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This thesis explores novel routes of structure rddtetion for dynamic and flexible protein
systems, such as transient protein-protein compleke do so, a magnetic resonance approach is
chosen in which specifically introduced spin propks/ the main role. Such spin probes make the
approach general, as systems devoid of naturahyzanaetic centres can be investigated as well.
Electron paramagnetic resonance (EPR) and nuclagnatic resonance (NMR) are employed. For
the EPR part of the investigation, biologicallyenednt models have been made and new high-field
EPR methods were applied. In the NMR part, trangieotein complexes have been studied with
paramagnetic NMR. In the following, the backgrounfdboth approaches is explained and an

overview of the contents of this thesis is provided

Proteinsand protein interactions

Proteins are an important class of biological mariecules present in all forms of life.
These large and complex molecules show excellewtifunal flexibility, allowing them to play key
roles in a great number of activities essential tfer living world. No other type of biological
macromolecule could perform all of the functionatthroteins have gathered over billions of years.
The characteristics of proteins permit to arrartggrtspatial structure so that specific chemical
groups may be placed in definite positions. Thicma@ism allows them to act as catalysts in a
number of reactions, and to carry out importanticitral, transport, and regulatory functions.
Proteins normally perform these functions togethign other biomolecules, rather than in isolation;
indeed, a change in their quaternary state is aiteipled with some particular function, or activity
Proteins bind frequently other proteins, as wekk@gies of the same protein, with which they form
dimers or higher-order oligomers. The interactidthwhe biomolecular parther may occur either in
relative isolation omithin protein interaction networks and chdifsTherefore, it can be claimed
that the study of proteins and in particular of hinvy interact is essential to understand countless
biological processes.

Lifetime and strength of the protein complex aghtly coupled to the function performed
by the complex. The affinity between the proteimst tconstitute the complex is a thermodynamic
property expressed by the dissociation constantfual to the ratio between the dissociation rate
constant ks and the association rate constagpt lit is therefore linked to the lifetime of the
complex. The values for kmay vary between 10and 10 M and with it the nature of the protein
complexes also gradually varies between the tweemds, of static complexes on the one hand,
and of transient complexes on the oth&tatic complexes are those where proteins arecbou

tightly to each other in a single, well-defined emtiation. The value for Kin this type of



complexedis in the order of 1& — 10 M; examples are complexes formed between antigeds
antibodies or between enzymes and inhibitors {eegbarnase-barstar complex

Opposite characteristics are found for transiembplexes; these are typical of processes
where a rapid rate of reaction is requested, whéaimits chained reactions to happen in an efficient
way. Binding specificity, i.e. binding in a welldileed orientation, is needed; for instance, in the
case of electron transfer processes, in which anmindistance between the redox centres is
necessan/, since the reaction efficiency decreases expaalgntivith this distance. At the same
time, affinity must be low so that, once the reatthas happened, the proteins can rapidly
dissociate and a new partner can be found. Fortthisappen, the binding surfaces must have
characteristics such that an efficient reaction pigssible, without them being perfectly
complementary as is observed for the interactiofases of static complexes.

A compromise between good specificity and low dtffiis therefore necessary in transient
complexes. A high dissociation rate constant isallgucombined with a high association rate
constant resulting in Kvalue$ in the order of 18 — 10° M. Studies on electron transfer systems
provided evidence for the existence of the encourdenplex. This is the initial complex formed
between proteins (or between proteins and otheranamecules like DNA), which precedes the
formation of the specific complex. In the encountemplex, the partners sample each others
surface through a series of micro-movements, timilmore stable active complex is formed. The
current work provides a contribution to the invgation of the nature and characteristics of
encounter complexes. The structure and dynamipsadéin complexes are explored using proteins
to which spin labels have been attached; these lese®p are analyzed using both EPR and NMR

techniques.

Spin labelsfor structural and dynamic protein-protein studies

A spin label is a stable radical, in which the umgxh electron is shared almost equally
between the nitrogen and the oxygen atoms. Sugpiralabel can be attached covalently and

specifically to a native or engineered cysteina jrotein.

