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Chapter |

Introduction and thesis outline

Based on the research article:
Liu, W. -M.; Overhand, M.; Ubbink, M. ‘The application of lanthanoid ions in NMR

spectroscopy on proteins’ (Coord. Chem. Rev.2013, under revision)



Abstract

Lanthanoids are gaining popularity as paramagnetic centers for hghtias
nuclear magnetic resonance (NMR) spectroscopy. They provide valaagplgar
and long-distance restraints for structure calculations of proteids paotein
complexes. The introduction of lanthanoids into a protein sample is caepliby
the many requirements for functional artificial paramagnetmbgs. For many
applications, the probe needs to be attached site-specificallyigidty to the
protein and the coordination of the lanthanoid by the tag must resuluimiqae
anisotropy of the magnetic susceptibility. The variety of lantlthrooiordination
systems that has been explored to design paramagnetic probes thahesee
demands is reviewed. Also the applications of the tags are discuissieding
protein and protein complex structure determination, assignment of protéitn N
spectra and the study of protein dynamics. It is concluded that lanthanoid prabes be
great potential for further applications in protein NMR spectroscppyided that
various aspects can be improved further.



1. Introduction

The lanthanoid series comprises the fifteen elements with @ammmibers 57 to
71. The symbol Ln is used to refer to any lanthanoid. All but one ofttieanoids
are f-block elements, so-called due to the filling of the 4f edacshell. Lutetium, a
d-block element, is also generally considered to be a lanthanoid dgecteihical
similarities with the other fourteen. Lanthanoid ions have been bras#yg as
luminescent chemosensors for biological imaging and andlysislysts for organic
synthesi€, anion sensors in aqueous solutfoontrast agents for magnetic
resonance imaginty,and as paramagnetic centers for high resolution nuclear
magnetic resonance (NMR) spectroscomhich is the topic of this thesis.

In NMR spectroscopy, paramagnetic lanthanoids have been usdtrascal
shift mediators and line broadening agents to determine the cotifummaof
biomolecules in solution since 19705They are superior sources of paramagnetic
effects with several advantages. First, lanthanoids do not exisalhatarbiological
systems, yet can readily substitute’Cand Md*, due to their ionic radii being of
similar sizes. Second, they have a single stable oxidation stat8 of aqueous
solutions. Third, all LA ions except L¥ and LU* have multiple unpaired electrons
in the 4f orbitals, which are shielded by thé5p8 subshell. Due to this property,
the unpaired electrons are largely inert in reactions andtiieanoid series all have
similar chemical behavior. Consequently, paramagnetic as well aasagnetic
(control) samples can be readily prepared using different lantt@ndiis is
essential when analyzing paramagnetic restraints, because éineagaetic effects
are defined by the difference between the diamagnetic and pmaraetcasignal
resonance intensities or positions. Fourth, lanthanoids produce varying paraenagne
effects, depending on the number of unpaired electrons. Some of tbestramgly
paramagnetic (DY, Tb**, Tm®) and others only moderately ¢&r Ho*, Yb*").°
Finally, Tb** and Ed* localized close to an aromatic antenna, such as a tryptophan
(Trp) residue, yield a long-lived luminescence that enables edsgtida and
quantification™>**

Other common sources of single or multiple unpaired electrons include
nitroxide radicals and certain metal ions such a& (Re’* and Mif*. In the last
decade, however, the use of lanthanoids in paramagnetic NMR on bialeslbas
rapidly gained popularity. Therefore, this chapter focuses on the agnatic
effects of lanthanoid ions, the development of paramagnetic NMRegrabhd the
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application of paramagnetism for the study of biomolecules. Two ag@®dc use

the lanthanoids can be distinguished. One is the addition of soluble pasiimag
centers that interact purely in a steric way with the bieawe. The effect caused

by a soluble paramagnetic agent is concentration-dependent and cad bz ms@

the solvent-accessible areas of biomolecule allowing the mappindeofases of
biomolecules? The second approach is site-specific attachment of probes to the
biomolecule of interest. In this chapter, we will focus on the latter application.

2. Types of paramagnetic restraints

The paramagnetic nature of a single paramagnetic center canrhetehzed
by the magnetic susceptibility tenggrwhich is described by three componepis
ryy andyzz. They tensor describes the contributions of electron magnetic moments,
which are orientation-dependent. Théensor can be decomposed into an isotropic
componentyiso and an anisotropic component, tiAg-tensor. TheAy-tensor is
described by an axialAf.) and a rhombic Ayn) component, according to the
formulae:

Ay = Xt Xy — v _

Nox = X ™ and Xy = X~ Xyy (1)

The three paramagnetic effects that are utilized most oftenparamagnetic
relaxation enhancement (PRE), pseudocontact shift (PCS) and redigo&r
coupling (RDC).

The magnetic dipolar interaction between an unpaired electron andemmuc
spin enhances the nuclear transversal relaxation rat&ww® mechanisms, named
after Solomon and Curie, are responsible for increased nuclegatietarate and
both are distance-dependent. Solomon relaxation is a dipole-dipole ioteract
between the electron and the nucleus, similar to the crosstielaobserved for
coupled nuclei. Relaxation is caused by the fluctuating dipolar ati@nawhich is a
consequence of molecular tumbling in solution, as well as the rappinty of the
electron spin due to its fast longitudinal relaxation. Hence, tleganat correlation
time, 7., is determined bys (the longitudinal electron relaxation time) andthe
rotational correlation time of the vector connecting the paramagoeriter and the
nucleus). For slowly tumbling molecules and long-lived electron spiesssaich as
found for Gd", the following (simplified) equation applié3:



2 2.2,.2 -1 1 -1
Ry :i(ﬂj y.geuBGS(S+1) ar,+ 3T02 _land ;=17 +10 (2)
15\ 4rmr 1+ wT

rIM c
wheregeis the electron g-factopgis the Bohr magnetorgis the total electron spin
guantum numbepypis the permeability of vacuum arng the Larmor frequency of
the nucleus. The dependence on the squared nuclear gyromagnetig) ratibicates
that'H is much more sensitive for PRE tha@ and™N. The PRE decays very fast
with the distance |y between the paramagnetic center and the nucleus, making it
sensitive to lowly populated states of a protein or protein complewlutian in
which the nucleus is closer to the lanthanoid than in the groundtate.
The Curie relaxation mechanism becomes prominent when the longitudinal
electron relaxation is much faster than the molecular tumbtiyw(z). It results
from the interaction of the nuclear spin with the time-averagéati§) magnetic
moment of the electroft. This type relaxation has been used in paramagnetic haem
proteinst® but it has not yet been used much for relaxation caused by lanthanoids.
Changes in chemical shift caused by a paramagnetic center chvidszl into
two types; the contact shift (CS), which arises from delodadizaf the unpaired
electron onto the nucleus, and the pseudocontact shift (PCS), whicbnisemjeence
of the anisotropic dipolar (through-space) interaction. The unpairedtreh
delocalizes to nearby nuclei through the network of covalent bonds, yiehdir@Ss.
In general, for nuclei farther than three or fetlsonds the CS can be neglected. The
resonances of nuclei so close to the paramagnetic center acaltdith observe
owing to the strong PRE and the chemical shift of nuclei in the cooahnsphere
of the lanthanoid is irrelevant when using an artificial paramagpsdize to study a
protein. Therefore, CS are rarely considered in paramagnetic bpdBtroscopy
using lanthanoid3. In contrast, the PCS3%9 provides valuable paramagnetic
restraints, according to equation 3:

OPcs = 12;3{@(“ (3cos? 6 -1) + gA)(,h (sin? HCOSZQ)} (3
IM

Wherer v, 8 andQ are the spherical polar coordinates of the nucleus relative to the
principal axes of thAy-tensor, and\yaxm are the axial and rhombic components of
the magnetic susceptibility tensor. The cubic dependence of thecaidbatween
metal and nucleus makes PCS an important source of long-disestants and
significant PCSs can be measured up to 60 A away from strongly agmatic
lanthanoids. Furthermore, the PCS contains angular information of theusuc
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relative to the frame of thay-tensor. Often, the orientation of this frame can be
established relative to the molecular frame and thus informatioheopdsition of
the nucleus can be translated to the molecular frame.

A paramagnetic center with a significang-tensor also generates a weak
alignment in a magnetic fielBy. The dipolar coupling between nuclei is no longer
averaged to zero and residual dipolar couplings (RDCs) can be detmttdogous
to creating partial alignment using external alignment m&diae RDC (IF® in Hz)
between nucleus | and J can be described by equation 4:

2
D= —%%[A}(M@cﬁ 6-1) +:—23A)(,h sirf Hcom} (4)
where Ayaxrh are the axial and rhombic components of the magnetic susceptibility
tensor, T is the absolute temperatuneand ks are the Planck and Boltzmann
constants, respectively, is the internuclear distance, afldand 2 determine the
orientation of the I-J vector relative to the-tensor. As seen from equation (4), the
RDCs do not depend on the distance of the nuclei to the paramagnéticased can

be obtained for all residues throughout a protein as long as the protegidis
relative to the paramagnetic center. Thus, RDCs contain valuabtenatfon on the
structure. It is worth noting that the anisotropy of the magneticegtibility
produces both the PCS and RDC, so both increase with the increasirgyofalyg
andAyh. In general, thé\y-tensor values obtained by fitting RDCs are smaller than
those calculated from PCSs, because RDCs are more sensitive to theolbmad in

the protein.

