing calmodulin that were prepared

for the quantification experiment. The observed protein bands are a superposition of both cross-linked

10



conformers. From Fig. 2, it is apparent the patterns in lane 5 and 6 are not identical. This is caused by
the formation of different cross-linked products. This phenomenon prevents cross-linking product
quantification by analyzing the two bands separately. Therefore the whole region containing cross-linked
protein was excised for in-gel digestion and tryptic fragments were analyzed by LC-MS (Supplemental
Table S1 and S2). Unfortunately, we observed only 3 cross-links for DSS and one more for DSG
indicating the electrophoretic separation hampers the comparison of two conformers and thus it is not
suitable for quantitative cross-linking experiments. Since no bands were visible in the higher mass region
of the SDS gel, which confirms the absence of aggregates or multimeric forms of calmodulin and thus
allows digestion in solution.

3.3 Enzymatic digestion in solution

Digestion of cross-linked protein is a critical step for this procedure. Cross-linking of two distinct protein
conformers may lead to the formation of two different sets of cross-linked lysine residues so it is
necessary to get a complete set of tryptic peptides from both states for successful quantification of any
conformational changes. Tryptic digestion was performed in solution, and different conditions were tested
to achieve complete tryptic proteolysis with similar total spectral intensity for the calcium-free and
calcium-containing states. When this is done, LC-MS analysis revealed formation of the same peptides
with different abundances. While the calcium-free state was easy to digest after cross-linking using
trypsin (Fig. 3A), it was very difficult to cleave the cross-linked calcium-containing form. After tryptic
digestion in solution at 37°C and with an enzyme:protein ratio of 1:20, we still observed a large amount of
uncleaved protein in the calcium-containing samples (Fig. 3B). We therefore decided to double the
trypsin concentration in digestion mixture by repeating the addition of protease 4 hours after the initial
addition. The results showed that signals corresponding to the intact protein vanished (Fig. 3C).
However, we still did not get the same abundances of unmodified peptides for the two conformations. To
further improve the cleavage efficiency, we increased the temperature to 55°C (Fig. 3C). From the
acquired chromatograms it was apparent that the intensities of the resulting peptides are almost identical

(Fig. 3D). Although the differences between the intensities of unmodified peptides obtained from calcium-
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free and calcium containing calmodulin digestion are less than 3% (Supplemental Fig. 1) -- and thus
have extremely low influence on the quantification of conformers -- we tested many different digestion
conditions (as described in the Methods section). However, we did not achieve any improvement in
proteolysis. The guanidine and RapiGest conditions were worse, and the barocycles procedure gave
results that were nearly identical to when the digestion was carried out at 55 °C and two shots of trypsin
were added. Interestingly, in our previous study[27], where analysis of protein conformational changes by
guantitative cross-linking was used, we did not observed this behavior. This lead us to conclude that this
phenomenon occurs only for protein conformers whose structure becomes extremely compact after the
cross-linking reaction. Since trypsin has R/K specificity and amine reactive cross-linking agents modifying
lysines were used, we hypothesize that the utilization of proteases with different cleavage specificities or
non-specific proteases may solve this problem. Also, middle down approach, in combination with
chemical proteolysis, would probably be beneficial.

3.4 |dentification of cross-links by mass spectrometry

After optimizing the enzymatic digestion conditions (55 °C and two shots of trypsin, condition 2.6B) we
started analyzing mixtures of light and heavy conformers. The results of the cross-linking experiment with
DSGd0/d4 a DSSd0/d4 for condition 2.6B are summarized in Table 1. Additional information on the
cross-linked peptides identified is in Table S3 and Table S4. Using LC-MS analysis and Links software,
three intra-peptide and seven inter-peptide cross-links of calmodulin were identified for both of the
molecular rulers (DSG — spacer length 7.7 A and DSS — spacer length 11.4 A). In addition to the intra-
and inter-peptide cross-links, we also observed a large number of dead-end cross-links and dead-end
cross-links modified by ethanolamine which was used for termination of the cross-linking reaction (data
are not shown). Although peptides with hydrolyzed cross-linker give information about the accessibility of
amino acid side chains to the cross-linker they indirectly contribute to elucidation of conformational
changes that are associated with changes of distances between amino acids.

3.5 Identification of cross-links by MS/MS
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For unambiguous identification of cross-links, peptide mixtures resulting from enzymatic digestion were
also analyzed by LC-MS/MS. To guarantee fragmentation of the cross-links, the analysis was performed
with an inclusion list containing masses that corresponded to identified cross-linked peptides. An
example of the product ion spectra is shown in Fig. 4. The y-ion series confirmed identity of cross-linked
product. Next, the position of modified amino acids in the sequence was determined for all cross-links.
3.6 Quantification by mMass

The ratio of non-deuterated to deuterated forms of the reagents (i.e., the “quantifying ratio”) was
determined by using the open source software, mMass. Input for this software was a list of masses with
their abundances. As the source of this input file, we used mass spectrometric data that had to be
summed and converted into centroid format. The quantifying ratio was determined using mMass only for
identified and confirmed cross-links (an important prerequisite for calculation of this ratio is the correct
peptide sequence). The generation of a theoretical isotopic envelope corresponding to peptides cross-
linked with both non-deuterated and deuterated reagents was performed by using a special envelope-fit
function and the quantifying ratio was calculated by comparison of this in-silico simulation with
experimental data. The final quantification analysis data were adjusted by using the value of quantifying
ratio for control calmodulin samples that were cross-linked with DSXd0/d4 (1:1). A comparison of isotopic
envelopes for selected cross-linked peptides from control samples and from samples designed for
guantification is shown in Fig. 6. The profile of cross-linked peptides from the control samples
corresponds to the expected isotopic pattern (i.e., the ratio of the envelopes is 52:48 for DSGd0/d4 and
56:44 for DSSd0/d4). This nearly 1:1 ratio indicates that the measurement and subsequent quantification
of cross-linked proteins should be possible and that this method should be applicable to different protein
systems. This data also indicates good quantification accuracy and precision, based on ratio calculations
considering all four cross-linkers signals. In addition, the exact sequence enables the simulation of the
isotopic envelopes, including those with overlapping doublets (Fig. 5). The quantifying ratio was
determined for all ten identified cross-links with different results, which are summarized in Table 1. The

low values of standard deviation suggest that differences between measurements were minimal.
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3.7 Structure of calmodulin

Due to the flexibility of calmodulin, many different structures (with and without calcium ions) have been
obtained by NMR or X-Ray crystallography[41-43]. For visualization of our data in PyMOL we selected
one calcium-free PDB structure determined by NMR analysis (1DMO, selected conformer 4 from 30)
(Fig. 7A) and two calcium-containing PDB structures revealed by X-Ray crystallography (1PRW, 3CLN)
(Fig. 7B and C). These PDB structures represent three different calmodulin conformations. Since our
data shows only low calmodulin flexibility in the presence of calcium ions, we selected two calcium-
containing structures. The distance between the alpha-carbon atoms of two cross-linked lysines can
reach a maximum of 20-25A for DSG (spacer length 7.7 A) and 25-30 A for DSS (spacer length 11.4 A),
considering the length and flexibility of lysine [26]. When we tried to visualize all of the identified cross-
links on any unigue calmodulin structure, some of the observed cross-links did not fall within these
distances. On the other hand these cross-link uncovered conformation rearrangement among calmodulin
structures which was further explained by quantifying ratio.

Quantification analysis revealed that the quantifying ratios of peptides cross-linked in the calcium-
containing to peptides cross-linked in the calcium-free state is very high, indicating that the population of
these cross-links is very low in the less-compact calcium-free structure — probably because the distances
between the same alpha carbon atoms exceeds 30 A (Table 1). An example of this is the inter-peptide
cross-link 75-94, whose quantifying ratio is 76:24 for DSSd0/d4 and 88:12 for DSGdO0/d4. This suggests
that the cross-link is formed mainly in the calcium-containing state of calmodulin. Structures of
calmodulin with visualized cross-links confirmed this, because lysine 75 and lysine 94 are very distant in
the calcium-free structure (Fig. 7A), but much closer in the calcium-containing structure (Fig. 7B). Similar
or opposite behavior was observed for most of the differentially observed cross-links, indicating that they
were state-specific. One exception was the intra-peptide cross-link 21-30 that is equally accessible in
both conformational states and therefore shows a quantifying ratio is 52:48 for DSGd0/d4 and 48:52 for
DSSd0/d4 (Fig. 7). Interesting behavior was also observed for the inter-peptide cross-link 77-94.

Although lysines 75 and 77 are almost adjacent in the calmodulin sequence cross-links 75-94 and 77-94
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have opposite quantifying ratios. The explanation of this phenomenon is apparent from the calmodulin
structure (Fig. 7). In the calcium-containing structures (Fig. 7B and 7C), cross-link 77-94 cannot be
formed due to steric barriers; in the calcium-free state (Fig. 7A) no barriers are present. Differences
between quantifying ratios for cross-linkers with different spacer lengths also provides useful information
for studying protein dynamics, because it reflects protein flexibility. Regions of a protein with localized
cross-links with minimal difference between cross-linkers represent parts of molecule with the same or
very similar flexibility for both conformational states.

4. Conclusions
Chemical cross-linking in combination with mass spectrometry provides valuable information about the
structures of proteins and protein complexes. Analysis using isotope-labeled cross-linkers can be used to
monitor different protein conformational states. However, we have showed in this paper that this method
has potential drawbacks due to limited enzymatic proteolysis. Moreover most research groups exploit gel
electrophoresis for purification of desired the cross-linking product prior to proteolysis. Our data shows it
is extremely important to be sure that the differentially labeled conformers are not separated into distinct
protein bands. Also, successful quantification relies on the use of unlabeled and isotopically labeled
cross-linkers. Since these chemical probes are difficult to synthetize, hydroscopic, and unstable, it is
necessary to check and determine their chemical activities in a preliminary quantification experiment and
use this correction factor in cases when regular and isotopic probes differ in their performance. Finally,
some problems may arise from the general lack of software tools for quantification of cross-links. As an
available solution, we described quantification of cross-linked peptides using the open-source
multiplatform software, mMass 5.5. We believe that this technology will be of interest to laboratories
trying to solving the three dimensional structure of proteins not amenable to standard high resolution
techniques and research departments developing biosimilar recombinant therapeutics.
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Fig. 1. Chemical cross-linking-mass spectrometry workflow for quantification of protein conformational
changes.

Fig. 2. SDS-PAGE of calmodulin after cross-linking reaction with DSGd0/d4. M: protein marker. Lanel:
Calmodulin calcium-free state without cross-linker. Lane 2: Calmodulin calcium-containing state without
cross-linker. Lane 3: calmodulin cross-linked with 10 molar excess of mixture DSGd0/d4 (1:1) in
calciumfree state. Lane 4: calmodulin cross-linked with 30 molar excess of mixture DSGd0/d4 (1:1) in
calciumfree state. Lane 5: Mixture of calmodulin cross-linked by DSGdO in calcium-containing state and
calmodulin cross-linked by DSGd4 in calcium-free state (10 molar excess). Lane 6: mixture of calmodulin
cross-linked by DSGAO in calcium-containing state and calmodulin cross-linked by DSGd4 in calcium-
free state (30 molar excess). Lane 7: Calmodulin cross-linked with 10 molar excess mixture DSGdO0/d4
(1:1) in calcium-containing state. Lane 8: Calmodulin cross-linked with 30 molar excess mixture
DSGdO0/d4 (1:1) in calcium-containing state.

Fig. 3. Comparison of LC-MS chromatograms. (A) Chromatogram of calmodulin in the calcium-free state
after digestion at 55°C trypsin: protein ratio 1:10. (B) Chromatogram of calmodulin in the calcium-
containing state after digestion at 37°C trypsin: protein ratio 1:20. (C) Chromatogram of calmodulin in the
calcium-containing samples after digestion at 37°C trypsin: protein ratio 1:10. (D) Chromatogram of
calmodulin in calcium-containing state after digestion at 55°C trypsin: protein ratio 1:10. Zoom of the
selected region corresponding to calmodulin that was not cleaved after digestion. Signals originating from
unmodified protein (star), protein with one cross-linker (filled circle), and protein with two cross-linkers
(square) are indicated.

Fig. 4. Product ion spectrum of the signal at m/z 766.73 ([M+4H]4+) corresponding to a cross-linked
peptide 75-77 and 91-106 using DSSd0/d4.

Fig. 5. Quantification of cross-links by mMass 5.5. Comparision of in-silico simulation (yellow points and
isotopic pattern) and measured data (blue points).

Fig. 6. Mass spectra of the intra-peptide cross-link 75-86 modified by a 1:1 mixture of DSGd0/DSGd4 in

the calcium-containing state (A) and in the calcium-free state (C). The mass spectrum of the same cross-
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link identified in samples prepared for quantification of conformational changes, modified by DSGdO in
the calcium-containing state and by DSGd4 in the calcium-free state (B).

Fig. 7. Visualization of the identified cross-links. Three different structures of calmodulin. (A) NMR
structure of calcium-free state (1DMO/4)[41]. (B) X-Ray structure of calcium-containing state (1PRW)[43].
(C) X-Ray structure of calcium-containing state (3CLN)[42]. Side chains of modified lysines are visualized
and colored. Lines indicate distances between alpha carbons. The color of the lines correspond to
quantifying ratio (blue=ratio 0-20, dark violet=ratio 20-40, violet=ratio 40-60, dark red=ratio 60-80 and
red=ratio 80-100)

Table 1 Summary of identified cross-links as well as their quantifying ratios. Data obtained for digestion

condition 2.6B (cleavage in solution by trypsin at 55°C).

23



non-deuterated
cross-linker

Ca*

deuterated
cross-linker

l
!

é

T

Digestion
in gel

Na’

@
quench

Digestion
in solution

FT-LCMS/MS?

X-links
identification

/

b

mMass
quantification

Fig. 1. Chemical cross-linking-mass spectrometry workflow for quantification of protein conformational

changes.