Introducing a spin label as a probe permits to @epl S—g—CH
3
structural and dynamic aspects of the protein bgsugng — o)
the EPR observables of the spin label. H,C CH,
. . . H,C N CH,
A spin label is commonly attached to a protein |
O

through the site-directed spin labelling technigumesite-

directed spin labelling, mitroxide side chain is introducedFigure 1.1 MTSL: the paramagnetic label
used in this stud

via cysteine substitution mutagenesis, followed by



modification of the unique sulfhydryl group withspecific nitroxide reagehtMeasurements of the
spectral properties of the paramagnetic nitroxiddbe with EPR spectroscopy provide a wealth of
information on the environment of the spin labethia protein.
© Figure 1.1 shows the (1-oxyl-
2,2,5,5-tetramethyl-3-pyrroline-3-
methyl)-methanethiosulfonate spin label
” N (MTSL), which is the nitroxide spin
Protein Cg— 8+ —S—5 — label used in the present work.
Figure 1.2 shows the reaction
l scheme of MTSL with a thiolate group
of a protein.
The site-directed spin labelling
N technique has been successfully
o employed for the characterisation of
I protein structurd** and was shown to
e s —s— T work even for membrane protetfié?

S For surface-exposed spin labels,
Figure 1.2 Reaction scheme of MTSL with a thiolate group of

a . .
cysteine residue of a protein. perturbation of the protein structure

should be minimal, giving reliable
information on the structure and dynamics at tteafi the spin label®*® Such information can be
relevant for the study of protein-protein interan8, because these are determined by the surface
properties of the interacting surfaces. Two EPReplables of the spin label reflect the polarity and
proticity of the environment of the spin label, wéeroticity refers to the propensity of the protei
environment to donate hydrogen bonds. The influeficmlvent polarity and hydrogen bonding on
the EPR parameters of a nitroxide spin label canefore be used to extract information on the
microenvironmertf.

The EPR techniques are also helpful fetermination of the distance between tsyn
labek attached to the protein, permitting to solvecitmal problems that are not easily accessible
by standard structural techniques. Usually, twan dpbels are introduced so that their distance
reflects the structural property of interest. Thistahce distributions that are obtained contain
information about the structure of the molecule #mal flexibility of the spin label linker. These
parameters can help to understand dynamics of #meamolecules, which is particularly important

in a biological context.
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Basic aspects of the EPR technique

Important parameters obtained in EPR experimemrstag-tensor G) and the hyperfine
coupling tensorA). To explain how they can be read from an EPRtspca brief introduction is
given. In an EPR experiment, the sample, a spieléabprotein in the present work, is placed in a
strong magnetic field and exposed to electromagmatiation in the microwave range. The EPR
permits to measure the energy separation betweesdim states of an unpaired electron in the

environment of other magnetic species which pertiuebexternal magnetic field, B.

Resonance condition: g- tensor and electron-nuclear hyperfine interaction
In the simple case of a free electron, the spid,thea magnetic moment associated with it, is
guantized to be parallel or antiparallel to theeexal field. The energy separatidi between the

two states is:

AE =ggugB=hv (Eq. 1.1)

wheregg is the free electrog-factor & 2.0023) and3 is the Bohr magnetor=(9.3*1027 J/mT).

The populations of the energy levels are determibgdBoltzmann statistics. Irradiation with
electromagnetic radiation of frequeneysatisfying the resonance condition, can induaesitions
between the two levels (Figure 1.3). The populatifference caused by the energy separation can

then be detected as absorption

Field on The interaction of the electronic spin S
A m, =+% with an external magnetic field B (oB)
o | (Zeeman term) and a magnetic nucleus having
Field off nuclear spinl can be described by the spin
8.HsB HamiltonianHs;
B
v ] HepusSgB + SA! (Eq. 1.2)
m =——
s 2

Figure 1.3 Free electron energy levels separation and . .
transitions |n presence Of a magnetic f|e|d The Ofblta| angU|ar momentum Of the e|eCtr0n N

a molecule gives a contribution to the total
magnetic moment, which produces a shift in theagefafrom the free electron value and can also
be the cause for g to become anisotropic. The egg@nis then described by the g-tenssy, (vith

the principal components,g g,y and g.. The isotropic g-value is defined age(Gut0yy+0:2)/3.
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The principal directions of the g tensor of a nitde are shown in Figure 1.4. In nitroxides the

magnitude of g is particularly sensitive to hydrogen bonding te txygen atom.