3. Lanthanoid probes
3.1 Synthetic lanthanoid chelating probes

To obtain well-defined paramagnetic NMR restraints, site-gpelabeling is
important for incorporating paramagnetic metals into a protein. lrap@i usually
achieved by one of three approaches, summarized in Figure 1. Symtiodias
coordinated to lanthanoids are site-specifically linked on a pratarfacevia
uniquely reactive amino acid residues, such as cysteine @ciartamino acids
(Figure 1A). Methanethiosulfonate or pyridylthio groups are thiol neaagents,
which can undergo disulfide exchange with cysteine to form disulfiddgdsi
Precursors functionalized with these groups are commercialllablaihence they
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are commonly employed (Figure 2). The usual coordination numbearfranoids

is 8 to 9, and therefore polyamino and polycarboxylate-types of liganels
commonly used as ligands. These compounds, such as ethylenediarnaineetietr
acid (EDTA), diethylenetriamine pentaacetic acid (DTPAaninohexaacetic acids
(TAHA), and tetraazacyclododecane tetraacetic acid (DOTAprmf
thermodynamically stable complexes with lanthandidSynthetic probes based on
such ligands are depicted in Figure 2. S-(2-pyridylthio)-cystedr@Dy A, 1, is a
commercially available probe, and can be easily made from EDifkdside. This
pyridylthio group functionalized probe has been site-specifiGligched to target
proteinsvia disulfide linkages and generated valuable PCSs and RDCs by binding
Co?* and YB* %% As mentioned before, RDCs provide informative restraints to
establish protein structures. Membrane protelmsyever, are usually solubilized in
detergents or lipids, which are not compatible with most exterrgairaént media,
making the use of RDCs to solve the NMR structures of membraneinzrot
impractical. As an alternative to external media, prdbeoordinated to TH, Tm**

or Yb** was linked to a membrane protein, yielding sizeable RDCs artiptawata
sets could be obtained by using different lanthanoids or attachntesf!si
drawback of probd is that the EDTA-ligand coordinates the lanthanoid and forms
chiral complexes due to the pseudoasymmetric nitrogen atom, markea siar.
When the chiral complexes arattached to achiral protein, it producéwo
diastereoisomers (Figure 3Agsulting in two sets of PC$5%* To overcome this
problem, chiral centers were introduced as shown in the EDTA-baseds pgrabd
322 Owing to the stereochemical purity, tHel] *°N]-HSQC spectra of proteins
tagged with2 or 3 exhibit a single set of PCSs. Later on,Cgsymmetric
nonadentate TAHA-ligand was uses ligand to produce a thermodynamically
stable Ln-complex’ This highly symmetric probe4 binds lanthanoids with
femtomolar affinity® and displays a homogenously coordinated environment in the
278 K to 315 K temperature range. Pr@gbbas been linked to a 90 kDa protein-
DNA complex. The NMR spectra of this large complex were recoatle17 K for

27 hours and no changes were observed even after two weeks.

DTPA, an octadentate ligand, tightly coordinates with lanthanoids anGthe [
(DTPA)]* complex was the first widely used MRI agéhHowever, the lanthanoid
complexes of DTPA exist as different diastereoisomers, asiegglan Figure
3B.#3% These isomers generate different coordination environments, resiilting
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severalAy-tensors and, thus, several PCS peaks were observed in the NMR spect
of the DTPA-based prob® tagged proteind: However,5 has been coordinated to
isotropic Gd* (that does not cause PCS) yielding valuable PREs that were usec
successfully for the study of a large protein-protein comfilex.

The macrocyclic DOTA is a highly symmetric lanthandigand and when
complexed with lanthanoids, exhibits extraordinary thermodynamic syabifit
Compared to DTPA, two-arm functionalized DOTA complexes are Sognifiy
more kinetically inert and produce fewer diastereoisomers (FRjirelike DPTA,
DOTA coordinated to G has also been widely used in MR is an excellent
scaffold for designing synthetic paramagnetic probes. Féabas the first example
of a DOTA-based synthetic probe that can bind to two (engineerddjreysesidues
of a protein target, while avoiding the elimination of symm&tlthough probes
has C,-symmetry, two sets of PCSs peaks were observed in the HS@Caspk
[Yb-6]" tagged protein pseudoazutfiThis finding is explained by the fact that the
four coordinating nitrogen atoms can generate two possible macwayat
conformations XAAL and 8353) along with the two preferred orientations of the
carboxymethylene arms\(and A). As a result, the coordinating geometry adopts
either a square antiprism (SA) or a twisted square antipfT$®#\). The isomers
AMAL andAdd86 belong to the SA structures, whereas the paiviail andAd666
forms the TSA conformation. In solution state, the stereoisomers intercogwamg
inversion or arm rotation and this dynamic process is in a slowwaege on the
NMR time scale (Figure 3G§*" In 2004, a mono-functionalized pyridifeeoxide
DOTA derivative coordinated to several lanthanoids was reportedgbresstly in
an SA conformation in the crystal and solution st&teShe pyridineN-oxide
coordinated to a lanthanoid ion generates a six-membered chelating riredy, whi
destabilizes the TSA form considerably in solution statdsing this finding as a
basis, probe7 was designed to have two pyridiNeexide functionalities for
symmetry reasons and two methanethiosulfonates for attachmenb toysteine
residues of a target proteih? The synthesis of the symmetrically functionalized
cyclen-based probée7 is shown in Scheme 1. Herein, symmetricaltedi-
butyloxycarbonyl (Boc) protected cyclen was reacted with anssxoé methyl
bromoactate. Subsequently, the two Boc protective groups were remaotred w
trifluoroacetic acid and the opposing amines were functionalized théttdesired
coordinated ligand to givé (or 8).** To demonstrate that a two-point attached probe
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is less mobile and gives larger paramagnetic effects than dhesingle-point
attachment, the one-armed prole, was also synthesized. The results showed that
the two-point attachment dramatically enhances the PCSs and.RBCxe the
pyridineN-oxide is a good antenna for ligand-to-metal charge-transfer, its
complexes with Etf or TB** can also be used as a luminescence probe to quantify
protein samples. Furthermore, the position of the metal center casiltyepeedicted
due to the two-point attachment. Pratiiegave the largest PCSs and RDCs observed
so far. A drawback of this probe is its net charge, which is #& &inding a
lanthanoid ion. The additional charges might cause unexpected influepicedaim-
protein or protein-ligand recognition. Therefore, prdbevas designed. Probe
contains twop-nitrophenol functionalities, rather than the pyridd@xide groups,

to reduce the net overall charffelhe acidity of the phenolic protons is enhanced by
the presence of thenitro groups, leading to deprotonation upon coordination of the
Ln**.*® Consequently, the net charge of the complex is +1. Similar to tieney/N-
oxide, thep-nitrophenol group also forms a six-membered coordination system,
yielding a single set of PCSs. In addition, a bright yellow colomfrihe p-
nitrophenol groups simplifies the sample handling, especially for eskproteins.

As part of the validation experiments of pr@)ét was attached to yeast cytochrome
c. The HSQC-spectra 08{Yb]" tagged cytochrome unexpectedly gave two sets of
peaks for most residues. The relative peak intensity and in ceas@s the sign of
the PCS, changed with the pH. For comparison, the structurally isipndae 7b
showed a single set of PCSs when it was attached to the satem @t the same
position. A possible explanation of this finding is that the charge deaokitiie
coordinated oxygen gif-nitrophenol is lower, in comparison to the pyridiNexide
moiety. This results in a larger space for a ninth ligand, suclags,vio coordinate
the lanthanoid. Water coordination in itself does not result in doubtmaaces, as
this effect was not observed for prodattached to other proteins. In this particular
cytochromec mutant, a histidine residue was in close proximity to the attewhm
site of the probe (Figure 4A). The imidazole ring could form a hyadrdgpsd with

the ninth coordinated water and break the symmetry of the8]Lreomplexes,
creating diastereoisomers and causing double peaks. Protonation of daeoieni
ring resulted in the pH dependence because the equilibrium betweewdhe t
diastereoisomers was shifted (Figure 4B). The pH dependencaese@gto generate
two sets of restraints with one 18eomplex.
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Although double-armed attachment successfully reduces the mobilitgladgr
the positions of the double cysteine residues have to be designedgakédutover,
the cysteine enriched protein might dimerize or precipitate duripgession or
purification. An alternative approach to obtain a single isomeaithe synthesis of
chiral cyclen derivatives. For instance, DOTA-based prBbeontains 8 chiral
centers and was shown to form extremely rigid complexes with*the'H NMR
spectra indicated that there are no dynamic processes incdmglex in the
temperature range between 298 and 333 K. However, a second paramsiyftetic
was observed for proteins tagged w&thThe Ay-tensor of the minor species was
similar to that of the major species, but there was’alifférence between these two
tensors orientations. Moreover, the intensity of the minor peaksaiged to about
50% when heating the protein sample to 323 K and the intensityofati@se two
sets of peaks was reversible when cooling to the 298 K. This phenomeson wa
explained by the slow rate of the cis-trans isomerizatiohefpeptide bond, which
is part of the single arm linker. Similarly, pro® provided a single enantiomeric
conformation upon complexation to 'f> The benefit of introducing a chiral center
or bulky group into paramagnetic probes is that they form stablé,defened
complexes. A drawback is that lanthanoids are difficult to incotpardo these
kinds of molecules and harsh conditions are often necessary.