24



M,
KDapmg 4 2 3 4 5 6 7 8

38

28
17— oy )
6

3 5

Fig. 2. SDS-PAGE of calmodulin after cross-linking reaction with DSGdO0/d4. M: protein marker. Lanel:
Calmodulin calcium-free state without cross-linker. Lane 2: Calmodulin calcium-containing state without
cross-linker. Lane 3: calmodulin cross-linked with 10 molar excess of mixture DSGd0/d4 (1:1) in calcium-
free state. Lane 4: calmodulin cross-linked with 30 molar excess of mixture DSGd0/d4 (1:1) in calcium-
free state. Lane 5: Mixture of calmodulin cross-linked by DSGAO in calcium-containing state and
calmodulin cross-linked by DSGd4 in calcium-free state (10 molar excess). Lane 6: mixture of calmodulin
cross-linked by DSGAO in calcium-containing state and calmodulin cross-linked by DSGd4 in calcium-
free state (30 molar excess). Lane 7: Calmodulin cross-linked with 10 molar excess mixture DSGdO0/d4
(1:1) in calcium-containing state. Lane 8: Calmodulin cross-linked with 30 molar excess mixture
DSGd0/d4 (1:1) in calcium-containing state.
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Table 1 Summary of identified cross-links as well as their quantifying ratios. Data obtained for digestion
condition 2.6B (cleavage in solution by trypsin at 55°C).

Peptide Modified AA  DSG Ca’*:Na®*  DSS Ca’*:Na"
91-106x76-86 K94-K77 11:89+0 9:91+1
91-106x75-77 K94-K75 88:12 0 76:24£0
91-106x22-37 K94-K30 16:84+1 21:79+0
91-106x14-30 K94-K21 37:63t1 71:29%1

75-77x22-37 K75-K30 87:13 0 51:49 %2
75-77x14-30 K75-K21 87:13+0 76:24 £ 0
75-77x1-21 K75-K13 34:56+1 4:96+1
75-90 K77-K75 81:19+1 76:24 £ 0
75-86 K77-K75 60:40 £ 2 71:29+0

14-37 K30-K75 52:48+1 48:52+1
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Fig. 3. Comparison of LC-MS chromatograms. (A) Chromatogram of calmodulin in the calcium-free state
after digestion at 55°C trypsin: protein ratio 1:10. (B) Chromatogram of calmodulin in the calcium-
containing state after digestion at 37°C trypsin: protein ratio 1:20. (C) Chromatogram of calmodulin in the
calcium-containing samples after digestion at 37°C trypsin: protein ratio 1:10. (D) Chromatogram of
calmodulin in calcium-containing state after digestion at 55°C trypsin: protein ratio 1:10. Zoom of the
selected region corresponding to calmodulin that was not cleaved after digestion. Signals originating from
unmodified protein (star), protein with one cross-linker (filled circle), and protein with two cross-linkers
(square) are indicated.

27



Intens. Ya
x10]
8 Yoo o Yy KIM K
‘ Yoz, Yo, You Yoo Yoo Yar Yeu Yos Yoo Yo Y
6 ")(FJEJ"JDIGJ NJGJYH SJ“JAJEJ L)(R
t:'[sz b by
4 Yoo
‘y.nz
i Yee
2 i b Vs ! Yan
. B Y Ysi0 Yorz
| o Ye
GH [ ]. [ i \-I L ||- JLJ.A uklul-l J ]\
400 600 800 1000 1200 miz

Fig. 4. Product ion spectrum of the signal at m/z 766.73 ([M+4H]*") corresponding to a cross-linked
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Fig. 6. Mass spectra of the intra-peptide cross-link 75-86 modified by a 1:1 mixture of DSGd0/DSGd4 in
the calcium-containing state (A) and in the calcium-free state (C). The mass spectrum of the same cross-
link identified in samples prepared for quantification of conformational changes, modified by DSGdO in
the calcium-containing state and by DSGd4 in the calcium-free state (B).
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Fig. 7. Visualization of the identified cross-links. Three different structures of calmodulin. (A) NMR
structure of calcium-free state (1DMO/4)[41]. (B) X-Ray structure of calcium-containing state (1PRW)[43].
(C) X-Ray structure of calcium-containing state (3CLN)[42]. Side chains of modified lysines are visualized
and colored. Lines indicate distances between alpha carbons. The color of the lines correspond to
guantifying ratio (blue=ratio 0-20, dark violet=ratio 20-40, violet=ratio 40-60, dark red=ratio 60-80 and

red=ratio 80-100).
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ARTICLE INFO ABSTRACT

Background: Trehalases are highly conserved enzymes catalyzing the hydrolysis of trehalose in a wide range of
organisms. The activity of yeast neutral trehalase Nth1 is regulated in a 14-3-3- and a calcium-dependent manner.
The Bmbh proteins (the yeast 14-3-3 isoforms) recognize phosphorylated Nth1 and enhance its enzymatic activity
through an unknown mechanism.

Methods: To investigate the structural basis of interaction between Nth1 and Bmh1, we used hydrogen/deuterium
Keywords: exchange coupled to mass spectrometry, circular dichroism spectroscopy and homology modeling to identify
14.33 structural changes occurring upon the complex formation.

Bmh Results: Our results show that the Bmh1 protein binding affects structural properties of several regions of phosphor-
ylated Nth1: the N-terminal segment containing phosphorylation sites responsible for Nth1 binding to Bmh, the re-
gion containing the calcium binding domain, and segments surrounding the active site of the catalytic trehalase
domain. The complex formation between Bmh1 and phosphorylated Nth1, however, is not accompanied by the
change in the secondary structure composition but rather the change in the tertiary structure.

Conclusions: The 14-3-3 protein-dependent activation of Nth1 is based on the structural change of both the calcium
binding domain and the catalytic trehalase domain. These changes likely increase the accessibility of the active site,
thus resulting in Nth1 activation.

General significance: The results presented here provide a structural view of the 14-3-3 protein-dependent activa-
tion of yeast neutral trehalase Nth1, which might be relevant to understand the process of Nth1 activity regulation

Article history:

Received 4 April 2013

Received in revised form 8 May 2013
Accepted 20 May 2013

Available online 29 May 2013

Neutral trehalase
H/D exchange
Molecular modeling
Circular dichroism

as well as the role of the 14-3-3 proteins in the regulation of other enzymes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The neutral trehalase Nth1 has been widely studied since its isolation
and characterization in the 1990s [1-3]. Nth1 belongs to the glycoside
hydrolase family 37 (EC 3.2.1.28) of O-glycosyl hydrolases (EC 3.2.1)
which comprises enzymes with a common trehalase activity. The biolog-
ical function of trehalase consists of the control of trehalase concentration
via the degradation of trehalose [a-D-glucopyranosyl-(1-1)-a-p-
glucopyranoside] into two molecules of glucose by hydrolyzing
one of the two glycosidic bonds in trehalose with the inversion of the
anomeric configuration. Trehalose is a naturally occurring non-reducing

Abbreviations: HDX, H/D exchange; HDX-MS, H/D exchange coupled to mass spectrom-
etry; DSS, disuccinimidyl suberate; DSG, disuccinimidyl glutarate; WT, wild type; Nth1,
neutral trehalase; pNth1, phosphorylated neutral trehalase; DMSO, dimethyl sulfoxide;
TCEP, tris (2-carboxyethyl)phosphine; VDM, validoxylamine; CD, circular dichroism

* Corresponding author. Tel.: +420 241062191; fax: +420 244472269.

E-mail address: obsilova@biomed.cas.cz (V. Obsilova).

! The first two authors EM and MK contributed equally to this work.

0304-4165/% - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbagen.2013.05.025

sugar found in a wide variety of organisms where it protects proteins
and membranes from various stress conditions like dehydration, heat,
cold, oxidation and desiccation and serves as a carbon and energy source.
Trehalose is particularly important for insects as the hydrolyzed glucose is
crucial for insect flight. It has also been suggested that in yeast and plants
it serves as a regulatory and signaling molecule to direct certain metabolic
pathways or to affect growth [4]. Recent studies have revealed that the
enzyme activity of Saccharomyces cerevisiae Nth1 is regulated through
an interesting mechanism involving phosphorylation of several sites by
cAMP-dependent protein kinase (PKA), Ca? ™ and the Bmh protein bind-
ing [5-7].

The yeast Bmh proteins belong to the 14-3-3 protein family, a eu-
karyotic family of highly conserved regulatory molecules, playing an
important role in the regulation of signal transduction, apoptosis, cell
cycle control, and nutrient-sensing pathways (reviewed in [8-10]).
They fold into U-shaped homo- or heterodimers with a 40 A-wide
channel containing two amphipathic binding grooves, by which they
bind their ligands mostly in a phosphorylation-dependent manner
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[11-14]. Through these binding interactions, the members of the 14-3-3
protein family serve as molecular chaperons that modulate the subcel-
lular localization, the structure or the stability of hundreds of other
proteins. Notably, the catalytic activity of several enzymes, including
tryptophan and tyrosine hydroxylases, serotonin N-acetyltransferase
(AANAT), Raf kinases, ASK1 kinase, plant plasma membrane H*-ATPase,
plant nitrate reductase, plant mitochondrial and chloroplast adenosine
5-triphosphate (ATP) synthases and more, have been shown to be regu-
lated in a 14-3-3 protein-dependent manner (reviewed in [9,10,15]).
However, the mechanistic understanding of these regulations is mostly
elusive. The 14-3-3 protein-dependent activation of AANAT is one of
the few cases where available structural data enabled insight into the
mechanism of the 14-3-3 protein action [16]. Regulation of this en-
zyme is based on a direct structural change where the 14-3-3 protein
forces AANAT to adopt a conformation that allows optimal substrate
binding.

Recently, we have performed a detailed biochemical characteriza-
tion of the 14-3-3 protein-dependent activation of S. cerevisiae Nth1
and showed that Bmh proteins bind tightly to the phosphorylated
N-terminal segment of Nth1 with residues Ser60 and Ser83 being sites
primarily responsible for this interaction [6]. The close proximity of
these two phosphorylated recognition sites also suggests a synergistic
effect on binding as has been shown previously [17,18]. The complex
formation strongly enhances the enzymatic activity of Nth1 and this ac-
tivation is significantly more potent compared to Ca? *-dependent one.
Although we have obtained valuable information concerning the activa-
tion of Nth1, that study has not yielded sufficient structural insights into
these mechanisms of Nth1 activation.

Thus, in this work we employed hydrogen/deuterium exchange
coupled with mass spectrometry (HDX-MS) and circular dichroism
spectroscopy to perform a structural analysis of a complex formed be-
tween the S. cerevisiae Nth1 and Bmh1. The HDX-MS method is com-
monly used to probe interactions within protein-protein and protein-
ligand complexes since changes in HDX rates allow identification of
binding surfaces and detection of conformational changes [19-21].
Our results show that Bmh1 binding to the phosphorylated Nth1 in-
duces substantial changes in the deuteration kinetics of several Nth1 re-
gions including the N-terminal segment where the 14-3-3 binding
motifs are located, the Ca? *-binding domain, and the catalytic trehalase
domain. This suggests that these regions form the interaction surface of
Nth1. In addition, our data also indicate that the Bmh1 protein binding
affects the structural properties of segments surrounding the buried ac-
tive site of Nth1. This might enable easier substrate and product entry
and departure, respectively, and thus results in Nth1 activation. The in-
teraction surface of Bmh1 includes not only the surface of the ligand
binding groove where the phosphorylated N-terminal segment of
Nth1 binds but also surfaces outside the central cavity of Bmh1 dimer.
Circular dichroism measurements confirmed that the interaction be-
tween Bmh1 and Nth1 affects their tertiary structure but without the
change in their secondary structure composition.

2. Materials and methods
2.1. Expression and purification of Bmh1 protein

DNA encoding S. cerevisiae Bmh1 protein was ligated into pET-15b
(Novagen) using the Ndel and BamHI sites. The entire coding region
was checked by sequencing. The Bmh proteins were expressed and
purified as described previously [22].

2.2. Expression, purification, phosphorylation and activity measurement of
Nth1

DNA encoding S. cerevisiae Nth1 protein was ligated into pET-32b
(Novagen) with deletion of 81 base pairs after the sequence (6 x H)
SSGLVPRGS using the Ncol and BamHI sites. The entire coding region

was checked by sequencing. The Nth1 protein was expressed, purified
and phosphorylated as described previously [6]. The enzyme kinetics
of the hydrolysis of trehalose by Nth1 was measured using a stopped
assay as described previously [6]. Specific activity was determined in
umol of glucose liberated per min per mg of protein.

2.3. Circular dichroism spectroscopy

The far-UV CD spectra were measured in a quartz cuvette with an op-
tical path length of 1 mm (Starna, USA) using a J-810 spectropolarimeter
(Jasco, Japan). The conditions of the measurements were as follows:
a spectral region of 200-260 nm, a scanning speed of 10 nm/min, a re-
sponse time of 8 s, a resolution of 1 nm, a bandwidth of 1 nm and a
sensitivity of 100 mdeg. The final spectrum was obtained as an aver-
age of 5 accumulations. The spectra were corrected for a baseline
by subtracting the spectra of the corresponding polypeptide-free so-
lution. The CD measurements were conducted at room temperature
(23 °C) in the buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 2 mM 2-mercaptoethanol, 10% (w/v) glycerol buffer. The
Bmh1 concentration was 0.089 mg-mL~"; the concentration of pNth1
and Nth1 was 0.145 mg-mL ™. After baseline correction, the final spectra
were expressed as a mean residue elipticities Qurw (deg~cm2-dmol_1)
and were calculated using the equation

Oops x 100 x My
cx I x Ny

[Q}MRW = ’ (1)

where 6, is the observed ellipticity in mdeg, c is the protein concentra-
tion in mg-mL™ !, Iis the path length in cm, M,, is the protein molecular
weight and Ny is the number of amino acids in the protein. Secondary
structure content was estimated using tools available at Dichroweb
website [23].