9z

The second term in Eq. 1.2 describes the

hyperfine interaction between the electronic spin

Oy

S and the nuclear spih through the hyperfine

—@% 9

coupling tensoA, with the principal components

Ax. Ay and A, The isotropic hyperfine

coupling

constant is

defined as:

A|50:(Axx+Ayy+Azz)/3 .

Figure 1.4 The principal directions of the g tensor of aThe magnitude of 4 gives an indication about

nitroxide.

the polarity of the environmelit The isotropic

hyperfine coupling is due to the Fermi contact teltms caused by the spin density in the s-orbital

of the atom and reflects the distribution of thepained electron spin over the molecule. The

anisotropy of A derives from the classical dipolateraction between nuclear and electronic

magnetic spin momerifs It is a measure for the distance between therelespin and the nucfgi

(dipolar interaction).

The internal magnetic fields derived from the nuckn shift and/or split the basic resonance line

nuclear
Zeeman

electronic
Zeeman

ms=+1/2 / S—

N

m5='1/2 /

H

hyperfine
splitting

m

-1
0
+1

-1

0
+1

Figure 1.5 Energy level scheme and allowed transitions for/3=ahdl=1.

into several components.
The specific number,
separation and relative
intensities of these lines
give information on the
number of magnetic nuclei,
their spin and the strength of
the hyperfine interactions in
the radical.

In the MTSL
molecule, the interaction

between the nitrogen

nucleus N (1=1) in

MTSL) and the electronic spin (S=1/2) results ie #mergy level scheme shown in Figure 1.5. The

resonance is split into three lines.
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High Field EPR
To improve the spectral resolution, EPR spectrogaam be performed at high magnetic

fields using superconducting magnets, which enhdineeZeeman resolutith Figure 1.6 shows

A J band X how the separation between the energy
(275 GHz) ——— ) o ) i
Y levels increases with increasing magnetic
W band 4 _ _ .
(95 GHz) field strength, as it occurs moving from
- ébGal_r"f) conventional X-band (9 GHz) EPR to W-
o i and J-band (95 and 275 GHz,
o |—<
u‘_: respectively). At these high fields, the

spectra of a nitroxide in frozen solution

are clearly resolved into three separate
— 7
—_Y
- X

regions corresponding to the g-tensor

components g, gy and g, (Figure 1.7).

B > For molecules withB parallel to g, a
Figure 1.6 Energy levels separation at different magneticdfielresonance,,g, at the low field side of the
strength. spectra (Figure 1.7) is observed and
analogously resonances g} gnd g, for molecules wittB parallel to g and g. At the high field
side of the spectrum three resonances, split hyake observed.
The g-tensor componeniygis particularly
9z affected by hydrogen bonding whereas the
9y A-tensor component A is mostly
- @}_il_» Ox Oxx Oy Oz influenced by the polarity of the
environment. This is particularly interesting
Az . for proteins, for which it is often difficult to

[T

determine the local polarity.

In the present thesis, EPR

spectroscopy at frequencies up to 275 GHz

was performed, using a 275 GHz EPR
Figure 1.7 High field spectrum of MTSL at low temperature ]
(powder spectrum). spectrometer engineered and constructed at

Leiden University".

Polarity and proticity from High Field EPR on nitroxide spin label
High-field EPR techniques allow to determine praigsrof the spin label environment such

as polarity and proticity. Increasing the field a5 GHz makes it possible to discriminate
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between positions of similar polarify such as those expected for positions at the crira the
protein. The principal g-tensor components and teriiation due to solute-solvent interactions can
be determined with high precision. The enhancediteity to local structural influences on spin
labels has been used to determine changes in thesgr as a function of solvent polarity and
chemical structure of nitroxid&s?23

The g- and A-tensor values are determined fromettperimental spectra. The variation of
o« for different samples is revealed by the shifttbé position of the low-field maximum.
Generally a protic environment shiftg @o smaller values, i.e. higher fields. Thg Aomponent of
the A-tensor is read off as shown in Figure 1.7e ©kther components of A,,Aand Ay are too

small to be resolved in the spectra.