Tagging not only needs to be site-specific, the stability of the dmka also
important. Formation of disulfide bridges is the most convenient waysiter
specific labeling, but these bonds are not very stable and carokenbgasily by
reductants. Alkylation with alkyl halides or Michael additionhwt-unsaturated
carbonyl to form thioethers are also well-known reactions iteiys chemsitry®
Recently, probd2 was developed to address this stability iS€uevinyl group was
introduced into thepara-position of a pyridine-core and produced thioether bond
with cysteine by Michael addition. Additional heteroatoms wemmiporated into
the 2,6-positions of the pyridine-core to increase th&" lbinding affinity. The
reaction products df2 were stable in the presence of DTT or TCEP and the spectra
were reported to be unchanged after several days at room temperature.

Another approach involves the site-specific labeling of a proteinguan
incorporated unnatural amino acid (UAA) residfieThe UAA, p-azido:-
phenylalanine (AzF), can specifically react with termin&les, regiospecifically
forming a triazole ringvia a Cu(l) catalyzed cycloaddition reactibhFor this
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purpose, probd1 was decorated with a terminal alkyne and reacted with an AzF
containing proteifi® Compared to the usual disulfide linker, the triazole ring is more
rigid and chemically inert. However, the reaction is non-trjvita¢ protein labeling
experiment has to be conducted in the absence of oxygen and the coppstlr cata
cause the protein sample to precipitate.

In comparison with the polyamino and polycarboxylate-type ligands, dipicolinic
acid (DPA) based probes and cysteine derivatives are dfa@lir¢ 5). Owing to the
shortage of donor atoms within the ligand, this class of probe workswitbst
additional ligands from the protein, for example, by linking it to a cysteine res)due (
on ana-helix with a neighboring carboxylate amino acid, placed in the paositt 4
ori — 4> DPA is arigid ligand and has no chiral centers. Consequentlgrabéem
of forming diastereocisomers after coordinating to lanthanoids is avéigeding
DPA-based probe&3, 14 and 15.°%° Instead of non-chiral aromatic scaffold$
and 17 are the derivatives of-cysteine;>>° and both can be easily synthesized.
Moreover, the two-point attachment can also be achieved by usintgtwben two
solvent exposed cysteine residues simultaneous present ehelix. For those
single-point attached small ligands, the relatively low lanthanoid binalffigity
compared with octadentate ligands, as evidenced by their exchange betmalior
higher mobility relative to two-point attachment are disadvantages.

Non-covalent binding tags have been developed recently as well (Figure 6).
Here, electrostatic forces play an important role in protein-prebegnition. These
probes represent an alternative approach to study multiple reystesidue
containing proteins and other proteins for which site-specifically litapes
challenging. The DPA based non-covalent probe, [Ln(BPA)vas first reported to
bind specifically to an arginine-rich area of a protein and providsihgie set of
PCSs due to the fast chemical exchange between the bound andnf@BAl]>"

"8 Eor proteins lacking positive charges, a non-covalent binding site caty fteadi
generated by site-directed mutagen&siEhe use of DPA derivatives yields variable
binding affinities and paramagnetic properties, broadening the use obwvalestt
binding probe&’ Two DOTA analogues, DOTAM and DOTP (Figure 6), serve as
another example of non-covalent binding probes to study protein-protein
interaction$' The paramagnetic effect (in particular used for PREs) of noriemiva
probes can easily be scaled by varying the concentration. Etivebl low affinity

of the non-covalent probes may limit the size of the observed ®tiect binding at
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secondary sites needs to be excluded for unambiguous interpretatitime of
paramagnetic effects.

3.2 Lanthanoid binding metalloproteins and binding peptides

In metalloproteins, the trivalent lanthanoids have been widely used for
replacing naturally occurring &ain proteins to generate paramagnetic constraints,
because L# and C&" ions have similar ionic radii and binding characteristics
(Figure 1C)?? A very early application was the substitution ofYtor C&* bound
to Carp parvalbumin, which provided valuable induced shiftHirand**C NMR
spectrd>®* By loading different lanthanoids into monolanthanoid-substituted
calcium binding proteins, such as calbindig,Dhe three dimensional structure of
the protein in solution state could be refif&t For multiple C4" binding proteins,

a lanthanoid ion can be made to bind to a single site by tuning the affinitg sites

for Ln®*.*” The Ay-tensors for the full series of lanthanoid ions could be reported for
Dok, Since a protein provides a fairly constant coordination environment kangea
number of NMR restraints for tensor calculation. The differengeorientations of

the Ax-tensors of all the lanthanoids are small, in line with the assomibtat all Ln

ions have a similar coordination chemistfyn addition to C& binding proteins, in
Mg?* binding proteins, such as DNA polymerases, the metal can be plitte
Ln*" for paramagnetic NMR spectroscoply.

Often, calcium binding proteins contain an EF hand motif, which is
characterized by a helix-loop-helix structure of 12 or 14 amino &tid&is
particular motif, which provides pure chirality and coordination rigjdian be used
as a paramagnetic tag by fusion with a target protein (Figure WByally,
membrane proteins in lipid micelles are challenging samples ftR Mue to the
slow molecular tumbling. An EF hand motif chelating*Ybr Dy** was added to the
N-terminus of the membrane protein Vpu, which provided RDCs for anglybe
three-dimensional structure in micellésTo increase the lanthanoid binding affinity,
a TB" specific lanthanoid binding peptide (LBP) was developed by combinatoria
chemistry’>”® A Trp, which acts as a photoantenna fof‘Tlwas inserted into the
LBP, giving it not only paramagnetic, but also luminescent properties. Hihi
functional LBP can be engineered genetically at the N or C tiesror into a loop
region of a proteif®’*"°In addition, LBP functionalized with a cysteine residue can
also be site-specifically attached onto a protein surface tcawerthe limitation of
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protein fusion technolog$ However, the mobility of LBP, either as a fusion with a
protein or tagged on a specific position, reduces the paramagnetits&ff@o
enhance the magnetic effects, a two-point attached LBy disulfide bridge and
an N-terminal fusion, was develop&dn comparison with the single-point attached
LBP, the two-point attached LBP provided larger PCSs and RDCs.

4. Applications of paramagnetic lanthanoid tags tobiological

systems
4.1 NMR assignment

The assignment of the NMR spectrum is a prerequisite for dbthiMR
studies of a biomolecule. For proteins, in general, heteronucleaidimeltsional
(3D/4D) spectra and concentrated isotope labeled samples areedecpssigning
the resonances of nuclei of small proteins (<20 kDa) with tegperiments can be
considered routin€ However, obtaining the resonance assignments of larger
proteins is challenging due to increased transverse relaxationmoidtear spins and
spectral overlap. Paramagnetic NMR spectroscopy provides a coempéasn or
even alternative way for obtaining assignments. PCSs are patfjiaigaful because
of the long-range structural information they contain. Moreover, P@Sseadily
observable and can be precisely measured, even at concentratimnsaa2uM.
If only PCSs are used for assignment, prior knowledge of the protein structure or tha
of a homologue is required. Several software packages for the useaofagaetic
restraints in assignments have been developed, such as EthRIDATYPUS?
Possurf and PARAssigH.

4.2 Protein structure determination

NMR spectroscopy can be used for structure determination biy atsél can
complement structure determination of biomolecules by X-ray diftna of crystals,
in cases where the solution structure differs or is more dynasicompared to the
structure in the crystal. For example, calmodulin is & 6imding protein and its C-
and N-terminal domains are connected by a flexible linker tlgdiftes upon
binding of calmodulin to peptides. Three lanthanoids were substitutedfomGhe
N-terminal domain and initiahy-tensors from PCSs restraints were calculated using
the crystal structure of a calmodulin-peptide complex. Then, thetwsteuof the

complex in solution could be refined by simultaneous optimization oAgfensor
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and the structure on the basis of PCSs and RDPEs peptide is not bound to the
protein, the linker is flexible and the domains are mobile. To desttrdbensemble

of conformers that the domains can occupy, the so-called maximunreyues of
domain orientations were calculated using paramagnetic restravasndiependent
sets of paramagnetic restraints were obtained. One of thasefrom the LA
substitution for C& at the N-terminal domain and the other came from the C-
terminal domain tagged with prof@e. The simultaneous use of the two independent
sets of paramagnetic restraints significantly reduced tHaevaf maximum
occurrence compared with a single set of restraints, thus giving tter be
approximation of the true ensembBfe.

A paramagnetic probe containing Gatan also be used as an intramolecular
ruler providing nanometer scale distance measurements by using etediten-
electron resonance (DEER) experiments, a particular type of Spe&troscop$’
Such measurements only yield a single distance p&f (@i, but the distances are
quite accurat&® For example, ERp29 is a 51 kDa homodimer and its 3D structures
were determined first for the rat protein by NMR spectrog@p subsequently for
the human ortholog by X-ray crystallographiy® The interfaces in both structures
showed some differences, although the primary structures of theniM&idomain
are identical except for one residue. To characterize the iceésriat ERp29, probe
10 coordinated to GH was attached at two labeling sites at the same *irfiae
bulkiness of prob&0 reduces the number of conformers and, thus, yields a narrower,
better defined distribution of distances in the DEER measuremearsm&gnetic
NMR effects were also obtained for this complex by udifigoordinated to TH
and Tni*. The paramagnetic NMR data and DEER results are in agreeuitierihe
dimer interface as observed in the crystal structure.

Extensive use was made of paramagnetic restraints from @okmed its
stereoisomer to demonstrate that the dengue virus protease NS2B-ldS3jres a
closed structure in the presence of an inhibftofhe NMR spectra of this protein
were poor due to exchange broadening and peak overlap and PCSs were used b
for assignment and validation of the structure, on the basis of tletusérof an
analogous protein from another virus. Moreover, a non-covalent paramagnetic
prob€’ binding site was created on the NS2B-NS3pro surface by introduging t
positively charged amino acid residues to assess the open s$&ateoii-covalently
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binding probe coordinated to &dgenerated PRE data that suggested that the open
state, which is observed in the crystal state, is rarely present in solution.