The near-UV CD spectra were measured in a quartz cuvette with
an optical path length of 1 cm (Starna, USA) in a spectral region of
250-320 nm. The Bmh1 concentration was 0.447 mg-mL™"'; the con-
centration of pNth1 and was 0.69 mg-mL~ ",

2.4. Molecular modeling

Three-dimensional model of the catalytic domain of yeast neutral
trehalase Nth1 (sequence 295-721) was generated using the DeepView
v4.04, the SWISS-MODEL server [24,25] and the crystal structure of
trehalase Tre37A from Escherichia coli (PDB code 2JF4, sequence 145-
533) as a template [26]. The sequence identity and similarity of Nth1 cat-
alytic domain to trehalase Tre37A are 27 and 42%, respectively. The final
model was validated by PROCHECK, and bad contacts were corrected
manually by Coot program [27]. The three-dimensional model of Bmh1
(sequence 4-236) was generated employing the same procedure and
using the crystal structures of several known 14-3-3 protein isoforms
as templates: PDB codes 1A40 [11], 1YZ5 [28], 2B05, 2BTP, 2C63 and
2BR9 [29]. Both models were further experimentally validated using
the distance constraints derived from chemical cross-linking with
homo-bifunctional cross-linkers DSS and DSG (amine-amine coupling)
which covalently modify lysine residues.

2.5. Hydrogen/deuterium exchange kinetics coupled to mass spectrometry
(HDX-MS)

HDX of the Bmh1 protein, phosphorylated Nth1 (pNth1) protein, and
pNth1 in the presence of the Bmh1 protein was initiated by a 10-fold
dilution in a deuterated buffer containing 20 mM Tris-HCl (pH/pD
7.5), 1 mM EDTA, 3 mM DTT, 200 mM NaCl and 10% (w/v) glycerol.
The final protein concentrations were 3.16 uM for Bmh1 and 1.6 uM
for phosphorylated Nth1. The molar ratio between Bmh1 and Nth1 was
therefore 2:1. Aliquots (80 pL) were taken after 30 s, 1 min, 3 min,
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Table 1

Distance constraints of Nth1 derived from the cross-linking experiments and their
comparison with distance constraints derived from the homology model of the catalyt-
ic domain of Nth1.

Ca—Co distance
constraint from the

Ca-Ca distance
from the homology

Cross-linker  Cross-linked residues®

model cross-linking
experiments”
A A
DSS/DSSD4 K214-K675, inter - <24
DSS/DSSD4 K214/K221-K563, inter - <24
DSG/DSGD4  K258-K393, inter - <20
DSS/DSSD4 K258-K343, inter - <24
DSG/DSGD4  K393-K396, intra 5.1 <20
DSS/DSSD4 K385-K517, inter 17.5 <24
DSG/DSGD4  K385-K517, inter 17.5 <20
DSS/DSSD4 K371-K718, inter 17.7 <24
DSS/DSSD4 K537-K584, inter 164 <24
DSG/DSGD4  K589-K593, intra 6.1 <20
DSS/DSSD4 K589-K593, inter 6.1 <24
DSG/DSGD4  K461-K561, inter 164 <20
DSS/DSSD4 K461-K561, inter 164 <24
DSS/DSSD4 K456-K458, inter 6.5 <24
DSG/DSGD4  K456-K458, inter 6.5 <20
DSS/DSSD4 K458-K461, inter 7.6 <24
DSG/DSGD4  K458-K461, inter 7.6 <20
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Fig. 1. A. Protection plot showing the deuteration levels of pNth1 both in the presence and
absence of Bmh1 after 10 min of deuteration. The domain structure of S. cerevisiae Nth1
showing the relative position of PKA-phosphorylation sites and both the calcium and catalyt-
ic trehalase binding domains are shown at the top. B. Protection plot showing the deutera-
tion levels of Bmh1 both in the presence and in the absence of pNth1 after 10 min of
deuteration. Secondary structure elements are indicated at the top. The helices that form
the ligand binding groove are colored green.

2 Intra denotes cross-link between residues from the same peptide, inter denotes
cross-link between residues from two different peptides.

> The Ca-Ca inter-residue distance constraints used were based on the length of the
spacer arm which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flexibility of the
lysine side chains the following cutoffs are generally used: 20 A for c-carbons of lysine
cross-linked with DSG, and 24 A for a-carbons of lysine cross-linked with DSS?°.

10 min, 30 min, 1 h, 3 h and 5 h of exchange. The exchange was
quenched by adding 20 pL of 0.1 M HCI and rapid freezing in liquid
nitrogen. Analysis of deuterated samples (HPLC-MS) was done on
HPLC (1200 Agilent Technologies, Waldbronn, Germany) connected to
ESI-FT-ICR MS (9.4 T APEX-Ultra, Bruker Daltonics, Billerica, MA). The
analysis started by a quick thawing of the sample and followed by diges-
tion on a pepsin column (66 pL bed volume, flow rate 100 pL-min™ ).
Generated peptides were online desalted on a Peptide MicroTrap
(Michrom Bioresources, Auburn, CA) and separated on a C18 reversed
phase column (0.5 x 50 mm, Jupiter, Phenomenex) using a linear gradi-
ent 10-45% B in 20 min, where solvent A was 2% acetonitrile/0.4% formic
acid in water, solvent B 95% acetonitrile/5% water/0.4% formic acid. Injec-
tion and switching valve, pepsin column, peptide trap and the analytical
column were placed in an ice box to minimize the back-exchange. Pep-
tide identification (mapping, HPLC-MS/MS) was done using the same

Fig. 2. A. Homology model of the catalytic trehalase domain of Nth1 (sequence 295-721). Regions that show fast deuteration and surround the active site (276-303, 412-465,
607-636 and 665-712) are shown in red. On the other hand, regions that exhibit slow exchange kinetics (307-350, 384-411, 493-505, 532-581 and 648-660) are shown in
yellow. The active site contains trehalase inhibitor validoxylamine (shown as spheres) based on the crystal structure of the template (trehalase Tre37A, PDB code 2JF4) used
to build this homology model [26]. B. Detailed view of the active site of Nth1 containing the inhibitor validoxylamine with selected residues proposed to act as the acid
(Asp478) and base (Glu674) in the hydrolysis mechanism [26]. Both residues and inhibitor are shown in ball-and-stick representation. Regions that show slower deuteration
kinetics upon Bmh1 binding are shown in red (peptide 665-698), blue (607-636) and orange (466-489).
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system as described above and the MS/MS spectra were searched by
MASCOT against a database containing sequences of Bmh1 and Nth1
(the only allowed partial modification was Ser phosphorylation). Spec-
tra of partially deuterated peptides were exported to txt files using
DataAnalysis v 4.0 (Bruker Daltonics, Billerica, MA) and processed
using the Java based program ExPro written in our laboratory [14,30].

2.6. Chemical cross-linking

The proteins (pNth1 or Bmh1) were cross-linked with homobifunc-
tional cross-linkers disuccinimidyl suberate (DSS) and disuccinimidyl
glutarate (DSG). The concentrations were as follows—Bmhl
0.2 mg-mL~! and pNth1 0.3 mg-mL~". For the cross-linking reac-
tion, the proteins were transferred to 20 mM HEPES buffer (pH 7.5)
with 150 mM NadCl and cross-linkers DSS and DSG were used as 1:1
(mol/mol) mixtures of non-deuterated and four-times deuterated com-
pounds (d0/d4). Freshly prepared stock solutions of cross-linkers
(10 mg/mLin DMSO) were added in 20 x molar excess to pNth1 and re-
action mixtures were incubated for 1 h at room temperature. Following
cross-linking, proteins were separated on a NUPAGE 4-12% Bis-Tris gel
using MES running buffer and the bands corresponding to a monomeric
cross-linked protein were excised. The cysteines were reduced with
100 mM TCEP for 5 min at 90 °C and free cysteines were alkylated
with 50 mM iodoacetamide for 20 min at room temperature in the
dark. Trypsin digestion proceeded overnight at 37 °C with an enzyme/
protein ratio of 1:20 (wt/wt). The resulting peptide mixtures were
desalted on a peptide MacroTrap column (Michrom Bioresources).
After desalting, the peptide mixtures were loaded onto a reverse phased
column MAGIC C18 column (0.2 x 150 mm, Michrom Bioresources)
and separated on a capillary HPLC system (Agilent Technologies) at a
flow rate of 4 uL-min~"' under the following gradient conditions:
1-10%Bin 1 min, 10-45% B in 19 min, 45-95% B in 5 min, where sol-
vent A was 0.2% formic acid, 2.5% acetonitrile and 2.5% isopropanol in
water and solvent B was 0.16% formic acid in 90% acetonitrile and 5%
isopropanol. The column was connected directly to an Apex-ULTRA
Qe FT-ICR mass spectrometer (Bruker Daltonics) equipped with a
9.4 T superconducting magnet using an electrospray ion source.
The instrument was calibrated externally using arginine clusters
resulting in mass accuracy below 2 ppm. Data acquisition and data pro-
cessing were performed using ApexControl 3.0.0 and DataAnalysis 4.0
(Bruker Daltonics), respectively. The cross-links were identified using
Links software [31]. The Links algorithm was set to consider the
carbamidomethylation of cysteine and the possible single oxidation of
methionine. The mass error threshold was kept below 2 ppm and all
assigned fragments were verified manually.

3. Results

3.1. Preparation and characterization of the complex between yeast Nth1
and Bmh1 for HDX-MS measurements

The main goal of this study was to provide the structural basis for
Bmh1 binding-dependent activation of Nth1 from S. cerevisiae. The
complex between Bmh1 and phosphorylated Nth1 (pNth1) was pre-
pared as described previously [6,22]. The phosphorylation of PKA phos-
phorylation sites (Ser20, Ser21, Ser60 and Ser83) was checked by mass
spectrometry [6]. The interaction between pNth1 and Bmh1 was veri-
fied using native gel electrophoresis (see Supplemental data Fig. S1).
The specific trehalase activity of pNth1 in the presence of Bmh1 was
found to be 66 + 2 umol-min~'-mg~" (umol of glucose liberated per
min per mg of protein). The circular dichroism (CD) spectroscopy was

used to check the native structure of prepared Nth1, pNth1 and Bmh1
proteins. The analysis of measured far-UV CD spectra (Fig. S2) revealed
that Nth1 contains ~26% of a-helix, ~24% of 3-sheet and ~50% of ran-
dom coil regions, whereas pNth1 contains ~31% of a-helix, ~17% of
-sheet and ~52% of random coil regions. The Bmh1 protein contains
~84% of a-helix and ~16% of random coil regions in a good agreement
with the theoretical prediction.

3.2. HDX kinetics reveals significant structural changes of both pNth1
and Bmh1 upon the complex formation

The HDX-MS is an ideal technique for probing the protein-protein
interactions and conformational changes of proteins by measuring
the time-dependent increases in the weighted average peptide
masses along the entire length of the protein backbone [32]. During
the HDX-MS experiment we primarily monitor the backbone amide
hydrogens because of the quick back-exchange of side chain and
N-terminal amides. The exchange kinetics of the backbone amide hy-
drogens depends on both the solvent exposure and the hydrogen
bonding. Therefore the regions that are exposed to the solvent and/
or highly flexible commonly become deuterated quickly. In addition,
the backbone amide hydrogens that are involved in the formation of
hydrogen bonds in secondary structural elements generally exhibit
slower deuteration and their exchange rates reflect structural stabili-
ty and protein conformational mobility [19,33]. The importance of ob-
served changes in the deuteration kinetics and the corresponding
structural change can be “measured” by the difference in the number
of deuterons which reflects the number of altered hydrogen bonds or
solvent-shielded amides. For example, the average difference in deu-
teration level of 10% on a peptide with 22 exchangeable amides
means 2.2 deuterons reflecting 2-3 amide bonds affected by the
structural change or solvent shielding.

In order to identify regions of pNth1 and Bmh1 involved in pro-
tein-protein interactions and/or undergoing conformational changes
upon the complex formation we studied the exchange kinetics of the
pNth1:Bmh1 complex as well as free pNth1 and Bmh1. The exchange
kinetics of pNth1 was followed on 255 peptides covering 92% of the
Nth1 sequence (Fig. S3) while in the case of Bmh1 we used 61 pep-
tides covering 99% of the Bmh1 sequence (Fig. S4) [30].

3.3. Structural changes of pNth1

To outline the exchange kinetics alongside the whole sequence of
pNth1, an exchange profile showing the percentage of deuteration at
a given time, in this case 10 min, for the selected non-overlapping pep-
tides covering the entire protein sequence was created (Fig. 1A). The
exchange profile of pNth1 alone (shown in black) reveals regions that
exhibit relatively fast deuteration kinetics (the extent of the deuteration
is higher than 30%) including the N-terminal segment containing all
four PKA phosphorylation sites (region 2-110), the segment containing
the putative calcium binding domain (region 111-151) and several
regions from the trehalase catalytic domain (amino acids 156-262,
276-303, 412-465, 607-636, 665-712 and 738-751). The high rate of
the isotope exchange suggests that these regions are either flexible
and/or solvent exposed.