Recent high-field EPR studies on polarity and proticity

Most studies investigating the properties of thatgin environment with spin label EPR so
far employ 95 GHz EPR. The polarity differencesamssn different regions of a membrane protein
were determined for a transducer protéionformational changes of a membrane bindingeprot
and the advantage of EPR at even higher field-equ combinations are reviewed in Mobits
al.”® The potential of these techniques to improve phbisg has been explored also in the work of
Mébius® and Voinov®.
These are just a few of the examples of employigh-field EPR to learn about protein structure.
The incentive to do such experiments at even hidjedds than 95 GHz EPR derives from the
presence of multiple componett&*?>?’in these spectra. Often the full interpretationpofarity
and proticity trends is impeded by overlapping algrin the g region of the spectra, which, as
shown in Chapter II, can be resolved by EPR at@/@% and aboV&.

Distance determination by EPR

Distance measurements are used in biological sgsfemwhich traditional methods of
structure determination do not work well, such edain peptides, proteins, RNA/DNA complexes
or, as in the present thesis, protein-protein cexgd. The EPR spectroscopic methods can be used
when the biomolecule contains either stable orsieart paramagnetic centers, like metal ions or
clusters, amino acid radicals, or organic cofacaolicals. If the biomolecule is diamagnetic, it can
be spin-labeled with nitroxides.
Both intra- and intermolecular distances between $pin labels may be measured through site-
directed spin labelling combined with EPR spectopst'®?® Two types of techniques are
normally used: a CW experiment in which, througé #malysis of the line broadening caused by

the dipolar interaction between two nitroxides, tatices in the range of 8-20 A can be
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measured*! Larger distances (in the 20-70 A range) can berdened using a pulsed EPR
method, double electron-electron resonance (DEERJas recently reviewéd®’. The pulsed
techniques allow to measure distance informatioproglucing a spin echo that is modulated at the
frequency of the dipolar interactih The amplitude of the generated spin-echo is aedlynd a
distance distribution is obtain¥d”

Model systems that serve as a reference for distaletermination are essential for the
comparison and the evaluation of the experimensdh.dOften, rigid molecules possessing two
nitroxide groups are us&d For structure determination in protein-basedesyst the disadvantage
of such models is that they do not take into acttunflexibility at the spin-label linker. One thfe
aspects that must be considered is that the limegr have multiple conformations when it is bound
to the protein, because rotations over five torsiogles are possible (see spin labeled protein in
Figure 1.2). Such mobility affects the distancewiied.

As a model for distance measurements we use azusimall protein for which the structure is
known from X-ray crystallograptl}; with two spin labels introduced by site-directsdin
labelling*?.

Paramagnetic NMR for transient protein-protein complexes studies

Weak or transient interactions between proteinsioatien the affinity between the proteins
is low. Electron-transfer protein complexes arerample of transient complexes and are the result
of a compromise between a tight binding, requidtie reaction between the two partner proteins
to occur, and the need for a fast dissociatiorerntsure a high turnover of the complex and rapid
electron shuttling. For these reasons, electramsteat protein complexes are on the border of
specific and nonspecific complexes. Several stugliegided information on the dynamic nature of
transient complexes, offering evidence that diffiése populated states may contribute to the
complex structure. Paramagnetic NMR techniqueseffextive methods to study the structure of
protein complexes and the dynamics of the protéittdecules naturally containing a paramagnetic
centre (like a metal in metalloproteins), or conitayy paramagnetic labels specifically attached to
them, can affect NMR signals, highlighting dynamiics protein complexes, and providing
structural information, even of lowly populatedteta The application of paramagnetic NMR, to
obtain information about protein structure staéeéady about 40 years &jcbut has shown rapid
progress and increasing popularity in the lastytears. Using paramagnetic tags, different types of
NMR methods are employed to investigate structmek dgynamics of protein complexes. One of
them is the paramagnetic relaxation enhancemehnigee (PRE), which arises from the large

magnetic dipolar interaction that exists betweepained electrons and nearby nuclear spins. The
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PRE effect results in an increase of the relaxataig of the nucleus, which is manifested as a
linewidth change. The rate increase can be usedltolate the distance between the paramagnetic
centre and the affected nucleus.