4.3 Protein-Protein complexes

Interactions between proteins play a role in most biochemical pgfiveo
methods that can characterize such interactions at the atoralcckn contribute
considerably to the molecular understanding of cellular processes. Wher
characterizing protein complexes in such detail, the individual prateictsres are
usually already known. Paramagnetic NMR restraints can be tesealock the
proteins in the correct orientation. Until now, such docking studies aghatnthe
protein backbones do not change their structure upon complex formation, ar
assumption that often holds for weak complexes, with dissociationacdsish the
UM range. This assumption is not essential; provided that suffi@smaints can be
obtained, full structure determination is also possible, in principle.

Nitrite reductase is a homotrimericcopper protein of 110 kDa. #lyzs the
reduction of nitrite to gaseous nitric oxide. Pseudoazurin, a 14 kDaoelexrrier
protein, is the reductor of nitrite reductaseAlgaligenes faecali$6. To determine
how pseudoazurin binds the reductase, pfloaded with Gd was linked to nitrite
reductase at three surface positions, one at a time, and theoletrtar PRE were
measured using Transverse Relaxation Optimized Spectroscopy YJIROS
experiments ofiH, *N-labeled pseudoazurin. The simultaneous use of the three sets
of PRE restraints and chemical shift perturbation (CSP) datergied a cluster of
structures of the nitrite reductase-pseudoazurin complex, with an RMSD ofd.5 A.

PCS-based restraints, which provide both distance and angular infornsation,
also be used to determine the structures of protein complexes. Vaetage of
using PCSs is that chemical shifts are more easily and &elgucuantified than
relaxation enhancements, especially for poorly soluble proteins. BRE$RES
were combined in the study of the 65 kDa complex of adrenodoxin redactass
electron accepting partner adrenoddXithis complex was hard to study with NMR
spectroscopy because the reductase tended to aggregate at kbghtrations and,
furthermore, the adrenodoxin contains a naturally paramagnetic aofacteS,
cluster, that broadens out the resonances of adrenodoxin nuclei tipairtaoé the
interface. A combination of intermolecular PCSs, PREs and C8®sised to obtain
the location and orientation of adrenodoxin with respect to its reduEtagee 7A),
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which was in agreement with the crystal structure of chemgicalbss-linked
complex of adrenodoxin reductase and adrenodoxin.

The p62-PB1 complex tagged with a two-point anchored LBP is another
example in which the protein-protein interaction was characterizagsing PCS-
based restrainf§. With a single tag the degeneracy of the magnetic susceptibility
tensor results in “ghost” solutions in structure calculation. To regblgeproblem,
the spacer length between the LBP and the protein surface wag, vaselting in
different metal positions and different orientations ff-tensor, and therefore
several sets of paramagnetic restraints that could be used for d&cking.

In a recent study, a very large set of restraints (446 e@ldained for the
structure determination of the complex of cytochrome P450cam and pdtsgire
attaching prob@ to both proteins at three positions in total, generating PCSs, PREs
and RDCs. The results showed excellent agreement for the positi@riantation
of putidaredoxin with respect to the cytochrome with the crystattsire of the
complex that was reported in the same study and, independentlyebgrad group
(Figure 7B)**" This NMR study shows that tagging with lanthanoid tags can vyield
sufficient restraints for accurate structure determinatiorhowit the need of other
NMR data.

Paramagnetic tagging can also help to demonstrate the presencemwiabyin
a protein complex. For example, pro® was employed to characterize the
encounter complex of yeast cytochromand bovine adrenodoxi.In this study,
7b loaded with YB* was attached to the cytochromat an attachment site far from
the interaction side with adrenodoxin. RDCs are distance-independeniepadd
only on the orientation of the H-N bond vector relative to the alignment tensor. Thus,
if adrenodoxin were in a well-defined position within the complex witiodyome
c, the average size of the RDCs would be the same for both prdierause the
degree of alignment would be the same. However, the RDCs for adremauene
very small, indicative of large intermolecular dynamics. On thsisbaf this
averaging effect the degree of dynamics was estimated and shoagre® with
previous published results based on other NMR ata.

4.4 Protein-ligand interactions
In fragment-based drug discovery, small compounds that bind weakly to a
protein target, are chemically combined or elaborated to incl@adang affinity.
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For rational design of the ligand, it is essential to know the atient of the small
compound and its location on the protein surfdtéJsually, X-ray diffraction of
protein-ligand co-crystals is used to obtain the structure of ptieéein-ligand
complex. However, in many cases co-crystals cannot be obtained. agasin
NMR spectroscopy offers an alternative approach to obtain the structuratartifmm.
The two-point anchored LBP tagged Grb2 serves as an ex&thpleombination of
PREs and PCSs of the ligand NMR resonances was employed imiisgréer
compound binding and structure determination of the protein-ligand complex. In this
strategy, time-consuming side-chain assignment and NOE analysi$ required.
The assignment of backbone protein signals is necessary, hotzedefine theAy-
tensor of the LBP. This requirement is a drawback for large psotaid proteins
that cannot be labeled with isotopes.

Recently, the protein FKPB12 was tagged withto determine the position and
orientation of a ligand (Figure 8} PCSs were measured on the NMR resonances of
the ligand, which was in large excess over the protein. Then, the RE€Ssised to
dock the ligand on the protein, applying two approaches. First, thedloaztithe
lanthanoids and the orientations of thgtensors were determined on the basis of
PCSs measured on the FKBP12 backbone resonances, similar to tloé Gals2.

The resulting ensemble of best solutions was compared with tictusérof protein-
ligand complex determined by ‘classic’ structure determinatiomgusitermolecular
NOEs and showed an RMSD between the NOE-based structure and thefrttea
ensemble of 2.8 A (Figure 8B). Second, the position of the lanthanoid and the
orientation of theAy-tensor were predicted purely on the basis of the structure of the
free protein. Previous work had shown that prediction was possible by using a simpl
set of rules, because the two-armed attachment makes the pgabeand the
location well-defined! The resulting ligand position had an RMSD from the NOE-
based structure of 5 A (Figure 8C), indicating that even without alR N
information from the protein, the ligand binding site can be obtained at low
resolution.

For carbohydrate binding to proteins, a significant number of protein-ligand
NOEs are difficult to obtain due to the generally weak binding and tpelyhi
solvated interfaces, and therefore other NMR restraints grered for analyzing
such a protein-ligand complex. A combination of RDCs and PCSs wasappli
determine the binding orientation of lactose to a fusion of the protkintiga3 with
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a C-terminal LBP, yielding a structure similar to the one of thgstallized
complex:t®

As an alternative to tagging the protein, the ligand can be funddedakith a
lanthanoid to identify the protein-ligand interaction surface. In congrangith
tagging the protein, the design of a functionalized ligand is more chaltgngi
because the changed size and charge may well affect the bindiagoitiche side
effects, the linker between the lanthanoid binding group and the substrate lséoul
long enough. However, the longer the linker, the smaller and more adetage
paramagnetic effects will be. Nevertheless, a"®ihding bile acid analog has been
made and the PRE restraints were successfully used to detettmei binding hot
spots of the liver bile acid binding protéfif.

4.5 Protein dynamics

Conformational flexibility is usually required for protein functioifthe
dynamics that are most relevant for protein function, such asneneatalysis, are in
the time-scales from microseconds to millisecafid$*® The interconverting states
of proteins have different chemical shifts, and the shifts fortimer states can be
obtained from relaxation dispersion experiméfitddowever, it remains difficult to
translate the differences in chemical shifts between majdrmainor states into
differences in structures. In an external alignment medium,RIN0s of the minor
state can be measured from relaxation dispersion experiments &ed piioeide
more valuable structural informatioff'° In principle, PCSs can also be very
valuable for structure determination of lowly populated states. AF®8 gradient
produced by a paramagnetic center can be a reference frarstudging protein
dynamics. When part of a protein moves relative to the paramagesiier, the
nuclei ‘feel’ a fluctuating PCS that can be measured by ritexalispersion
experiments, in the same way as regular chemical shift diffes®® The PCS is
more readily converted into useful structural restraints. To obtainrate structural
restraints in this way, the rigidity of the introduced paramagroetnter is essential.
Therefore, proberb appeared to be a good candidate for relaxation dispersion
experiments, because it is linked to the proigatwo arms and was reported to
produce minimal averaging of PCSs and RDCs. Tortesbr this application, it was
coordinated to TA{, Yb** and LJd* and attached to the protein pseudoazurin at two
locations, in a loop region and in a smalhelix. A shortp-strand in cytochrome
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was also tagget!! By using'H CPMG relaxation dispersion experiments, dispersion
effects were indeed obtained. However, these effects were ikedgtdaused by the
mobility of the tag, rather than of the protein. A comparison of theitotaof the
attachment sites showed that the loop region was affected nroreglgt by
conformational exchange than thehelix. So, even though the PCS derived from
standard experiments gave an excellent fit between calculatedbaedved data,
relaxation dispersion, apparently, detected a minor state in whicproie had
moved relative to the protein. Nevertheless, this study indicatepanamagnetic
relaxation dispersion analysis is very promising for the anabygsotein dynamics,
provided a probe can be found that is rigid and does not exhibit mobilitiheon
micro-millisecond timescale.