In order to obtain the structural interpretation for HDX-MS data
we built a homology model of the catalytic domain of Nth1 (sequence
295-721) using the crystal structure of trehalase Tre37A from E. coli
as a template [26]. The sequence identity and similarity of these two
domains are 27% and 42%, respectively. This structural model consists
of an (o/a)g barrel similar to that found for other «-toroidal

Fig. 3. HDX-MS reveals the binding surface of pNth1. Graphs represent HDX kinetics for selected pNth1 regions that show slower deuterium exchange kinetics upon Bmh1 binding.
A. Regions from the unstructured N-terminal part of Nth1 that are missing in the homology model of the catalytic domain. B. Regions from the catalytic trehalase domain are
mapped on its homology structural model (shown in red, blue, cyan and orange). Deuterium exchange is expressed as percentages relative to the maximum theoretical deuteration
level for pNth1 alone (black squares) and pNth1 in the presence of Bmh1 (red circles). Time units are in seconds.
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Fig. 4. HDX-MS reveals the binding surface of Bmh1. A. HDX kinetics for Bmh1 regions that show slower deuterium exchange kinetics upon pNth1 binding mapped on the structural
model of Bmh1 (shown in red, green, blue, yellow, magenta and orange). Peptides forming the ligand binding groove are labeled by asterisks. Deuterium exchange is expressed as
percentages relative to the maximum theoretical deuteration level for Bmh1 alone (black squares) and Bmh1 in the presence of pNth1 (red circles). Time units are in seconds. Only

one monomer of Bmh1 is shown for clarity. B. Regions that show slower deuterium exchange upon pNth1 binding mapped on the surface representation of the Bmh1 dimer.
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glycosidases with the active site buried within the structure (Fig. 2). The
homology model was further experimentally validated using the
distance constraints derived from the chemical cross-linking with
homo-bifunctional cross-linkers DSS and DSG (amine-amine coupling)
which covalently modify lysine residues. The comparison of the Co—-Cax
inter-residue distance constraints from the cross-linking experiments
and the homology model of Nth1 is shown in Table 1. Concerning the
flexibility of the lysine side chains the following cutoffs are usually
applied: 20 A for a-carbons of lysines cross-linked with DSG, and
24 A for a-carbons of lysines cross-linked with DSS [34]. As can be no-
ticed, the Ca—Cax inter-lysine distances obtained from the cross-linking
experiments correspond well with the distances derived from the struc-
tural model (Fig. S5). The structural model of Nth1 catalytic domain is
also consistent with the results of HDX-MS measurements. Regions
that show faster deuteration surround the active site and are solvent
accessible (Fig. 2A, shown in red). On the other hand, segments that ex-
hibit slower exchange kinetics (the extent of deuteration is lower than
20%) include regions 307-350, 384-411, 493-505, 532-581, and 648-
660 (Fig. 2A, shown in yellow) correspond well with the secondary
structural elements (Fig. 1A, shown on top) and/or are buried and
have a low solvent accessibility. These results imply that our model
based on the homology with Tre37A is a reasonable structural model
for the catalytic domain of Nth1.

Bmh1 binding induces substantial reduction of the deuteration kinet-
ics of several Nth1 regions (Fig. 1A, compare black and red profiles). The
most profound decrease in exchange kinetics was observed for peptides
from the region 98-193 where the deuteration level (at 10 min) dropped
from the initial 55-60% in the absence of Bmh1 to 20-35% in its presence
(Figs. 1A and 3A). Regions whose deuteration is moderately but signifi-
cantly decreased upon Bmh1 binding include peptides from the
N-terminal segment where the 14-3-3 binding motifs are located (33-
97) and the catalytic domain (263-275, 307-313, 431-445, 466-489,
607-636 and 665-737). The decrease in deuterium incorporation can
be interpreted as lower solvent exposure and/or the change in hydrogen
bonding upon the complex formation, thus strongly suggesting that these
regions (or their parts) form the interaction surface of pNth1 and/or un-
dergo a structural rearrangement upon Bmh1 binding. Our structural
model of Nth1, unfortunately, contains neither the N-terminal segment
nor the putative calcium binding domain because the trehalase Tre37A,
which was used as a template, possesses no such regions [26]. Thus,
only peptides from the catalytic domain (466-489, 607-636, 665-698,
and 713-737) can be mapped to our structural model. As can be seen in
Fig. 3B, the structural model suggests that the active site of Nth1 is buried.
Therefore, it is reasonable to speculate that the activation of Nth1 requires
a conformational change that opens the active site and allows a better
substrate and product entry and departure, respectively. It is likely that
the observed reduction in the deuteration kinetics of regions that sur-
round the active site of Nth1 (466-489, 607-636, 665-698, and 713-
737) (Fig. 3B) reflects such Bmh1-induced structural change.

In addition, Bmh1 binding affects the deuteration kinetics of seg-
ments not only surrounding the active site but also containing residues
crucial for catalysis (Fig. 2B). Sequence alignment used to prepare the
structural model of Nth1 catalytic domain revealed that peptides 466
489 (Fig. 3B, shown in orange) and 665-698 (Fig. 3B, shown in red) con-
tain residues Asp478 and Glu674 that are equivalent to Asp312 and
Glu496 of E. coli trehalase Tre37A, which were suggested to function as
the catalytic acid and base, respectively [26]. Thus, it seems that Bmh1
binding also affects the structural properties of residues that form the
active site of Nth1.

A minor Bmh1l-dependent decrease in deuteration level (~4% in
10 min) was also observed for the N-terminal part of pNth1 (33-97)
containing both phosphorylation sites Ser60 and Ser83 that are crucial
for Nth1 binding to the Bmh proteins. These changes likely reflect the
binding of this segment of pNth1 into the ligand binding grooves of the
Bmh1 protein [6]. In addition, the high level of deuteration of this seg-
ment (~50-60% in the absence of Bmh1) is consistent with the prediction

that this region is disordered and highly flexible. This is also a reason why
Bmh1 binding-dependent changes in the deuteration level in this region
of pNth1 are not so evident. Such flexible regions undergo fast exchange
and the information is then nearly or completely lost during the analysis.

3.4. Structural changes of Bmh1

The same approach was used to investigate the binding surface of
the Bmh1 protein. The isotopic exchange profiles for Bmh1 alone and
upon the binding to pNth1 are shown in Fig. 1B (compare black and
red profiles). The profile observed for Bmh1 alone contains periodically
alternating regions with fast and slow deuteration kinetics, thus corre-
sponding well with the known structure of the 14-3-3 proteins.

To obtain structural interpretation for HDX-MS data we also built a
homology model of the Bmh1 protein (Fig. 4). This model was also fur-
ther experimentally validated using the distance constraints derived
from the chemical cross-linking with homo-bifunctional cross-linkers
DSS and DSG. The comparison of the Coi-Cax inter-residue distance con-
straints from the cross-linking experiments again corresponds well
with the model (Table S1 and Fig. S6) and validates mainly the dimeric
nature of Bmh1.

The highest deuteration was detected for helix H6, loops between
helices H2 and H3, H3 and H4, H4 and H5, H8-H9, and the C-terminal
tail. On the other hand, the lowest deuteration was observed for pep-
tides from helices H1, H3, H4, H5, H7 and H9. Regions where we ob-
served a significant decrease in the exchange kinetics upon pNthl
binding include peptides 39-47 and 48-61 from helix H3, peptides
137-151 from helix H6, peptides 152-175 from helices H6 and H7, pep-
tides 184-207 from helices H7 and H8 and peptides 222-232 from the
C-terminus of helix H9 (Fig. 4A). Again, the slower deuterium incorpo-
ration can be interpreted as decreased accessibility to the solvent upon
the complex formation, thus strongly suggesting that these regions
(or their parts) form the interaction surface of Bmhl. It is interesting
that these peptides map not only to the surface of the ligand binding
groove formed by helices H3, H5, H7 and H9 (where the phosphorylat-
ed N-terminal segment of pNth1 binds) but also to the surface of helices
H6 and H8 outside the central cavity of the Bmh1 dimer (Fig. 4B).

3.5. Circular dichroism measurements

The circular dichroism (CD) is a standard technique for examining the
structure of proteins in a solution [35]. Both far- and near-UV CD spectra
were measured to investigate the possible structural changes of Bmh1
and pNth1 upon the complex formation. The comparison of far-UV CD
spectra of the Bmh1:pNth1 complex (with the 2:1 molar stoichiometry)
and the sum of the individual CD spectra of Bmh1 and pNth1 show no
significant differences in the secondary structure composition (Fig. 5A).
However, the comparison of near-UV CD spectra revealed significant
changes in the region from 260 to 310 nm (Fig. 5B). The CD signal in
this region reflects changes in the mobility, the nature of the environ-
ment and the spatial disposition of the aromatic amino acids [35].
Therefore, observed changes in the near-UV CD spectrum suggest that
the complex formation between Bmh1 and pNth1 affects their tertiary
structure in a good agreement with results of HDX-MS measurements.

Thus, the enhancement of the pNth1 enzyme activity upon Bmh1
binding as well as the decrease in the deuteration kinetics of several
pNth1 and Bmh1 regions do not result from the change in the secondary
structure composition but rather reflect the changes in the protein's ter-
tiary structure.

4. Discussion

The aim of the current study is to provide a mechanistic insight into
the activation of yeast neutral trehalase Nth1 by means of the 14-3-3-
protein binding. Trehalases catalyze the hydrolysis of one of the
two glycosidic bonds in trehalose with inversion of the anomeric
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configuration. The only available crystal structure of trehalase
(periplasmic enzyme Tre37A from E. coli) revealed that the active
site is buried, thus suggesting that a significant conformational
change would be required for the substrate and product entry and
departure, respectively [26]. Comparison of sequences of yeast neutral
trehalase Nth1 and E. coli trehalase Tre37A suggests that a similar mech-
anism might also apply for the yeast Nth1. The hypothesis that the active
site of Nth1 is inaccessible is further supported by the fact that the en-
zyme by itself is catalytically inactive and its full activation requires its
binding to the regulatory Bmh proteins (yeast 14-3-3 isoforms) known
to modulate another protein's structure [6].

The 14-3-3 proteins are known to regulate the catalytic activity of
several other enzymes including AANAT, plant plasma membrane
H*-ATPase, tyrosine and tryptophan hydroxylases, Raf kinases and
more [16,36-38]. The mechanisms behind these processes are mostly
elusive with the exception of AANAT and H*-ATPase where the avail-
able structural data provided the insight into their regulations. In the
case of AANAT, the 14-3-3 protein modulates its activity and affinity
for substrates by changing the structure of a region involved in sub-
strate binding [ 16]. The activation of Ht-ATPase is based on the binding
of the 14-3-3 protein to its phosphorylated C-terminus inducing both
the conformational change and the change of its oligomeric state [36].
In addition, it has recently been shown that the 14-3-3 protein-
dependent structural modulation is also involved in the regulation of
phosducin and the regulator of G-protein signaling 3 [13,39]. Therefore,
it is reasonable to assume that similar mechanism might also be in-
volved in the regulation of Nth1 activity.

In this work, we used HDX-MS and CD to investigate the interaction
between the 14-3-3 protein and Nth1. These techniques enable the map-
ping of the interaction surfaces as well as the conformational changes of
proteins in solution. Our results from HDX-MS experiments revealed
that Bmh1 binding to the phosphorylated pNth1 decreases the isotope
exchange kinetics for peptides from: (i) the N-terminal segment
containing both phosphorylation sites Ser60 and Ser83 that are crucial
for Nth1 binding to Bmbh; (ii) the region 102-185, that corresponds to
the Ca®*-binding domain; and (iii) several peptides from the catalytic
trehalase domain that surround the active site (Figs. 1A and 3). This
strongly suggests that these regions are either in direct physical contact
with the Bmh1 protein or undergo a structural change upon the complex
formation. However, this structural change doesn't involve the change in
the secondary structure composition within the complex but rather the
change in the protein's tertiary structure, as indicated by far- and
near-UV CD spectra (Fig. 5). Since the structure of the 14-3-3 protein
dimer is very rigid [10,40], we believe that the tertiary structure of
pNth1 is affected upon the complex formation. On the basis of these re-
sults we propose a model of the Bmh-dependent activation of Nth1l
(Fig. 6). In the non-phosphorylated state, the active site of Nth1 is buried
within the structure of the catalytic domain and the enzyme is inactive.
The phosphorylation of Nth1 by PKA creates two 14-3-3 binding sites
within the N-terminal segment of the enzyme. These motifs are recog-
nized by yeast 14-3-3 isoforms (Bmh) and the Bmh1:pNth1 complex
with the stoichiometry 2:1 is formed [6]. The Bmh binding affects the
structural properties of both the Ca?*-binding and the catalytic domains
of pNth1. These structural changes enhance the enzymatic activity of
pNth1 likely by increasing the accessibility of its active site, thus allowing
the entry and departure of trehalose and glucose, respectively.

As far as the binding surface of the 14-3-3 protein is concerned, our
results show that the interaction between Bmh1 and pNth1 extends
beyond its binding groove. As can be seen in Fig. 4, the binding surface
of Bmh1 protein includes less-conserved regions of helixes H6 and H8
outside the central channel of the 14-3-3 dimer. A similar binding surface
was recently described for the human 14-3-3¢ in its complex with the
regulator of G-protein signaling 3 using HDX-MS and small angle X-ray
scattering [ 14]. In addition, a recently solved crystal structure of the com-
plex between florigen Hd3a and the 14-3-3 protein revealed that this
region is an important part of the binding interface [41]. Thus, it seems
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Fig. 5. A. The comparison of the far-UV CD spectrum of the Bmh1:pNth1 complex (solid line)
with the sum of the individual far-UV CD spectra of Bmh1 and pNth1 (dotted line). B. The
comparison of the near-UV CD spectrum of the Bmh1:pNth1 complex (solid line) with the
sum of the individual near-UV CD spectra of Bmh1 and pNth1 (dotted line). Proteins were
mixed with the 2:1 molar stoichiometry (Bmh1:Nth1). The mean residue ellipticity (MRE)
is plotted as a function of the wavelength.

that this region outside the central channel is a common interaction
surface in various 14-3-3 protein complexes and its sequence variability
can contribute to the 14-3-3 isoform-binding specificity [10,40,42].