In solution, the correlation time of the dipolae&kron-nucleus interaction depends on two
factors; the flipping of the electron spin, caubgdongitudinal relaxation of the unpaired elecspn
and the rotation of the molecule in the magnetfi The first contribution to the correlation time
is characterized by the electronic relaxation timeand the second by the rotational correlation
time 1, of the molecule. The effective correlation timg, is given byt '= 1% + 1%, For metals
with a fast electronic relaxation is dominated bys. For some other metals (EuGd*) as well as
nitroxide spin labelst.is determined largely by. The enhancement of the nuclear relaxation rates
is correlated with the distance between the paraetagcentre and the nucleus, and specifically
depends on the inverse of the sixth power of thletadce. The relaxation enhancement can be very
strong at short range but falls off quickly, yieididistances up to 25-35 A, depending on the type
of paramagnetic tag that is ué&dThis technique, PRE, is used in this thesis t@stigate the
structure of a transient complex. In a previouskiihe same protein complex investigated within
this thesis has been studied using pseudocontifts $RCSs) and chemical shift perturbations
(CSPs).

The PCS is a consequence of the time-averagedtiamsn component of the unpaired
electron spin. The pseudocontact effect is desgrilyethe magnetic susceptibility tenstyy, and
can provide long-range restraints for structure@meination, with an¥ dependence, where r is the

distance between the metal and the nucleus.

H-N The PCS also provides angular information,

because the size of the PCS contribution
depends both on the orientation of the
protein nuclei relative to the magnetic
susceptibility tensor and on the distance

from the paramagnetic centre. When

intermolecular PCS are measured, from the
A B metal in one protein to the nuclei of

Figure 1.8 Schematic representations of the geometr'gnother information about the orientation
dependence of the paramagnetic effects in parartiagne '

relaxation enhancement (PRE) (A) and pseudocorshidts of one protein relative to the other can be
(PCSs) (BJ®. The unpaired electron is represented by ‘e’ and

the observed nuclei, in this case an amide gropfH\’. The obtained. Figure 1.8 shows the geometric
axes labeled withy' represent the orientation of the magnetic .

susceptibility tensor. The idea and the layoutheffigure were Parameters that are used in PRE and PCS

taken from ref. 47 in modified form. .
technique.
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The CSP analysis is generally used to define argnsite and to calculate the dissociation constant
of the protein complexes. In practice, CSP are doby comparison of the spectra during the
titration of one protein with another protein withhich it forms a complex. Well-defined

complexes yield large and localized CSP. ConvefstlgSP arises from a time average of the
relative orientation between the proteins due &dynamic nature of the complex, as it happens in

transient complexes, the changes are small anddprer a large area of the protein.
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Thesisoutline

This thesis is organised as follows. In chapteent 11l the EPR experiments are described.
Chapter Il focuses on the polarity/proticity of #evironment of the spin labels.
Four single mutants of azurin were
prepared by site directed mutagenesis.
N42 Figure 1.9 shows the location of the
mutated residues. The properties of
) these sites are investigated by EPR at
95 GHz and 275 GHz.

/ Chapter 1ll illustrates distance
measurements by a pulsed, two
) frequencies EPR technique (DEER).

7 Two double mutants are described:

Figure 1.9 Azurin is depicted in surface representation (grey)ile the first one, in which Q12 and K27
the Cys residues are shown with the sulphur ingeaiihe right view haye each been replaced by a cysteine

is rotated by 90° around the vertical axis relativéhe left one.
(Cys) (Q12C/K27C); and the second

one in which K27 and N42 were replaced by Cys (KRA2C). The singly labeled mutant protein

K27C was used as referentiewas shown that distances in the 4 nm regionbmEameasured with
high accuracy.

In Chapter IV the dynamics in the complexMdstocsp. PCC 7119 cytochronfe- plastocyanin
(Cyt f-Pc) investigated by NMR is described. The PREmffive spin labels on Cytwere used as
distance restraints in docking calculations. A pras study on the same complex indicated that the
proteins spend most of the time in a well-defingidgle-orientation structure. Here we suggest
instead that the complex is more dynamic. These apparently contrasting results can actually

coexist in an encounter complex model.
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