5. Proteins used in this study
5.1 Pseudoazurin

Pseudoazurin (Paz) isolated froflcaligenes faecalis S& a small copper
binding protein and is a member of the cupredoxin family of electramsftr
proteinst**!**Paz contains 123 amino acids and has a molecular weight of 13.5 kDa
The crystal structure of Paz (Figure 9) shows that the secositlacyure consists of
8 B-strands and 2--helices. The copper center is coordinated by two His and one
Cys and one Met ligands in a distorted tetrahedral configurdfiarhe structure of
the oxidized and reduced forms shows no differences in the main chatfrfold.

5.2 T4 lysozyme

Lysozyme from bacteriophage T4 (T4Lys) is an endoacetylmuramidehe
molecular weight of the enzyme is around 18.5 kDa and it contains li64-anid
residues. The three-dimensional structure of T4Lys (Figure 10)ecdederibed as 4
B-strands and 1@-helices. The structure and folding process of T4Lys have been
studied extensivel}:®!!’ The advantages of using T4Lys are that it is easy to
express and purify, the yield is high and it is very stable. ConséguédtLys is a
good model protein for NMR spectroscopy.

5.3 Cytochromec
Cytochromec (Cyt c) is a small haem protein and is a component of the
electron transport chain in mitochondria. The molecular weight ot @/about 12
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kDa, comprising 100 to 108 amino acid residues, depending on the source, and
harbors ac-type haem group. Such haem groups are covalently attached to the
proteinvia two thioether bonds and in Cgtthe haem ion has six ligands; four are
from the porphyrin and the other two from histidine and methionine (FiLB3.
During the electron-transfer processes, the haem ion intercorhesgen two
oxidation states, Féand F&". The shape of Cyt is spherical and it consists ob5
helices and a shofi-strand (Figure 11A). Several high resolution X-ray and NMR
structures of both ferrot’§**°and ferri¢***?**2°Cyt ¢ have been reported.

5.4 Cytochrome P450cam

Cytochrome P450s are an important haem-containing monooxygenase family
with more than 10,000 membéfé.They are involved in a number of vital processes,
including carcinogenesis and drug metabolism as well as the biosgnifieseroids
or lipids and the degradation of xenobiotics. Among the P450 superfamilyeshe
characterized P450 is P450cam (Figure 12), which is isolated from the soil bacteriun
Pseudomonas putida&Conformational changes play an important role in substrate
recognition for P450cam. When (+)-camphor binds to the protein, the protein is
changed from an open to a closed state and the haem coordinatngnwekecule is
released® Therefore, the (+)-camphor is regioselectively and sterediselgc
hydroxylized to 5-exo-hydroxycamphor by P450cam. It is worth noting tthat
family of enzymes all presents a common protein fold and P450danone of the
few water soluble membet&'?® Consequently, it is a good model protein to
investigate the functionality of this family proteins.

6. Aim and outline of this thesis

The aim of this work was to develop new paramagnetic probesimogta
nitroxide radicals or lanthanoids, for the study of biomolec@&spter 2 describes
a new paramagnetic probe, CLaNP-7, for which the net charge ofamaidis
complexes was reduced to +1 by introducipgnitrophenol. TheAy-tensor of
CLaNP-7 is pH-dependent when a histidine residue is locatedtoltise attachment
site. It is proposed that the pH dependence is due to the fatiahastidine forms a
hydrogen bond with a water that acts as the ninth ligand of the Ln.

In order to enhance the stability of the tag linkers, two approathiesther
and bioorthogonal reactions, were investigatecCiapter 3. The results showed
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that a new thio-reactive CLaNP-9 was successfully attachgorai@in and the
reaction product was stable in the reductive conditions.

The research described iBhapter 4 entails the synthesis of CLaNP-5
derivatives with substitutions on the pyridiNesxide ring to obtain multiple NMR
restraintsvia a single attachment site. Although the methoxyl derivative prasente
slightly different magnetic tensor compared to CLaNP-5, the-didés of
neighboring amino interacted with the methoxyl groups resulting two sets of
paramagnetic effects. This finding, together with that is Ch&ptlmonstrates that
amino acid side-chains can readily interact with the probe and influence itsdsehavi

Nitroxide radical probes are described @hapter 5. Several rigid radical
probes and inhibitor-based radical probes were synthesized. The ta-stysgtures
of protein with inhibitor-based probes were also presented.

In Chapter 6, the works in this thesis are summarized and discussed and future
prospects based on these results are provided.
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Figure 1. Different approaches for introducing a paramagnetic cent¢arget proteins. (A)
Synthetic tags are linked to a cysteine or an artifiagisiha acid. (B) A lanthanoid binding
peptide is engineered genetically into a protein. (C) The matabi a metalloprotein is
replaced by a lanthanoid.
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Figure 3. Isomerism of complexes with EDTA (A), DTPA (B) and DOTA) ({&e ligands.

(A) the pseudoasymmetric nitrogen is marked with a star anihiess between probe and
protein are shown in K. (B) The nine coordination systems are shown in a tricapped
trigonal prismatic model. The acetate arms are shown in rowmoesvsaa and the linker
between probe and protein in*R(C) The DOTA ring is shown as a solid line and ligand
arms as round arrows. The carbon atoms are shown in black, nitragelng,i oxygens in

red and the lanthanoid ions in magenta. The figure is adapted from [24] and [30].
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Figure 4. Model of probeB attached to cytochromeand the proposed mechanism of pH
dependenc& (A) The position of lanthanoid (magenta) was derived frormdjtthe PCS
data. The proposed ninth coordinated ligangDMH, is shown in red. The protein main
chain is displayed in gray. The cysteine and histidine side-chagnshown in CPK colors.
The carbon atoms from prol8are shown in green and the nitrogen, oxygen and sulfur
atoms in CPK colors. (B) The pH dependence of pBivas described by the shown model.
The flip between two SA formsAfAAL and Ad5568) are schematically represented by a
change in the cyclen ring (lines connecting the N atoms) and the hgarsdround arrows).
Reprinted with permission from [42]. Copyright (2013) American Chemicakegoc
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Figure 5. Structures of small lanthanoids chelating probes. DPAdbpisibes: (4AMMDPA,
13)*, (BMDPA, 14)%*, (4-vinylpyridine-2,6-dicarboxylic acid5)®* cysteine derivatives:
(NTA-SH, 16)*°, (IDA-SH, 17)°.
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Figure 6. Structures of non-covalent binding probes. DPA-based pr&Be&2)*° and
DOTA analogs 23 and24)®".

Figure 7. Solution models of the protein complexes. (A) The 65 kDa complex of
adrenodoxin and adrenodoxin reductase was based on PCSs and PEEadtataloxin is
shown in green and the reducatse is presented in gray stgfmesentation. (B) The crystal
structure (orange) and the solution structure, which based on PREs,and RDCs, closest
to the mean (gray) of the oxidized putidaredoxin—cytochrome P450caiplex are shown
in a ribbon representation with the P450cam structures aligfiée. iron-sulfur clusters of
putidaredoxin and adrendoxin are shown in CPK colors, the haem choytoee P450cam
in stick and the haem iron in brown sphere. The position of lanthartwetsted/b (A) and

8 (B), respectively, was attached to proteins, which asevstas red spheres. The axis frame
represents thay-tensor of lanthanoids in blue for the z-axes and in yelloviferx and y-
axes. Reprinted with permission from [5] and [97]. Copyright (2013) Elsevier
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Figure 8. Localization of a ligand on the surface of a protein usingitigeCSs® (A)
Overlay of 1D*H NMR spectra of ligand in the presence of*¥Bb and Lid"-7b linked
protein. The ligand PCS is defined by the difference betweznesonance position for the
Yb** (solid line) and the L{i (dashed line) and the proton assignments of ligand are
indicated by corresponding numbers on the structure. Due to theffimity of the ligand
for the protein, the spectra represent the PCSs for thAedithat is bound only 2% of the
time and is in fast exchange between the free and bound $Bt€¥) The lowest energy
clusters of ligand positions, calculated using experimentallyo(&)ge) and predicted (C,
magenta) determinedy-tensors. All of the calculated structures are superimposdtieon
NOE based structure (green). Reprinted with permission from [10a}jyright (2013)
American Chemical Society.

Figure 9. Structure of Paz (PDB code 8PAZ) The protein is shown in grey, the copper in
black and the ligands of the Cu in sticks labeled with residussbers. This figures as well
as 10 - 12 were made with the program PyMOL. [copyright 2010 Schrodinger, LLC]
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Figure 11 Structure of yeast Cyt (PDB code 1YCCY®. (A) The ribbon represents the
structure of Cytc (grey) and the haem is shown in sticks (black). (B) The véWwaem
binding site. The porphyrin ring and two axial ligands, His 18 and Met 80, are cooddimate
the haem ion, and the haem is covalently bound to the two cysteine residues, Cys 14 and C
17.