Fig. 6. Proposed mechanism for Bmh-dependent activation of Nth1. The active site of
Nth1 in the absence of Bmh is buried within the structure of the trehalase domain
and the enzyme is catalytically inactive [26]. Phosphorylated Nth1 is recognized by
Bmh protein (yeast 14-3-3 isoform) and its binding to the N-terminal pSer60 and
pSer83 induces conformational change within both the Ca®*-binding domain and
the catalytic domain in close proximity to the active site. This structural change enables
substrate and product entry and departure, respectively, hence the enzyme activation.
AS denotes the active site, T and G denotes trehalose and glucose, respectively, serines
that are phosphorylated by PKA are shown as red circles, Ca?*-binding domain is
shown in orange, catalytic trehalase domain in green and the Bmh protein in pink.
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In conclusion, in this work we provide structural insight into the
14-3-3 protein-dependent activation of yeast neutral trehalase Nth1
using HDX-MS and CD. Our results show that Bmh1 induces substantial
changes in the deuteration kinetics of several Nth1 regions including
the N-terminal segment where the 14-3-3 binding motifs are located,
the Ca®*-binding domain, and the catalytic trehalase domain. Our
data also suggest that regions surrounding the buried active site are
affected by Bmh1 binding and, thus, potentially undergo a structural
change upon the complex formation. Such conformational change
might enable easier substrate and product entry and departure, respec-
tively, and thus results in Nth1 activation. The interaction surface of
Bmh1 includes not only the surface of the ligand binding groove
where the phosphorylated N-terminal segment of Nth1 binds but also
surfaces outside the central cavity of Bmh1 dimer.
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Background: The yeast neutral trehalase Nth1 is activated by the 14-3-3 protein binding.
Results: The 14-3-3 protein induces a structural rearrangement of Nth1 with changes within the EF-hand like motif being

essential for the activation process.

Conclusion: The EF-hand-like motif-containing domain is crucial for the 14-3-3-dependent activation of Nth1.
Significance: Structural basis of the mechanism of Nth1 activation.

Trehalases hydrolyze the non-reducing disaccharide treha-
lose amassed by cells as a universal protectant and storage car-
bohydrate. Recently, it has been shown that the activity of neu-
tral trehalase Nthl from Saccharomyces cerevisiae is mediated
by the 14-3-3 protein binding that modulates the structure of
both the catalytic domain and the region containing the EF-
hand-like motif, whose role in the activation of Nth1 is unclear.
In this work, the structure of the Nth1:14-3-3 complex and the
importance of the EF-hand-like motif were investigated using
site-directed mutagenesis, hydrogen/deuterium exchange cou-
pled to mass spectrometry, chemical cross-linking, and small
angle x-ray scattering. The low resolution structural views of
Nth1 alone and the Nth1:14-3-3 complex show that the 14-3-3
protein binding induces a significant structural rearrangement
of the whole Nth1 molecule. The EF-hand-like motif-containing
region forms a separate domain that interacts with both the
14-3-3 protein and the catalytic trehalase domain. The struc-
tural integrity of the EF-hand like motif is essential for the
14-3-3 protein-mediated activation of Nth1, and calcium bind-
ing, although not required for the activation, facilitates this
process by affecting its structure. Our data suggest that the EF-
hand like motif-containing domain functions as the intermedi-
ary through which the 14-3-3 protein modulates the function of
the catalytic domain of Nth1.

Trehalose (a-D-glucopyranosyl-(1-1)-a-p-glucopyranoside)
is a non-reducing disaccharide of glucose found in a broad vari-
ety of organisms, including bacteria, yeast, fungi, insects, and
plants, with the exception of mammalian cells. The generation
of trehalose is triggered by stresses, such as heat, drying, or
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oxidative stress, indicating that the accumulated trehalose pro-
tects proteins and membranes from these stress conditions.
Moreover, it can also act as a signaling or regulatory molecule in
some cells, connecting the trehalose metabolism to glucose
transport and glycolysis (1).

Hydrolysis of trehalose into two glucose subunits is carried
out by trehalases (2). Trehalase was first described in Aspergil-
lus niger and then in Saccharomyces cerevisiae and subse-
quently in many other organisms, including plants and animals
(3—6). It has been shown that the yeast S. cerevisiae possesses
several different trehalases: the vacuolar acid trehalase Athl
with a lower pH optimum of about 4.5, and the cytoplasmic
neutral trehalases Nth1 and Nth2 with a pH optimum of about
7 (7-10). The sequence comparison revealed that neutral tre-
halases from yeast S. cerevisiae and Kluyveromyces lactis pos-
sess, compared with other organisms, an N-terminal extension
that contains several protein kinase A (PKA) phosphorylation
sites as well as the EF-hand-like calcium binding motif, suggest-
ing that this region is involved in the regulation of these
enzymes’ activity (11-13). Indeed, it has recently been shown
that the activity of S. cerevisiae Nth1 is regulated by PKA phos-
phorylation, Ca®>*, and the 14-3-3 protein binding (14-16).

Inyeast S. cerevisiae, two 14-3-3 protein isoforms (Bmh1 and
Bmh?2) with a great degree of homology have been identified
(17). Bmh1 and Bmh2 were shown to be essential in most lab-
oratory yeast strains (18). As in higher eukaryotes, yeast 14-3-3
proteins bind to and modulate the activity of plenty of proteins
involved in crucial cellular processes (19). In our previous
study, we identified two key phosphorylation sites within the
N-terminal segment of S. cerevisiae Nth1 that are responsible
for the 14-3-3 protein-mediated activation of Nth1 (15). This
activation is significantly more potent compared with the Ca®*
only-dependent activation, which is more common among tre-
halases from other organisms. Subsequently, we showed that
the 14-3-3 protein binding affects the conformation of both the
region containing the EF-hand-like motif and the catalytic tre-
halase domain (Fig. 1), with changes in the EF-hand-like motif
being, surprisingly, most profound (20). Thus, these data sug-
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gested that this motif plays an important, although unclear, role
in the activation of S. cerevisiae Nth1.

In this work, the structure of the Nth1-14-3-3 complex and
the importance of the EF-hand-like motif located between res-
idues 114 and 125 in the activation of Nth1 were investigated
using the site-directed mutagenesis, the hydrogen/deuterium
exchange (HDX)? coupled to mass spectrometry (HDX-MS),
chemical cross-linking, and small angle x-ray scattering
(SAXS). The low resolution structural views of Nth1 alone and
the Nth1-14-3-3 complex show that the 14-3-3 protein binding
induces a significant structural rearrangement of the whole
Nthl molecule. The EF-hand-like motif-containing region
forms a separate domain that interacts with both the 14-3-3
protein and the catalytic trehalase domain. The structural
integrity of the EF-hand-like motif is essential for the 14-3-3
protein-mediated activation of Nthl, and calcium binding,
although not required for the activation, facilitates this process
by affecting its structure. Our data suggest that the EF-hand like
motif-containing domain functions as the intermediary
through which the 14-3-3 protein modulates the function of the
catalytic domain of Nth1.

EXPERIMENTAL PROCEDURES

Expression and Purification of Bmhl—DNA encoding
S. cerevisiae Bmh1 protein was ligated into pET-15b (Novagen)
using the Ndel and BamHI sites (21). The histidine-tagged pro-
tein was expressed by isopropyl 1-thio-f-p-galactopyranoside
induction for 5 h at 37 °C and purified from E. coli BL21(DE3)
using chelating Sepharose® Fast Flow (GE Healthcare) using
the standard protocol. Next, Bmhl was purified by anion
exchange chromatography using Q Sepharose® Fast Flow (GE
Healthcare). The protein was eluted using a linear gradient of
NaCl (50 -1000 mm). Fractions containing Bmh1 were concen-
trated and further purified using size exclusion chromatogra-
phy on a Superdex 75 10/300 GL column (GE Healthcare) in a
buffer containing 20 mm Tris/HCl (pH 7.5), 150 mm NaCl, 1 mm
EDTA, 1 mm DTT, and 10% (w/v) glycerol. The protein con-
centration of purified Bmh1 was determined from UV absorp-
tion at 280 nm using an extinction coefficient value of 28,880
M Lem ! (22).

Expression, Purification, and Phosphorylation of Nth1—Nth1
from S. cerevisiae was expressed, purified, and phosphorylated
as described previously (15). To ensure that prepared Nthl is
calcium-free, the final purification step (the size exclusion
chromatography) was done in the presence of either 1 mm
EDTA or EGTA (in a buffer containing 20 mm Tris/HCI (pH
7.5),150 mM NaCl,1 mMEDTA or 1 mMEGTA, 1 mMmDTT, and
10% (w/v) glycerol). The protein concentration of purified Nth1
was determined from UV absorption at 280 nm using an extinc-
tion coefficient value of 142,560 M~ *«cm ™' (22).

2 The abbreviations used are: HDX, H/D exchange; HDX-MS, H/D exchange
coupled to mass spectrometry; SV, sedimentation velocity; DSG, disuccin-
imidyl glutarate; DSS, disuccinimidyl suberate; DSS(G)DO and DSS(G)D4,
non-deuterated and four-times deuterated cross-linkers disuccinimidyl
suberate (disuccinimidyl glutarate), respectively; pNth1, phosphorylated
Nth1; SAXS, small angle x-ray scattering; Nth1, yeast enzyme neutral tre-
halase; Bmh1, yeast 14-3-3 protein isoform.
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Mutants of Nthl (D103L, D114L, D114E, D116L, K117L,
N118L, 1121L, D125L, D125E, and D173L) were created by
using the QuikChange™ approach (Stratagene). All mutations
were confirmed by sequencing, and phosphorylation was
checked by mass spectrometry.

Differential Scanning Fluorimetry—The thermofluor assay
was performed using a real-time PCR LightCycler 480 II (Roche
Applied Science). The proteins at a concentration of 0.2 mg/ml
were tested in the presence of 8 X concentrated Sypro Orange
(Sigma-Aldrich) in a total reaction volume of 25 ul in the Light-
Cycler 480 Multiwell Plate 96 (Roche Applied Science). The
plate was sealed with the LightCycler 480 Sealing Foil (Roche
Applied Science), and a temperature gradient from 20 to 95 °C
with a rate of 0.01 °C/s was applied. The wavelengths for fluo-
rescence excitation and emission were 465 and 580 nm, respec-
tively. The melting temperature values, T,,, corresponding to
the inflection points of the melting curves, were determined as
the minima of the negative first derivative using the Roche
LightCycler 480 SW 1.5 software (23, 24).

Enzyme Activity Measurements—The trehalase activity of
phosphorylated Nth1 (pNth1) WT and mutants was measured
by estimating the glucose produced by hydrolysis of trehalose
using a stopped assay as described previously (15, 25). Specific
trehalase activity of pNth1 was measured in the presence and in
the absence of Bmh1 and/or Ca*>™. The final concentrations of
pNth1, Bmhl, and Ca** were 100 nm, 15 uMm, and 10 mm,
respectively. The calcium was added to the 50 ul of reaction
mixture from the 200 mM stock solution of CaCl,. The assay
was performed at 30 °C in buffer containing 20 mm Tris-HCl
(pH 7.5), 150 mMm NaCl, 10% (w/v) glycerol, and 30 mwm treha-
lose. Experiments performed in the absence of Ca** also con-
tained 1 mm EDTA or EGTA. The production of glucose was
detected using the Amplex® Red glucose/glucose oxidase assay
kit (Invitrogen). The specific activity of trehalase was deter-
mined as umol of glucose liberated/min/mg of protein at 571
nm.
Near-UV Circular Dichroism (CD) Spectroscopy—The near-UV
ECD spectra were measured in a quartz cuvette with an optical
path length of 1 cm (Starna) using a J-810 spectropolarimeter
(Jasco, Japan). The conditions of the measurements were as
follows: a spectral region of 250 —320 nm, a scanning speed of 10
nm'min ', a response time of 8 s, a resolution of 1 nm, a band-
width of 1 nm, and a sensitivity of 100 millidegrees. The final
spectrum was obtained as an average of five accumulations. The
spectra were corrected for a base line by subtracting the spectra
of the corresponding polypeptide-free solution. The ECD
measurements were conducted at room temperature (23 °C) in
buffer containing 20 mm Tris-HCI (pH 7.5), 150 mm NaCl, 2 mm
2-mercaptoethanol, 10% (w/v) glycerol buffer. The Bmhl con-
centration was 0.45 mg'ml ™', and the concentration of pNth1
WT and mutants was 0.69 mg'mlfl. After baseline correction,
the final spectra were expressed as mean residue ellipticities,
Quirw (degrees:cm®dmol  'number of residues ') and were
calculated using the equation,

6obs Mr

[Qlurw = dINg 10

(Eg. 1)
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where 0, is the observed ellipticity in millidegrees, ¢ is the
protein concentration in mg-ml ™", /is the path length in cm, M,
is the protein molecular weight, and N is the number of amino
acids in the protein (26).

Analytical Ultracentrifugation Measurements—Sedimenta-
tion velocity (SV) experiments were performed using a Pro-
teomLab™ XL-I analytical ultracentrifuge (Beckman Coulter).
SV experiments of Bmh1 and pNth1 were conducted at loading
concentrations of 0.2—20 uM, 20 °C, and 42,000 or 48,000 rev-
olutions/min rotor speed (An-50 Ti rotor, Beckman Coulter).
All data were collected with absorbance optics at 280 nm. Sam-
ples were dialyzed against the buffer containing 20 mm Tris-
HCI (pH 7.5), 150 mMm NaCl, and 2 mMm 2-mercaptoethanol
before analysis. To study the effect of Ca®>* on the interaction,
the dilution series of Bmhl with constant concentration of
pNthl were analyzed with and without 10 mm CaCl, in the
buffer solution. The ¢(S) distributions were calculated from the
raw absorbance data using the software package SEDFIT fol-
lowed by fitting the chemical equilibrium using the Lamm
equation modeling implemented in the software package
SEDPHAT with the previously known s values of each compo-
nent (27, 28). Loading concentrations were slightly corrected in
the process of fitting.