Figure 12 Structures of open state (A, PDB entry 31!62and closed state (B, PDB entry
3L63)'** of P450cam. The P450cam is shown in gray ribbon, the haem in madenta, t
coordinated water in red, and the camphor in green.
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Chapter Il

A pH sensitive, colorful, lanthanoid-
chelating paramagnetic NMR probe

Based on the research article:

Liu, W. -M.; Keizers, P. H. J.; Hass, M. A. S.; Blok, A.; Timmer, M.; Sarris, A. J. C.;

Overhand, M.; Ubbink, M. “A pH-sensitive, Colorful, Lanthanide-chelating
Paramagnetic NMR Probe” J. Am. Chem. Soc.2012, 134, 17306-17313.
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Abstract

Paramagnetic lanthanoid ions are broadly used in NMR spectros€bpy.
effects of unpaired electrons on NMR spectral parameters pravigowerful tool
for the characterization of macromolecular structures and dgsahhere, a new
lanthanoid chelating NMR probe, Caged Lanthanoid NMR Probe-7 (CLaNP-7), is
presented. It can be attached to protein surfaieetsvo disulfide bridges, yielding a
probe that is rigid relative to the protein backbone. CLaNP-7 extendpftieation
range of available probes. It has a yellow color, which is helpfulséonple
preparation. Its effects are comparable to those of CLaNP-5,sbahatrge is two
units lower (+1) than that of CLaNP-5 (+3), reducing the change incgudotential
after probe attachment. It also has a different magnetic simsligptensor, so by
using both tags, two sets of structural restraints can be obtaineehgercered
cysteine pair. Moreover, it was found that the orientation of thgneta
susceptibility tensor is pH dependenkK§~ 7) when a histidine residue is located in
the neighborhood of the probe attachment site. The results show thétisthe
imidazole group interacts with the CLaNP-7 tag. It is proposedthigahistidine
residue forms a hydrogen bond to a water/hydroxyl molecule that osdhpgi@inth
coordination position on the lanthanoid, thus breaking the two-fold symmetng of t
CLaNP tag in a pH-dependent way.
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Introduction

In recent years, paramagnetic probes have been used broadly in nuclee
magnetic resonance (NMR) spectroscopy. The effects of unpa@etdogls on NMR
spectral parameters, such as pseudocontact shifts (PCSs), Irdgidlaa couplings
(RDCs) and nuclear relaxation enhancements (PREs), have begmizedoas
powerful tools for the characterization of macromolecular strustuned their
dynamics and interactions:*>>*?°*¥3aAmong the paramagnetic effects, PCSs vyield
valuable long-range distance and orientation information and RDCs siesa#-
independent, providing information on the whole protein, making them powerful
restraints to refine protein structures and determine protein atitemg in
complexes®

To yield unambiguous restraints, the paramagnetic center must be site
specifically and rigidly attached to the protein. For*Car Mg®* containing
metalloproteins, lanthanoid ions can substitute the natural Métal*®but most
proteins are devoid of these metal binding sites. Therefore, benetiaods have
been developed to introduce artificial paramagnetic metals intampréta instance,
metal binding peptide tags were designed that can be engineeredajgretiithe N
or C terminus or into a loop regiaf a protein’™"*">1901370Other strategies use
synthetic organic thio-functional tags, which can be introduged cysteine
mutations>**°°

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) ipicalty
ligand for lanthanoid ions. The coordination of DOTA to lanthanoid ions results
two stable diastereomers, a square antiprism (SA) and advagtere antiprism
(TSA).*¥ 1 Each diastereomer relates to one of two possible configurations of the
macrocycle ringsApAk andéd6s) and one of two orientations of the chelate arms (
andA). The enantiomeraA\\A andAd6d6 belong to the SA structures, whereas the
pair of AAMA andAdd66 forms the TSA conformation. In previous studies, we have
developed paramagnetic lanthanoid probes based on ¢yéfeéfiThe probes are
attached to target proteinga two disulfide bridges, which strongly reduces the
mobility.*° In the most recent version, two chelating pyriditexide arms force the
probe to exist into one diastereomer, the SA form, in the solutaa’st® This
results in singular NMR resonances and one magnetic susceptieigpr. This
probe, named Caged Lanthanoid NMR Probe-5 (CLaNP-5, Figure 1), showed the
largest PCSs and RDCs described sofdk.drawback is the total charge of the
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probe, which is 3+ after chelation with a lanthanoid ion. When CLabRu3ked to

a protein surface, the extra charge changes the electrostatitigdpte@hich may
affect molecular interactions with ligands and proteins. In thégpten, a new tag is
described (CLaNP-7, Figure 1) that has a reduced net charge wdiidtaiming
conformational rigidity. Ln-CLaNP-7 complexes have different magneti
susceptibilities than those of CLaNP-5 and its endogenous color altoweasgy
detection of tagged protein. Furthermore, we show that CLaNP-7 caacinigth a
nearby histidine residue, causing a pH dependence of the magnetiptibilgge
tensor g-tensor). It was shown that two sets of distance restraintbeabtained,
simply by changing the pH. A model for the pH dependent interaction is proposed.
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W O\\s y H,0/ "OH O\\S s
4 o X 0 o) s o
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O\\S/S =N o\\S’
e ) /%0

O,N
3+ }1+/0

[ Ln-cLaNP-7

[Ln-CLaNP-5
Figure 1. Structures of Ln-CLaNP*5and Ln-CLaNP-7.

Results
Synthesis of Caged Lanthanoid NMR Probe-7 (CLaNP-7)

In 2004, Prof. A. D. Sherry’s group published a study on a MRI contrast agent
based on the cyclen scaffold and carrying-mitrophenol ligating groufp® The
crystal structure of the MRI contrast agent indicated that thegblie deprotonated
and a water molecule sits above the plane of the oxygen atoworsleinto design a
rigid cyclen based probe with a reduction of net positive chahgepyridineN-
oxide arms used for CLaNP-5 were replaced withtrophenol arms (Figure 1). The
p-nitro groups enhance the acidity of the phenolic protons and upon binding the
lanthanoid, the phenol groups will be deprotonated. As the lanthanoid has a charg
of +3, the net charge of the entire complex will be +1, unless aXwidion rather
than a water molecule can coordinate, in which case the overgdlecisazero (see
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below) The twop-nitrophenol groups provid€2-symmetry and it was anticipated
that the two six-membered ring chelating systems (Figure 1) prowflieient
rigidity and thus lead to one preferred tetraazacyclododecaneaitfgrmatior
The yellow color associated witp-nitrophenolate groups is convenient for the
purification of tagged proteins.

The synthesis of CLaNP-7 is shown in Scheme 1. Commerciallyablai
cyclen was converted intb in 83% yield over two steps, in which two opposing
amines were temporarily protected witrt-butoxycarbonyl (Boc) groups and the
other two amines subsequently functionalized by reaction with inethy
bromoacetaté Compoundl was deprotected by trifluoroacetic acid (TFA) and
reacted with 2-hydroxy-5-nitrobenzyl bromide at°80to obtain2.**'*?> Removal of
the methyl ester group in the presence of base in 1,4-dioxane as yulaed 3.2
Condensation 08 with excess 2-(aminoethyl)-methanethiosulfonate in presence of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) ahdhydroxysuccinimide
(NHS) yielded CLaNP-7 in 40% vyield. The Yb-CLaNP-7, Tm-CLaNRnd Lu-
CLaNP-7 complexes were obtained by chelating with the corresporatitttahoid
acetate salts iN,N-dimethylformamide (DMF). After chelation, the wavelength of
the maximum absorbance shifted from 310 nm to 390 nm and the tag obtained
more intense yellow color (Figure 2A).

Y o o
SR 3 ol oy

NH : uN é {N/R}OMe—b, (\ /})\OMe ¢ (\ /w}
&NJ MEO{K/N\) MEO{K/N\) Ho*\(&’\‘&
o)\o>< © K/©/No2 © 5©/N02
N HO?, HO™,
NO,
OH

o o H,0/ “OH o,

2 WN/} o} B O o %%
4 H{N N}MN ° _° N- LA N)\H/\/

o) —~AN K/N }C &

P
/\\s\is ° §©/N02 s \ / Yb-CLaNP-7
(@] O~/
HO \/S\\O Lu-CLaNP-7
CLaNP-7 Tm-CLaNP-7
O,N
Scheme 1Synthesis of CLaNP-7. (a) i) BocOSu, CH@T 36 h; ii) methyl bromoacetate,
K.COs, RT, 12 h; (b) i) TFA, DCM, RT, 4 h; ii) 2-hydroxy-5-nitrobenzybbride, KCOs;,
ACN, 80°C, 12 h; (c) NaOH, 1,4-dioxine, RT, 4 h (d) aminoethyl-MTS, NHSCEDMF,
RT, 16 h; (e) Ln(OAg) DMF, RT, 4 h, quant.
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Figure 2. Electronic absorption spectra of CLaNP-7. (A) The absorbareera expressed
as extinction coefficients are plotted for CLaNP-7 and TmMNR-&. (B) Lu-CLaNP-7 at
different pH values.

Probe attachment andAy-tensors calculation:

The zrf*-form of ®N-enriched E51C/E54C pseudoazurin (Paz) was reduced
with dithiothreitol (DTT), washed, and directly incubated with LnaBIP-7 for 16 h
at 4 °C. The tagged protein was purified using a Superdex 75 column (GE
Healthcare). The mass of the resultify-Paz Yb-CLaNP-7 (14503 + 2 Da) agreed
with the expected mass of 14503 Da, assuming 98Renrichment. In the'fN-'H]-
HSQC spectra, there were no significant differences betwetgged and Lu-
CLaNP-7 tagged spectra, except for a few residues close tatthehment site,
enabling the resonance assignments to be made by comparison withuprevi
spectra’’ Large shifts of resonances were observed when the protein was tagge
with either Yb-CLaNP-7 or Tm-CLaNP-7 (Figure 3). Thal rich Paz were kindly
provided by Ms. Anneloes Blok and Dr. Monika Timmer (Leiden Universitst.
Chemistry).
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Figure 3. Overlay of {°N, *H]-HSQC spectra of Paz E51C/E54C attached to Lu-CLaNP-7
(blue) and Tm-CLaNP-7 (red). Several PCSs are indicated with sail |

The difference in resonance frequency between the paramagnetithend
diamagnetic samples was defined as the PCS. The presencgepfsiaigle PCSs
indicates the tag to be attached rigidly and to exist in one donoafdrmation,
which is expected to be the SA isomer due to the six-member olgetgstem (but
see Discussion sectiof).