Hydrogen/Deuterium Exchange Kinetics Coupled to Mass
Spectrometry (HDX-MS)—HDX of the Bmhl protein, pNthl
protein, both proteins in the presence and in the absence of 10
mM Ca®", and pNthl in the presence of the Bmhl protein
and/or 10 mm Ca®" was initiated by a 10-fold dilution in a
deuterated buffer containing 20 mm Tris-HCI (pH/pD 7.5), 1
mM EDTA, 3 mm DTT, 150 mm NaCl, and 10% (w/v) glycerol.
The final protein concentrations were 3.16 um for Bmh1l and
1.6 uMm for phosphorylated Nthl. The molar ratio between
Bmhl and Nth1 was therefore 2:1. Aliquots (80 ul) were taken
after 30 s, 1 min, 3 min, 10 min, 30 min, 1 h, 3 h, and 5 h of
exchange. The exchange was quenched by adding 20 ul of 0.1 M
HCl and rapid freezing in liquid nitrogen. Analysis was done as
described previously (20, 29).

Chemical Cross-linking Combined with Mass Spectrometry—
Both Bmh1 and pNthl alone and pNth1 in the complex with
Bmhl were cross-linked using cross-linkers disuccinimidyl
suberate (DSS) or disuccinimidyl glutarate (DSG). For the
cross-linking reaction, all proteins were dialyzed against buffer
containing 20 mm HEPES (pH 7.5), 150 mm NaCl, 1 mm EGTA,
and the protein concentrations were as follows: pNthl, 0.25
mg'ml~'; Bmh1, 0.25 mg'ml~". All proteins were cross-linked
in the presence of 10 mm Ca®" using non-deuterated cross-
linkers (DSSD0 and DSGDO) and in the absence of Ca*>* using
four-times deuterated cross-linkers (DSSD4 and DSGD4).
Freshly prepared stock solutions of cross-linkers (5 mg:ml ™' in
DMSO) were added in a 15X and 30X molar excess to each
protein alone or in a 50X and 100X molar excess to the
pNth1-Bmhl complex. The reaction mixtures were incubated
for 2 h at room temperature. After that, samples that were
cross-linked in the presence of Ca®>* with non-deuterated com-
pounds were mixed with identical samples that were cross-
linked in the absence of Ca*>* with deuterated compounds in a
1:1 molar ratio, and their analysis was performed as described
previously (20, 30).
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SAXS—SAXS data were collected on the European Molecu-
lar Biology Laboratory P12 beamline on the storage ring DORIS
III (Deutsches Elektronen Synchrotron, Hamburg, Germany).
The pNth1-Bmh1 protein complex and Nth1 were measured in
a concentration range of 1.8 =15 mg'ml~'. Bmh1 was measured
in a concentration range of 2.2-16.3 mg'ml™'. Data analysis
was performed using the ATSAS software suite (31). The data
were averaged after normalization to the intensity of the trans-
mitted beam, and the scattering of the buffer was subtracted
using PRIMUS (32). The forward scattering (/(0)) and the
radius of gyration (R,) were evaluated using the Guinier
approximation. The distance distribution function (P(r)) and
the maximum particle dimension (D,,,,) were determined by
the indirect Fourier transformation of the scattering data I(s)
using GNOM (33). The solute apparent molecular mass
(MM.,,,) was estimated by comparison of the forward scatter-
ing with that from reference solutions of bovine serum albumin
(molecular mass 66 kDa). Ab initio molecular envelopes were
computed using DAMMIN (34), which represents the protein
by a collection of dummy atoms in a constrained volume with a
maximum diameter defined experimentally by D, ... For each
protein, 10 surfaces were generated and averaged using
DAMAVER (35). The averaged surfaces were then used as the
final SAXS three-dimensional structure.

RESULTS

The Integrity of the EF-hand-like Motif-containing Region Is
Crucial for the 14-3-3 Protein-dependent Activation of Nthl—
The catalytic activity of S. cerevisiae Nth1 is regulated by PKA-
mediated phosphorylation followed by 14-3-3 binding, with
Ca®" playing an unclear regulatory role (14 -16). Fig. 2A shows
the activity of phosphorylated Nth1 (pNth1) in the presence of
Ca®>*,Mg>", and Bmh1 (yeast 14-3-3 protein isoform). Samples
with Bmhl only also contained additional 1 mm EDTA or
EGTA to ensure that no traces of metals were present. As can be
seen, the Ca®>" only-dependent activity of pNth1 is very small,
whereas Bmh1- and Bmhl + Ca®*-dependent activities are
significantly higher, with the last one being a little bit more
profound. No significant difference was observed for the Bmh1
only-dependent activity of pNth1 in the presence of either 1 mm
EDTA or 1 mMm EGTA; thus, only the activity in the presence of
EDTA is shown. This activity (54 = 1 wmol'min™"*mg~ ") is
somewhat lower compared with the activity measured in the
absence of EDTA (64 —66 umol'min~'*mg ™' (20)). In addition,
no significant activation was observed in the presence of Mg>™
alone, and the effect of Bmh1l + Mg>" on pNth1 activity was
similar to that of Bmh1 alone.

Franco et al. (13) showed that the Ca®> " -dependent activation
of Nth1 from Schizosaccharomyces pombe is mediated by a con-
served Ca®>*-binding EF-hand-like motif that is also present in
S. cerevisine Nthl (sequence '"“DTDKNYQITIED'*). To
investigate the importance of this motif in S. cerevisiae pNth1l
activation, we performed site-directed mutagenesis of several
residues that correspond to both conserved and non-conserved
positions from EF-hand motifs of numerous Ca®>* -binding pro-
teins (Fig. 1B) (36, 37). We mutated residues Asp''*, Asp''®,
Asn''8, and Asp'?®, which correspond to conserved positions 1,
3,5, and 12 in EF-hand motifs participating in metal coordina-
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FIGURE 1. A, domain structure of S. cerevisiae Nth1. Relative positions of the 14-3-3 protein binding sites (Ser®® and Ser®3), the EF-hand like motif (sequence
114-125), and the catalytic domain (sequence 295-721) are shown. B, the sequence and the model of the EF-hand like motif (sequence 114-125) of Nth1.
Mutated residues important for metal coordination at positions 1, 3, 5, and 12 are shown in red. The structural model of the EF-hand like motif of Nth1 was
created using Modeler version 9.12 (46) and the structure of the EF-hand motif of calmodulin (Protein Data Bank code 1EXR) as a template (47). C, three-
dimensional model of the catalytic domain of yeast neutral trehalase Nth1 (sequence 295-721) was generated as described previously using the crystal
structure of trehalase Tre37A from E. coli (Protein Data Bank code 2JF4, sequence 145-533) as a template. The active site contains trehalase inhibitor validoxyl-
amine (shown as spheres), which was present in the structure of the template (20, 40).

tion, and residues Lys''” and Ile**" at non-conserved positions
4 and 8, respectively, which are not involved in metal coordina-
tion (36, 37). In addition, we also mutated residues Asp'® and
Asp'”? from regions bordering the EF-hand-like motif.

To verify that the introduced mutations did not result in an
overall destabilization of the Nth1 structure, the stability of all
prepared mutants was checked by measuring the thermally
induced protein denaturation using differential scanning fluo-
rimetry. No significant differences in the temperature of the
unfolding transition (7',,) were observed for all Nth1 mutants
with the exception of the I121L variant (Table 1). The slightly
lower T, of [121L mutant might reflect different conformation
of the EF-hand-like motif because this residue (position) is
known to be important for the proper conformation of the
motif (36). The binding of selected phosphorylated Nthl
mutants to Bmh1 was also checked by using analytical ultracen-
trifugation, and no significant differences compared with
pNth1l WT were observed (data not shown). Thus, all prepared
Nth1 mutants were found to be suitable for trehalase activity
measurements.

Next, the Bmhl-mediated activity of prepared pNthl
mutants in the absence and the presence of Ca®> " was measured
(Fig. 2B). Although all mutants, with the exception of D116L,
showed either significantly or totally suppressed Bmh1-medi-
ated activity in the absence of Ca®>" (Fig. 2B, white bars), the
presence of Ca®" (Fig. 2B, gray bars) rescued the activity of all
but the D114L, N118L, and D125L mutants. These three resi-
dues are located at positions crucial for metal coordination, and
their replacement with Leu had the most profound effect on
pNth1 activity both in the absence and the presence of Ca>™".
On the other hand, mutations D114E and D125E, which should
rescue the Ca®" binding, showed high Bmh1-mediated activity
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TABLE 1

Midpoint temperatures of the protein-unfolding transition (T,,) for
Nth1 WT and mutants as determined using differential scanning
fluorimetry

Uncertainties are the S.E. values calculated from three experiments.

Nth1 variant T,

°C
WT 53.6 0.3
D103L 52.3 0.2
D114L 52.7 0.2
DI114E 53.4 + 0.2
D116L 53.1 0.1
K117L 53.6 0.1
N118L 52.8 +0.5
1121L 50.4 = 0.3
D125L 52.6 = 0.2
D125E 533 0.1
D173L 52,5+ 0.1

but only in the presence of Ca>". These data suggested not only
that the structural integrity of the EF-hand like motifis essential
for the Bmh1-mediated activation of pNthl but also that cal-
cium binding helps to mediate the activation process, probably
through the structural stabilization of the EF-hand-like motif.
pNthl Mutants D114L and DI125L Show Conformational
Behavior Similar to That of Wild Type—Trehalase activity
measurements revealed that pNth1 mutants D114L and D125L
are unable to get activated in the presence of Bmh1 (Fig. 2B),
although their binding affinities for Bmhl remain unchanged.
To compare the conformational behavior of these two inactive
mutants with pNthl WT, near-UV CD spectra, which are sen-
sitive to certain aspects of protein tertiary structure, of the
pNthl D114L-Bmh1, pNthl D125L-Bmhl, and pNthl WT-
Bmhl complexes (with 1:2 molar stoichiometry) were meas-
ured. The comparison of spectra of complexes with sums of the
individual CD spectra of pNth variants and Bmhl revealed no
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FIGURE 2. A, comparison of specific trehalase activities of pNth1 WT under
different conditions. Data in the presence of 30 mm trehalose are shown.
Specific activity of trehalase is expressed as umol of glucose liberated/
min/mg of protein. Results shown are means = S.D. from three experiments.
B, specific trehalase activities of pNth1 WT, and mutants in the presence of
Bmh?1 (white bars) or Bmh1 + Ca®" (gray bars). Data in the presence of 30 mm
trehalose are shown. Specific activity of trehalase is expressed as umol of
glucose liberated/min/mg of protein. Results are means = S.D. (error bars)
from three experiments.

significant differences between mutants D114L and D125L and
pNthl WT (Fig. 3). This suggested that the inability of these
two mutants to become activated by Bmh1 is not due to the lack
of the Bmh1-mediated conformational change (or interaction)
but rather results from subtle differences in the conformation
of the EF-hand-like motif-containing region that cannot be
observed by this method.

Ca®" Ions Do Not Affect the Dissociation Constant of the
pNthi-Bmhl Complex—Trehalase activity measurements
revealed that several pNth1 mutants exhibit significantly higher
activity in the presence of Bmhl + Ca®>" compared with the
presence of Bmhl only (Fig. 2B). Therefore, we checked
whether the presence of Ca®>" increases the stability of the
pNthl-Bmhl complex using analytical ultracentrifugation
(sedimentation velocity method). Continuous distributions of
sedimentation coefficients, c(s), for mixtures of pNthl and
Bmh1 at five different molar ratios (from 5:1 to 1:20) both in the
absence and the presence of Ca®>* are shown in Fig. 4. These
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FIGURE 3. The comparison of the near-UV CD spectra of pNth1
D114L-Bmh1 (solid red line), pNth1 D125L-Bmh1 (solid green line), and
pNth1 WT-Bmh1 (solid blue line) complexes with the sums of the individ-
ual CD spectra of pNth1 variants and Bmh1 (corresponding colored dot-
ted lines). The mean residue ellipticity (MRE) is plotted as a function of wave-
length in degrees-cm?dmol ~-number of residues ).

distributions (normalized on the peak height) showed that
Bmh1 and pNth1 form a complex with a weight-averaged sed-
imentation coefficient (s,, ,,) 0of 7.2 S, whereas Bmh1 and pNth1
alone show single peaks with s, ,, values of 3.6 and 5.1 S,
respectively. The low abundance of the complex formation at
7.2 S for samples containing the lowest and the highest concen-
tration of Bmh1 (0.2 and 20 uM, respectively) is due to the large
excess of either pNth1 or Bmhl in these mixtures (the concen-
tration of pNth1 was 1 um).

The analysis of sedimentation velocity data revealed no sig-
nificant effect of Ca>" on the apparent equilibrium dissociation
constant (K,) of the pNth1-Bmh1 complex because K, values of
10 X 107° were determined both in the presence and the
absence of 10 mm Ca®*. Thus, the more potent activation of
pNth1 WT and mutants in the presence of Bmh1 + Ca*>* com-
pared with that with Bmh1 only (Fig. 2B) cannot be explained
by the increase in the binding affinity of pNth1 for Bmhl.

The EF-hand-like Motif of pNth1 Adopts Different Conforma-
tions in the Presence of Ca®", Bmhl, and Bmhl + Ca®* —Many
proteins containing the EF-hand motif undergo a conforma-
tional change upon the Ca** binding (37). To investigate
whether the same also holds true for pNthl, HDX-MS mea-
surements were performed. HDX-MS experiments are based
on monitoring the deuteration kinetics of backbone amides and
enable characterization of protein dynamics and conforma-
tional changes because the rate of exchange of deuterium for
hydrogen depends on both the solvent exposure and the hydro-
gen bonding of the studied region (38, 39). Results of these
experiments are presented in Figs. 5 and 6. For the sake of com-
parison, these figures also show previously published data
obtained in the absence of Ca®>* for pNth1 alone, Bmh1 alone,
and the pNth1-Bmh1 complex (20).

Structural Changes within the EF-hand-like Motif-containing
Region—The comparison of HDX-MS data for pNth1 in the
presence of Ca®>", Bmh1, and Bmh1 + Ca®" revealed large dif-
ferences in the deuteration kinetics for five peptides from the
region containing the EF-hand-like motif under all conditions
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FIGURE 4. Sedimentation velocity analysis reveals that the binding affin-
ity of pNth1 for Bmh1 is unchanged in the presence of Ca®*. Continuous
distributions of sedimentation coefficients, c(s), for mixtures containing con-
stant concentration of pNth1 (1 um) and different concentrations of Bmh1
(0.2-20 um) reveal no significant differences in the absence (A) and in the
presence (B) of Ca*. All distributions are normalized on the peak height. The
Lamm equation modeling of SV data was performed using the SEDPHAT soft-
ware package (27, 28). Data without Ca®" (A) and with 10 mm Ca®* (B) were
fitted using the model, A + B = AB.Bmh1 was modeled as a tight dimer that
interacts with pNth1in 1:1 stoichiometry. Both series can be fitted with nearly
identical K, < 21 nm with 95% confidence level (the best fitted value was 10
nm). Loading concentrations were slightly corrected in the fit (up to 10%).

tested. Peptides 102—110, 110-124, and 156 —172 exhibit sig-
nificantly slower deuteration in the presence of Ca®>" (compare
black and red lines in Fig. 5A), with the peptide 110 —124 (which
contains the EF-hand-like motif) showing the slower isotope
exchange only in short incubation times. In addition, an even
more profound decrease in the rate of deuteration was observed
for all pNth1 peptides between residues 102 and 185 in the
presence of Bmh1 (blue line) or Bmhl + Ca*>" (green line).
Observed changes in HDX kinetics might reflect additional
conformational change and/or decreased accessibility to the
solvent. Interestingly, only the peptide 110 —124 showed signif-
icant differences in isotope exchange kinetics when comparing
peptides from the pNth1-Bmh1 complex with or without Ca*™.
These results suggest that the region 102—-185 of pNthl1, espe-
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cially the peptide 110-124 (the EF-hand like motif), adopts
three different structural states (and/or positions) in the pres-
ence of Ca®>*, Bmhl, and Bmh1 + Ca2*.

Structural Changes within the Catalytic Trehalase Domain of
pNthl—Exchange kinetics for four peptides from the vicinity of
the pNth1 active site whose deuteration was moderately but
significantly decreased upon the Bmhl protein binding is
shown in Fig. 5B (20). It can be noticed that only the peptide
665- 698 showed some decrease in the deuteration kinetics in
the presence of Ca®* (compare black and red lines). In addition,
the presence of Ca®>" had no significant effect on isotope
exchange kinetics of these four peptides in the presence of
Bmh1 (compare blue and green lines).

Thus, HDX-MS data suggested that the Ca*>* binding affects
mainly the structure of the EF-hand-like motif-containing
region, whereas its effect on the catalytic domain is less
profound.

Ca”*-mediated Structural Changes of Bmh1 Molecule—We
also investigated whether the presence of Ca®™" affects the deu-
terium exchange kinetics of Bmhl peptides. A significant
decrease in the deuteration level in the presence of Ca*>* was
observed for several peptides, with the strongest effect being
observed for helices H3 (peptides 39 —47 and 48 — 61), H8 (pep-
tide 184 -207), and H9 (peptide 227-232) (compare black and
red lines in Fig. 6). Only two peptides (184 -207 and 222-232
from helices H8 and H9, respectively) showed significantly
decreased exchange kinetics when comparing peptides from
the pNth1-Bmhl complex with or without Ca®>* (compare
green and blue lines in Fig. 6), suggesting that these helices
might interact with and thus be affected by changes within the
EF-hand-like motif of bound pNthl1.

Binding to Bmh1 Affects the Relative Position of the N-termi-
nal Region and the Catalytic Domain of pNth1—Site-directed
mutagenesis and HDX-MS suggested that the structural integ-
rity of the EF-hand-like motif is crucial for pNth1l activation
and that its conformational change is an integral part of the
activation process. This also implied that this region might be
adjacent to the catalytic domain and that its conformational
changes affect the structure (or the accessibility) of the active
site and hence enable the activation. The crystallographic
structural data are available only for trehalase Tre37A from
E. coli (40) which shows homology with the catalytic domain of
S. cerevisiae Nth1 (sequence 295-721). We used this homology
to build a structural model of the catalytic domain of Nthl,
which, however, does not include either the region containing
the EF-hand like motif or the N-terminal segment containing
PKA phosphorylation sites (and the 14-3-3 protein-binding
motifs) (20). Therefore, we used chemical cross-linking com-
bined with mass spectrometry and SAXS to obtain structural
information concerning the relative position of the region con-
taining the EF-hand-like motif and the catalytic domain as well
as additional information about structural changes induced by
Ca’* and the 14-3-3 protein binding.

To enable easier distinction of changes induced by Ca®",
both pNth1 alone and the pNth1-Bmhl complex were cross-
linked by non-deuterated cross-linking agents (DSS and DSG)
in the presence of Ca®>* and by four-times deuterated agents in
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Low Resolution Structure of the Bmh1-pNth1 Complex

the absence of Ca®>* (see “Experimental Procedures” for details).
The cross-linking experiments with pNthl alone revealed 33
intramolecular distance constraints (Table 2), from which 17
can be compared with Ca—Ca distance constraints derived
from the homology model of the catalytic domain (data not
shown). No cross-links between the N-terminal region
(sequence 1-250) and the catalytic domain (sequence 300 -
720) were observed, suggesting that in the absence of Bmhl,
these two domains are not in contact with one another. Quan-
tification of obtained cross-links (last two columns in Table 2)
revealed that the ratio between non-deuterated and deuterated
cross-links is close to 1:1 for all but two of them. The two excep-
tions are for the peptide from the region containing the EF-
hand like motif whose residues Lys-132 and Lys-142 are cross-
linked only in the presence of Ca®>" (the abundances of DSG
and DSS cross-links are ~78 and ~90%, respectively). This sug-
gests that in the presence of Ca>”, these two lysines are close
enough to form a cross-link. However, in the absence of Ca®™,
this region possesses different conformation and/or flexibility,
and the distance between these two residues is too large to form
a cross-link.

The list of pNth1 cross-links from the pNth1-Bmh1 complex
is shown in Table 3. In this case, the presence of Ca** changed
the abundances of significantly more cross-links compared
with pNth1 alone. This confirmed that pNth1 (when bound to
Bmbh1) adopts a different conformation that is more sensitive to
Ca®" binding compared with free pNth1. The most profound
changes were observed for intramolecular cross-links Lys>''—
Lys?'*, Lys?!4_Lys®®3 Lys®*—Lys?5®, Lys®®_Lys®, Lys®*5—
Lys®'7, Lys**®~Lys**®, and Lys®®*°~Lys®*3. The presence of the
cross-link Lys***~Lys®®®, which was not observed for pNth1l
alone, suggested that the part containing residue Lys*'* and the
catalytic domain (containing Lys>®®) of pNth1 are much closer
to one another in the Bmh1-bound form. In addition, the dif-
ferences between conformations of pNth1l bound to Bmhl1 in
the presence and the absence of Ca>" are also supported by
intermolecular cross-links between pNth1 and Bmh1 peptides
(Table 4). Although in the presence of Ca®>" the intramolecular
cross-link between pNth1 residues Lys*'* and Lys®®? is prefer-
entially formed (Table 3), in the absence of Ca®", these two
residues preferentially form intermolecular cross-links with
Bmhl residues Lys'*” and Lys’®, respectively (Table 4). A sim-
ilar effect was also observed for pNth1 residue Lys**?, which
forms in the presence of a Ca>* intramolecular cross-link with
Lys®°8, whereas in the absence of Ca®>", prefers an intermolec-
ular cross-link with Bmh1 residue Lys'*® (Tables 3 and 4). The
results of chemical cross-linking for the Bmhl alone corre-
spond well with the distance restraints derived from the homol-
ogy model of the Bmh1 molecule (data not shown).

Low Resolution Structure of the pNth1-Bmh1 Protein Complex—
SAXS offers information about the dimension and shape of a
protein in solution and was thus used here to gain visual insight
into the global architecture of Nth1, Bmhl, and their complex.
The experimental SAXS curves from Nthl, Bmhl, and the
pNth1-Bmhl complex are shown in Fig. 7A. The apparent
molecular mass of the pNth1-Bmh1 protein complex was esti-
mated by comparison of the forward scattering intensity 1(0)
with that from reference solutions of bovine serum albumin.
The estimated molecular mass of ~147 kDa corresponds well
to 2:1 molar stoichiometry, in good agreement with our previ-
ously published results (15). The Guinier analysis revealed that
Nth1 aloneohas a significantly larger radius of gyration (R, 9f
52.0 = 0.4 A) compared with Bmh1 alone (R, 0f§2.6 *+0.1A)
and the pNth1-Bmh1 complex (R, of 40.5 = 0.1 A), suggesting
that the complex is a more compact particle than Nth1 alone.

This was further confirmed by the distance distribution func-
tion, P(r), which revealed maximal dimensions (D,,,) of Bmhl,
Nth1, and the pNth1-Bmh1 complex to be 0f 92, 183, and 127 A,
respectively (Fig. 7B). These values of D, .. corroborated a
more extended and asymmetric shape of free Nth1l compared
with the complex.

The calculated low resolution ab initio envelopes for Nth1
alone, Bmh1 alone, and the pNth1-Bmh1 complex are shown in
Fig. 7, C—E. The envelope of Bmh1 alone shows a characteristic
cuplike shape of the 14-3-3 dimer molecule and agrees well with
the theoretical model of Bmh1 dimer (Fig. 7C). The envelope
for Nthl alone (Fig. 7D) shows that the enzyme adopts an
extended rodlike conformation, in good agreement with the
results of cross-linking experiments, where no cross-links
between the N-terminal region and the catalytic domain were
observed (Table 2). The narrower half probably represents the
flexible and unstructured N-terminal segment containing all
PKA phosphorylation sites and the 14-3-3-binding motifs,
whereas the thicker half would correspond to the rest of the
enzyme (the EF-hand like motif-containing region and the cat-
alytic domain).

The envelope of the complex is, as expected, more spherical
and shows that pNth1 adopts significantly different conforma-
tion when bound to Bmh1 (Fig. 7E). The shape of the envelope
suggests that the cuplike-shaped Bmh1 dimer is located within
the wide central part of the particle. The rigid body modeling of
the pNth1:-Bmhl complex was performed using homology
models of Bmh1 and the catalytic domain of Nth1l (sequence
295-721). The rigid body model of the Nth1(295-721)-Bmh1
complex displayed good agreement with both the low resolu-
tion molecular envelope and the results of cross-linking exper-
iments (Table 4). The inset in Fig. 7E shows the detailed view of
the binding interface between Nth1(295-721) and Bmhl,
where two of three observed intermolecular cross-links

FIGURE 5. HDX-MS reveals conformational changes of pNth1 upon the Ca®* binding. Graphs represent HDX kinetics for selected pNth1 regions that show
different deuterium exchange kinetics in the presence of Ca®", Bmh1, and Bmh1 + Ca?* (for the sake of comparison, these figures also show previously
published data obtained in the absence of Ca?" for pNth1 alone and when bound to Bmh1 (20)). A, peptides from the N-terminal part of Nth1 that are missing
in the homology model of the catalytic domain. B, peptides from the catalytic trehalase domain (shown in yellow, red, green, and blue) are mapped on its
homology structural model covering the sequence 295-721. Deuterium exchange is expressed as percentages relative to the maximum theoretical deutera-
tion level for pNth1 alone (black squares), pNth1 in the presence of Ca®* (red circles), pNth1 in the presence of Bmh1 (blue triangles), and pNth1 in the presence

of Bmh1 + Ca>" (green triangles). Time units are in seconds.
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TABLE 2

Intramolecular distance constraints of pNth1 derived from the cross-linking experiments in the presence and the absence of Ca?* and their
comparison with distance constraints derived from the homology model of the catalytic domain of Nth1

pNth1
(DSS(G)/ .
Ca-Ca distance from the Ca-Ca distance constraint from DSS(G)D4)
Cross-linker Cross-linked residues homology model the cross-linking experiments” +Ca’* —Ca>*
A A % %
DSG/DSGD4 Lys*—Lys®** =20 49.8 50.2
DSG/DSGD4 Lys®—Lys®’ =20 55.7 44.3
DSS/DSSD4 Lys*>~Lys'*®* =24 422 57.8
DSS/DSSD4 Lys>>~Lys*** =24 48.4 51.6
DSG/DSGD4 Lys’°~Lys” =20 45.1 54.9
DSS/DSSD4 Lys’-Lys” =24 53.4 46.6
DSG/DSGD4 Lys'**-Lys'** =20 77.6 22.4
DSS/DSSD4 Lys'*>-Lys'** =24 89.8 10.2
DSG/DSGD4 Lys*''~Lys*!* =20 51 49
DSS/DSSD4 Lys*''-Lys>'* =24 45.4 54.6
DSG/DSGD4 Lys*’-Lys>*® =20 47 53
DSS/DSSD4 Lys>’—Lys>*® =24 50.3 49.7
DSG/DSGD4 Lys***-Lys**? =20 47.8 52.2
DSS/DSSD4 Lys**$-Lys**? =24 55.6 44.4
DSG/DSGD4 Lys>*-Lys®*? =20 51 49
DSS/DSSD4 Lys**$-Lys®? =24 51.3 48.7
DSG/DSGD4 Lys®*”%-Lys®”! 3.9 =20 49.7 50.3
DSS/DSSD4 Lys®°~Lys®"! 3.9 =24 454 54.6
DSG/DSGD4 Lys®*”'~Lys"*® 17.7 =20 50.1 49.9
DSS/DSSD4 Lys®*”!-Lys"*® 17.7 =24 48.9 51.1
DSG/DSGD4 Lys**—Lys®'” 17.5 =20 48.8 51.2
DSS/DSSD4 Lys**>-Lys>'” 17.5 =24 45.5 54.5
DSG/DSGD4 Lys**®-Lys**® 6.5 =20 46.4 53.6
DSS/DSSD4 Lys**~Lys**® 6.5 =24 51.4 48.6
DSS/DSSD4 Lys**5-Lys*! 7.6 =24 41.3 58.7
DSG/DSGD4 Lys*'-Lys>®! 16.4 =20 48.1 51.9
DSS/DSSD4 Lys*®'—Lys>*! 16.4 =24 48.8 51.2
DSS/DSSD4 Lys®¥’—Lys>** 16.4 =24 44.9 55.1
DSG/DSGD4 Lys®®'-Lys>®* 5.6 =20 52.4 47.6
DSG/DSGD4 Lys*®*—Lys**? 6.1 =20 46.2 53.8
DSS/DSSD4 Lys®*°-Lys>*? 6.1 =24 46.9 53.1
DSG/DSGD4 Lys®?*-Lys>*” 6.3 =20 46.9 53.1
DSS/DSSD4 Lys®**~Lys*” 6.3 =24 47.7 52.3

“ The Ca—Ca interresidue distance constraints used were based on the length of the spacer arm, which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flexibility of the
lysine side chains, the following cut-offs are generally used: 20 A for a-carbons of lysine cross-linked with DSG and 24 A for a-carbons of lysine cross-linked with DSS (30).

b Representation (%) of individual cross-link isoform (the ratio between the abundance of non-deuterated and deuterated cross-links). pNth1 was cross-linked by non-deu-
terated cross-linking agents (DSS and DSG) in the presence of Ca®>* and by four-times deuterated agents in the absence of Ca®™.