For estimation of the anisotropic component of the magnetic susagptibi
tensor (y-tensors), an initial metal position was fixed according to a preyious
reported protocal® An initial set of PCSs was used to determineAjdensor, with
which more PCSs were predicted. In an iterative way, Ajpgensor and metal
position were refined and additional resonances were assignedy-Teesor values
for Tm- and Yb-CLaNP-7, along with those of CLaNP-5 are reportedloheTl and
the back-calculated PCSs are plotted versus the observed PCi§aras HA and
Appendix 1, respectively. The values &f.x and Ay, of CLaNP-7 are similar to
those of CLaNP-5 for TH, but not for YB*. The Ay-tensor of Yb-CLaNP-7 is
much more rhombic. A possible explanation could be the presenceirthdigand,

a water molecule or hydroxyl ion. This possibility is discudseahore detail in the
next section. Tm-CLaNP-7 causes significant alignment of Pé20aMHz (14.1 T),
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allowing RDCs up to 20 Hz to be observed. The observed RDCs weretaised
optimize the HN positions of Paz and thgtensor derived from PCS was used to
back-calculate the RDCs on the basis of this structure, yieldompd agreement
(Figure 4B). The large RDCs indicate a low mobility of CLaNRelative to the

protein backbone.

Table 1. PCSs-basey-tensors of CLaNP% and CLaNP-¥

Protein Probe Ln Ay Ay © Restraints Q°
Paz E51C/E54C CLaNP-5 Tm 555+08 10+1 89 0.03
Yb 94+0.2 1.9+04 93 0.04
CLaNP-7 Tm 41.4+0.6 9.6+0.8 94 0.04
Yb 42 +0.1 56+04 93 0.06
CyteN56/L58C  CLaNP-7 y\ 53,04 8003 70 0.03
(PH =6)
CLal\iPJ Yb 5,509 96%+0.3 60 0.06
(pPH=18)
Cytc CLaNP-7
N56C/L58C/H39A  (pH = 6.3) Yb 5, 5+0.2 65%+0.1 70 0.04
CLaNP-7
(pH = 7.8) Yb 55%0.1 6.1+0.1 62 0.04

3The unit of axial and rhombic componenms;{ andAy,,) is 10° v,
® The definition of Q is given in experimental seotieq 2).
° The error is calculated by a jackknife procedaedomly removing 20% of the date and repeating
the Ay-tensor fit 100 times.
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Figure 4. Experimentally observed amide proton PCSs and RDCs of Paz EBICT/EN-

CLaNP-7 plotted against the back-calculated PCSs (A, Q = 0ng4RBCs (B, Q = 0.09),
both based on the PCS derivagitensor. The NMR spectra were recorded at 14.1 T (600
MHz). The solid line represents a perfect match.
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The pH dependence of CLaNP-7

In order to test CLaNP-7 on a second protein, yeast cytochoo(@yt c)
N56C/L58C was tagged with CLaNP-7 coordinated to**Yand LU*. In the
diamagnetic spectrum (Lu-CLaNP-7) only single peaks were observadvidn at
pH 7, the Cytc tagged with Yb-CLaNP-7 showed two sets of peaks for most
residues. The relative intensity and sometimes the sign aschaiiged with pH
(Figures 5 and Appendix 2). From the PCSs obtained at pH 6 and pH 8y-the
tensors were determined. A comparison of the PCSs shows thatditiery
significantly (Appendix 3). The sizes of the axial and rhombic comporemets
similar at both pH values and somewhat larger than for Paz E51C/E54C (Table 1 an
Appendix 4). The major difference between pH 6 and 8 is the ori@mtafi the
tensors (Figure 6A). The structurally highly similar tag Ln-CLeN§hows a single
set of resonances when attached to the same double Cys mutantcqppendix
5).8 Also for CLaNP-7 attached to Paz E51C/E54C no pH dependence of he PC
was observed, so the observed effect is specific for CLaNPachatl to Cyic
N56C/L58C. The™N rich Cytc were kindly provided by Ms. Anneloes Blok and Dr.
Monika Timmer (Leiden University, Inst. Chemistry).

1A pH=6 1B pH=7 C pH=-8 _®
E mlu mlu & 1 mlu € T49
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Figure 5. pH dependence of CLaNP-7. Detail dfN, 'H]-HSQC spectra of Cyt
N56C/L58C attached to Lu-CLaNP-7 (blue) and Yb-CLaNP-7 (red) at @D (A), pH =

7.0 (B) and pH =8.0 (C).

Protonation of the phenol moiety of CLaNP-7 as an explanation for the pH
dependence was ruled out by the electronic absorption spectrum. Rootarighe
phenol shifts the absorbance maximum from 390 nm to 318HEmom Figure 2A,
it is clear that in free CLaNP-7 purified by HPLC the phemujs are protonated,
but upon coordination to Tfhthey are deprotonated at pH values between 3 and 11

(Figure 2B). In general, there is a water coordinated to the DIiX€Aanthanoid
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ions complex in solution stat& The factors that affect water coordination are
mainly the charge density of the lanthanoid ion and the sterin sttahe water
binding site****8The substitution of the pyridins-oxide rings in CLaNP-5 witjp-
nitrophenol rings in CLaNP-7 lowers the charge of the coordinatedeaxgf the
ligand, which results in a larger space for a ninth coordindtiGhThus, it is likely
that a water molecule or hydroxyl ion can be coordinated to the lanthanoid.

Figure 6. PCS-based positions of the tensor relative to thecGttucture with PDB entry
code 1YCC'® The Cys residues at positions 56 and 58 were modeled. (A) Thpati
axes of theAy-tensor of Yb-CLaNP-7 are shown as red (pH 6) and blue sti¢tks3); (B)

Model of CLaNP-7 attached to CgtN56C/L58C. The position of the Yb(magenta) is
derived from a fit to the PCS data. The red sphere shbe/sHiO/OH at the ninth
coordination position.The protein main chain is shown in grey. Tse(856C/L58C) and
the His 39 side-chains are shown in CPK colors. The carbon atomsGLaNP-7 are
shown in green, nitrogen atoms in blue, oxygen atoms in red afiud atdms in yellow.
The distance between thé’taf His 39 and the ligating oxygen atom is 2.2 A.

In Cyt c N56C/L58C the Cys residues are located in a ghettand and there
is a histidine residue, His 39, in the neighboring strand, close to ttadtaapment
site. Fitting of the PCSs placed the lanthanoid close to Han@8dts imidazole ring
can be rotated to be at hydrogen bond distance of a water moledhie @inth
coordination position (Figure 6B). Therefore, we propose that the observed pH
dependence of theey-tensor is caused by the imidazole of His 39.

In order to test this hypothesis, the His residue in €W56C/L58C was
mutated to alanine and this variant was labeled with Ln-CLaNFhe pH
dependence of th&y-tensor is no longer observed in the absence of the imidazole

ring. The [°N, 'H]-HSQC spectra shows single peaks at several pH values
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(Appendix 6A) and the PCS and thg-tensors are the same at low and high pH
(Table 1 and Appendix 7). The peaks only exhibit small shifts due to theahpH
dependence of the protein and those shifts are identical in paraimagndt
diamagnetic samples (Appendix 6B). These observations support the propbsal th:
His 39 influences the\y-tensor in a pH dependent manner. Bf¢ rich Cytc
H39A/N56C/L58C were kindly provided by Ms. Anneloes Blok and Dr. Monika
Timmer (Leiden University, Inst. Chemistry).

We wondered whether it was possible to introduce the pH dependetize of
tensor by positioning the probe close to a His residue on a proteinesuriar this
purpose we returned to Paz, which i§-sheet protein. His 6 is located on a Igihg
strand. In the neighboring strand two Cys residues were engineergdntm
134C/V36C. The™N rich Paz 134C/V36C were kindly provided by Ms. Anneloes
Blok and Dr. Monika Timmer (Leiden University, Inst. ChemistriJsing the
published protocol for modeling of the CLaNP lanthanoid postfidnwas predicted
that the imidazole ring of His 6 would be sufficiently closddion a H-bond to a
possible HO/OH at the ninth coordination position (Appendix 8). The HSQC
spectra clearly show two peaks for most resonances in this Raatvabeled with
Yb-CLaNP-7 and the intensity of these peaks indeed varies witlap&logous to
what was observed for Cyt N5S6C/L58C (Figure 7). Note that Paz E51C/E54C
labeled with CLaNP-7 did not show pH dependence. These results inthattbe
pH dependence of thiey-tensor can be introduced when the probe is positioned on a
S-sheet, next to a histidine residue. The pH dependence of CLaNk-Femesed to
obtain two independent sets of PCSs or RDCs from a single probe.

mpH=7.9(vb)ympH =79 (Lu) (Lo
|mpH=8.2(Yb)mpH =6.2 (Lu)
‘ TTT TTTT ‘ TT T | T

TT 7T
9.80 9.70

950 | es0 | 40 | a0

S ("H) / ppm
Figure 7. Detail of [°N, 'H]-HSQC spectra of Ln-CLaNP-7 tagge€dN-labeled Paz
I134C/V36C. The spectra were recorded at pH 6.22 (black, Lu; red,ndbpld 7.9 (green,

Lu; blue, YDb).
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Discussion
Proposed mechanism for CLaNP-7 pH dependence

Based on theAy-tensor, the position of the Yb-CLaNP-7 linked to @yt
N56C/L58C is the same within error at pH 6 and 8. However, the di@rgaf the
tensors are different (Figure 6A). The two sets of peaks in tigHSectra of Y&
labeled protein indicate that these orientations are a consequ#ndeo
orientations/conformations of the probe that are in slow exchange oNMke
chemical shift timescale. In contrast to what is expected imple pH titration in
which the two sets of peaks would correspond to a protonated and deprotonated f
here both sets of peaks remain (weakly) visible, even at the highedowest pH
values applied. Furthermore, not only do the relative intensities glihe of peaks
change with pH, the PCSs of both states also exhibit some pH dependenc
(Appendix 9).