(Lys”®(Bmh1)-Lys***(Nth1) and Lys'**(Bmh1)-Lys®***(Nth1))
are located. The third intermolecular cross-link (Lys'*’-
(Bmh1)-Lys*'*(Nth1)) involves Nth1 residue Lys*'* outside of
the modeled catalytic domain. The molecular envelope also
suggested locations of the N-terminal segment and the
EF-hand like motif-containing region of pNth1l. The central
part of the envelope is significantly wider than the maximum
width of the Bmh1 dimer envelope and more bulky on one side
just next to a-helices H5, H6, and H8 of Bmhl1 and close to the
catalytic domain of Nth1. We believe that this bulky part rep-
resents the EF-hand-like motif-containing region of pNthl.
Peptides from a-helices H6, H8, and H9 of Bmh1 showed sig-
nificantly decreased exchange kinetics and the highest sensitiv-
ity to the presence of Ca®*" upon the binding of pNth1 (Fig. 6).
In addition, the intermolecular cross-link Lys'*’(Bmhl)—
Lys*'*(Nith1) connects residues Lys'?” from the a-helix H5 of
Bmhl and Lys*'* from the EF-hand-like motif-containing
region of Nth1l (Table 4). Thus, these data suggested that the
EF-hand-like motif-containing region of pNth1l forms a sepa-

rate domain that interacts with both the outer surface of the
Bmh1 dimer (outside its central channel involving helices H5,
H6, H8, and H9) and the catalytic trehalase domain.

The narrow protrusion located just in front of one ligand bind-
ing groove of Bmh1 probably represents the very N-terminal seg-
ment of pNthl, whereas the rest of the N-terminal part, which
contains both phosphorylated 14-3-3 binding motifs (Ser(P)*° and
Ser(P)*; Fig. 1A4), would be docked within the ligand binding
grooves of the Bmh1 molecule, as has been observed in other
structures of the 14-3-3 protein complexes (41-45).

DISCUSSION

The helix-loop-helix EF-hand Ca®"-binding motif is a wide-
spread and versatile sequence found in a large number of protein
families (36, 37). The N-terminal part of S. cerevisiae contains
sequence that closely resembles such an EF-hand motif (Fig. 1),
suggesting the possibility that this sequence and the calcium bind-
ing play a role in the regulation of this enzyme activity (13). In this
work, various techniques of structural biology, including HDX-

FIGURE 6. HDX-MS reveals regions of Bmh1 that are affected by Ca?* and pNth1 binding. HDX kinetics for Bmh1 regions that show slower deuterium
exchange kinetics upon pNth1 binding mapped on the surface representation of the structural model of Bmh1 dimer (shown in different shades of red). For the
sake of comparison, these figures also show previously published data obtained in the absence of Ca®" for Bmh1 alone and when bound to pNth1 (20).
Deuterium exchange is expressed as percentages relative to the maximum theoretical deuteration level for Bmh1 alone (black squares), Bmh1 in the presence
of Ca?* (red circles), Bmh1 in the presence of pNth1 (green triangles), and Bmh1 in the presence of pNth1 + Ca®" (blue triangles). Time units are in seconds.

Peptides forming the ligand binding groove are marked with an asterisk.
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TABLE 3

Intramolecular distance constraints of pNth1 bound to Bmh1 derived from the cross-linking experiments in the presence and the absence of
Ca" and their comparison with distance constraints derived from the homology model of the catalytic domain of Nth1

pNthl
(DSS(G)/
b
Ca—Ca distance from the Ca—Ca distance constraint from w

Cross-linker Cross-linked residues homology model the cross-linking experiments® +Ca’* —Ca’*

A A % %
DSG/DSGD4 Lys”°~Lys”® =20 55.5 44.5
DSS/DSSD4 Lys”°~Lys”® =24 49.0 51.0
DSG/DSGD4 Lys'®>-Lys'** =20 56.8 43.2
DSS/DSSD4 Lys'**>~Lys'* =24 529 47.1
DSG/DSGD4 Lys*'!'-Lys*'* =20 65.3 34.7
DSS/DSSD4 Lys*!'~Lys*'* =24 58.8 41.2
DSG/DSGD4 Lys*'*~Lys>®* =20 80.0 20
DSS/DSSD4 Lys*'*~Lys>®? =24 60.1 39.9
DSG/DSGD4 Lys>*’—Lys>*® =20 66.7 33.3
DSS/DSSD4 Lys**”—Lys>*® =24 59.3 40.7
DSG/DSGD4 Lys**$-Lys®>* =20 68.3 31.7
DSS/DSSD4 Lys**5-Lys®*? =24 71.2 28.8
DSG/DSGD4 Lys*”°-Lys®"* 3.9 =20 54.9 45.1
DSS/DSSD4 Lys*”%-Lys®”! 3.9 =24 47.9 52.1
DSG/DSGD4 Lys®®—Lys*!” 17.5 =20 70.2 29.8
DSS/DSSD4 Lys***~Lys>” 17.5 =24 50.8 49.2
DSG/DSGD4 Lys*®-Lys®*® 5.1 =20 51.1 48.9
DSS/DSSD4 Lys®»-Lys®*® 5.1 =24 49.5 50.5
DSG/DSGD4 Lys**°~Lys*® 6.5 =20 68.8 31.2
DSS/DSSD4 Lys**°-Lys*® 6.5 =24 63.7 36.3
DSS/DSSD4 Lys**5—Lys*o! 7.6 =24 50.2 49.8
DSS/DSSD4 Lys®¥’—Lys>** 16.4 =24 51.1 48.9
DSG/DSGD4 Lys®*°~Lys>** 6.1 =20 71.1 28.9
DSS/DSSD4 Lys*®—Lys**? 6.1 =24 55.1 44.9

“ The Ca—Ca interresidue distance constraints used were based on the length of the spacer arm, which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flexibility of the
lysine side chains, the following cut-offs are generally used: 20 A for a-carbons of lysine cross-linked with DSG and 24 A for a-carbons of lysine cross-linked with DSS (30).

? Representation (%) of individual cross-link isoform (the ratio between the abundance of non-deuterated and deuterated cross-links). pNth1 bound to Bmh1 was cross-
linked by non-deuterated cross-linking agents (DSS and DSG) in the presence of Ca*>* and by four-times deuterated agents in the absence of Ca*.

TABLE 4

Intermolecular distance constraints between pNth1 and Bmhi1
derived from the cross-linking experiments in the presence and the
absence of Ca®*

Ca-Ca distance BTI;‘SISI()g)t/hl
constraint from DSS(G)D4)”
Cross-linked the cross-linking it b
Cross-linker residues experiments” +Ca’* —Ca?*
A % %
DSG/DSGD4  Lys'*"*-Lys>!* =20 28.8 71.2
DSS/DSSD4  Lys'*7“-Lys>'** =24 40.2 59.8
DSG/DSGD4  Lys’®“-Lys®%* =20 34.7 65.3
DSS/DSSD4 Lys”®*-Lys®®%* =24 422 57.8
DSG/DSGD4  Lys'**-Lys>** =20 313 68.7
DSS/DSSD4  Lys'*“-Lys®%” =24 30.7 69.3

“ The Ca—Cua interresidue distances constraints used were based on the length of
the spacer arm, which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flex-
ibility of the lysine side chains, the following cut-offs are generally used: 20 A for
a-carbons of lysine cross-linked with DSG and 24 A for a-carbons of lysine
cross-linked with DSS (30).

? Representation (%) of individual cross-link isoform (the ratio between the abun-
dance of non-deuterated and deuterated cross-links). The pNth1-Bmh1 complex
was cross-linked by non-deuterated cross-linking agents (DSS and DSG) in the
presence of Ca>* and by four-times deuterated agents in the absence of Ca®".

¢ Residues from the Bmh1 peptide.

4 Residues from the pNth1 peptide.

MS, chemical cross-linking, and SAXS, were used to investigate
the mechanism of the 14-3-3 protein-mediated activation of Nth1
and, especially, the role of EF-hand like motif in this process.
Site-directed mutagenesis of residues located at important posi-
tions within the EF-hand like motif significantly affected the
Bmh1-mediated activation of pNthl (Fig. 2B, white bars), thus
suggesting the essential role of this region in the activation process.
This is in a good agreement with our previous HDX-MS experi-
ments that revealed significant 14-3-3 protein-mediated structural
changes not only within the catalytic trehalase domain but mainly
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in this region (20). Interestingly, the presence of Ca>" recovered
the Bmhl-mediated trehalase activity of most of the studied
mutants (Fig. 2B, gray bars), with the exception of those where we
mutated conserved positions 1, 5, and 12 of the EF-hand motif
(mutants D114L, N118L, and D125L) that are directly involved in
metal coordination (36, 37). The inability of the D114L and D125L
mutants to become activated was not due to the lack of the Bmh1-
mediated structural change, as documented by near-UV CD spec-
tra (Fig. 3), but rather resulted from different conformation of the
EF-hand like motif. In support of that, Ca>*-binding rescue
mutants D114E and D125E showed high Bmh1-mediated activity
but only in the presence of Ca*>". These data suggested that the
calcium binding to the EF-hand like motif facilitates the 14-3-3
protein-mediated activation of pNth1 because it enabled activa-
tion of mutants that are catalytically inactive in the absence of
Ca*™".

The key role of the EF-hand like motif-containing region in the
activation of pNthl was further confirmed by results obtained
from HDX-MS and chemical cross-linking. These experiments
showed that this region adopts different conformational states
depending on the presence of Ca®>", Bmhl, or both (Fig. 5 and
Tables 2—4). We suggest that these different structural states are
reflected by different trehalase activities under these conditions.
Consistently, the comparison of SAXS-based low resolution
molecular envelopes of both Nthl alone and the pNth1-Bmhl
complex (Fig. 7, D and 7E) revealed a dramatic structural change of
pNthl upon its binding to Bmhl. The low resolution ab initio
shape of the pNth1-Bmh1l complex also suggested that the EF-
hand-like-containing region of Nth1 forms a separate domain that
interacts with both the outer surface of the Bmh1 dimer and the
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FIGURE 7. SAXS scattering data and the low resolution structure of Nth1, Bmh1, and pNth1-Bmh1 complex. A, solution scattering pattern for Nth1, Bmh1, and
the pNth1-Bmh1 complex. Scattering intensity /(s) is plotted in relation to the scattering vector s (s = 4sin(6)/A, where 20 is the scattering angle and A is the
wavelength). B, plot of the distance distribution functions P(r) with the maximum particle dimensions (D,,,,) of 92, 183,and 127 Afor Bmh1,Nth1,and the pNth1-Bmh1
complex, respectively. C, superposition of the SAXS-based envelope (spheres represent the dummy residues) of Bmh1 with the theoretical model of Bmh1 (sequence
4-236). D, SAXS-based envelope of Nth1 alone. £, overlay of the rigid body model of the Nth1(295-721)-Bmh1 complex with SAXS-based envelope. The envelope is
shown in gray, the catalytic domain of Nth1 (sequence 295-721) is shown in magenta, and Bmh1 dimer (sequence 4-236) is shown in cyan. A rigid body model was
prepared using homology models of the catalytic domain of Nth1(295-721) and Bmh1 (20). The inset shows the binding interface between Nth1(295-721) and Bmhf,

where two of three observed intermolecular cross-links (Lys”®(Bmh1)-Lys>®3(Nth1) and Lys'**(Bmh1)-Lys***(Nth1)) are located.

catalytic trehalase domain, thus supporting our hypothesis that
the conformation of this region modulates the 14-3-3-mediated
structural changes within the catalytic trehalase domain and thus
the resulting enzyme activity.

Therefore, based on our data, we suggest the following model
of Nth1 activation. In the absence of the 14-3-3 protein, Nth1
adopts an extended rodlike conformation, and the trehalase
activity is very small, probably as a result of the inaccessibility of
the active site, as shown by the crystal structure of the homol-
ogous domain of the trehalase Tre37A from E. coli (Fig. 5B)
(40). The 14-3-3 protein binding to the phosphorylated N-
terminal segment of pNthl induces a significant structural
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rearrangement of the whole Nth1l molecule. This conforma-
tional change probably increases the accessibility of the active
site and thus activates the enzyme. The EF-hand-like motif-
containing region forms a separate domain that interacts with
both the 14-3-3 protein and the catalytic trehalase domain. The
structural integrity of the EF-hand like motif is essential for the
14-3-3 protein-mediated activation of Nth1, and calcium bind-
ing, although not required for the activation, facilitates this
process by affecting its structure. Our data suggest that the
EF-hand-like motif-containing domain functions as the inter-
mediary through which the 14-3-3 protein modulates the func-
tion of the catalytic domain of Nth1.
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