In order to explain these observations, a four-state model is involgd€r).
The model hypothesizes that the two-fold symmetry of the probeoken by the
interaction between the imidazole of the nearby histidine andrdposed HO/OH
coordinated to the Y. Consequently, the two SA enantiomeka).h and A8558)
no longer yield identical PCS and now cause double peaks, because ieyrlps
are normally slow*>*° Protonation/deprotonation of the imidazole shifts the
equilibrium between these two states. It also causes the pH daperafehe PCSs
of both states (Appendix 9). The intensity ratiglf of the pairs of peaks can be
described on the basis of this model by eq. 1:

Ib [1_|_ 10(PH -pKaz)]
| . [1_|_ 10(PH _pKal)]

Wherel, andly, are the peaks intensity of the two sets of peakdgiisdnost intense

at high pH,K is the equilibrium constant, andkg and K., are the proton
association constants. Fitting the observed intensity ratio of tHes gea Cytc
N56C/L58C to eq. 1 yields the curve given in Figure 8B. The equilibrium change
from K = 0.52 toK’ = 3.36, whereK' = K(Ka/Ka2), so state Ill becomes the
dominant conformation when going from high to low pH. For Paz 134C/V36C the
effect is also clearly present, although the shift in the equitibis smaller (Figure
8B). The equilibrium rates were kindly calculated by Dr. MathdasH. Hass
(Leiden University, Inst. Chemistry).

eq.1
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Ln-CLaNP-7

Oun.,, =N
I K =0.52
N

pK,, = 6.76 n pK,,=7.57
(fast) (fast)

Figure 8. Proposed model to describe pH dependence of CLaNP-7. (A) The flijgdret
two SA forms AAML and Addd8) are schematically represented by a change in the cyclen
ring (lines connecting the N atoms) and the ligand arms (round Strdwe values were
obtained from a fit to th&y/I, ratios of Cytc N56C/L58C at multiple pH values (eg. 1). (B)
Intensity ratios as a function of pH. The averaged intenattgs for pairs of resonances in
Cyt ¢ N56C/L58C (red) and Paz 134C/V36C (blue) are plotted as a functidf. afle solid

lines represent fits to the model described in the text (eqTHg intensity ratios are
averaged from 13 residues for Qytand 10 residues for Paz and the error bars are the
standard deviation. The black line represents a standard deprotonatien curv

Comparison with CLaNP-5

Tm-CLaNP-5 and Tm-CLaNP-7 were attached to Paz E51C/E54C ahd bot
cause large PCSs and RDCs, but these shifts and couplings diffezeirarsl
sometimes sign as well (Appendix 10). The position of the metal, laasvihe size
and orientation of thay-tensor were obtained by fitting to the PCS data. The PCS
histograms have an overall similar appearance for both tags be@dlS is
dominated by the distance between the nucleus and the metal. Hodetzled
inspection shows clear differences that reflect the somewhatles size and
changed orientation of the CLaNPA¥-tensor. Also the positions of the Ln-ions are
different by 3.4 A (Figure 9C). The RDC histograms show many mifierences
(Appendix 10B), because RDC is solely dependent on the H-N bond vector
orientation in theAy-tensor frame. The RDCs range from —15 Hz to +20 Hz for Tm-
CLaNP-7 and from —20 Hz to +30 Hz for Tm-CLaNP-5 at 14.1 T (600 MHz. T
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observed PCSs and RDCs of CLaNP-7 were plotted versus the obseiSsdRC
RDCs of CLaNP-5 (Figure 9) and show poor agreements between €l adg

CLaNP-7. It is concluded that the two probes cause sufficienfigrelift effects to
yield complementary structural restraints from a single attachment sit
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Figure 9. Comparison of CLaNP-5 and
CLaNP-7. Experimentally observed PCSs and
RDCs from Tm-CLaNP-7 plotted against the
experimentally observed PCSs (A, Q = 0.2) and
RDCs (B, Q = 0.5) from Tm-CLaNP-5 for Paz
E51C/E54C. The solid line represents a perfect
correlation. (C) Experimentally determined
position and orientation of the FAy-tensor
relative to the Paz (PDB: 1PY¥®)structure for
CLaNP-5 (red sticks) and for CLaNP-7 (blue
sticks). The Cys side-chains are shown in CPK
colors.
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Conclusion

CLaNP-7 is a new two-armed lanthanoid chelating protein probe thatieso
large PCSs and RDCs. CLaNP-7 and CLaNP-5 have different magnetic
susceptibility tensors, providing a convenient way to obtain differentrjzayaetic
effects from the same target protein with a single set of emgideCys residues. In
addition, the lower net charge of CLaNP-7 will be beneficial in goneprotein
interaction studies. CLaNP-7 has a bright yellow color simplifying sample
handling, and importantly, it is the first example of a pH senspa@magnetic
probe offering a unique opportunity to tune paramagnetic effects.

Experimental Section
General

Ln(OAc);, cyclen, 2-(aminoethyl)methanethiosulfonate hydrobromide, 2-
hydroxy-5-nitrobenzyl bromide and all other chemicals were usedueshased
without further purification. TLC-analysis was conducted on DC-alufo{Merck,
Kieselgel60, F254) with detection by UV-absorption (254 nm). Flash
chromatography was performed on Screening Devices silica gel 60 (0.04-0.063 mm
A Biocad Vision HPLC (PerSeptive Biosystems, inc.) and an AksacBaPLC (GE
Healthcare Inc.) were used for purifications. Analytical, serpgmative, and
preparative reversed phase C18 columns were obtained from Phenomenex (Torranc
CA). Superdex 75, CM sepharose and HiTrap SP columns were obtained Erom G
Healthcare. NMR spectra were recorded on a Bruker AV-400 (400/10f) it
Bruker Avance-lll 600 (600/150 MHz) spectrometer. A LCQ LCMS syséad a
Finnigan LTQ Orbitrap system were used for HRMS and protein coigagat
analysis. FTIR was performed on a Perkin-Elmer (Shelton, CrEgBa 1000 FTIR
spectrometer. Melting points were obtained using a SMP3 scientiéiltingn
apparatus (Stuart, Bibby Sterlin Ltd.)

A
y

1,7-diBoc-1,4,7,10-tetraazacyclododecane-4,10-dimethyl
740\(0 o acetate (1)
- {E zfo BocOSu (2.49 g, 11.6 mmol) was dissolved in dry GHED mL)
© 02\074 and was added under argon to a cyclen (1 g, 5.8 mmol) solution in
CHCIl; (40 mL). The reaction mixture was stirred at room
temperature for 36 h. To the reaction mixture 3 M NaOH (30 mL) adaed and
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stirring was continued for 30 min. Brine (30 mL) was added and the soluéien
extracted with dichloromethane (3 x 20 mL). The organic fractions e@rdined,

dried over MgS@ and concentrateth vacuo The remaining colorless oil was
dissolved in acetonitrile (30 mL). KOs (1.94 g, 14.5 mmol) and methyl 2-
bromoacetate (2.22 g, 14.5 mmol) were added into the solution and stirred for 12 h
room temperature. The reaction mixture was concentrated, dissoledtyiracetate

and washed with brine. The organic layer was dried (MygS@itered and
concentrated. The resulting residue was purified by column chromatogmapigyd
compoundl as a white amorphous solid (2.48 g, 83% vyield). m. p. = 82588 =

0.3 (5% MeOH in DCM)!H NMR (400 MHz CDCY): 6 = 1.27 (s, 18H), 2.69 (br,
8H), 3.21 (br, 8H), 3.28 (s, 4H), 3.51 (s, 6HC NMR (100 MHz CDGJ): § = 28.14,
46.21, 50.98, 54.36, 54.54, 79.05, 155.51, 171.39. FTIR: 2975.8, 1739.6, 1683.¢
1364.7, 1157.3 cth HR-MS m/z: 517.3225 [M+H] calcd [G4H4sN4Og]: 517.3232.

/@/:H 1,7-dimethlyene-p-nitrophenol)-1,4,7,10-tetraazacyclo-

*" ~\~ g dodecane-4,10-diacetic acid (3)

HO{N&ruN “ Compoundl (400 mg, 0.75 mmol) was dissolved in a mixture of
o " dichloromethane and trifluoroacetic acid (4 mL, 1:3 v/v) and stirred

for 4 h at room temperature. The reaction mixture was concentrated reddeed

pressure and coevaporated with toluene to remove the trifluoroacietid be crude

mixture was dissolved in acetonitrile (10 mL). 2-hydroxy-5-nitrolgermromide

(435 mg, 1.88 mmol) andK0O; (260 mg, 1.88 mmol) were added into the solution,

which was stirred for 12 h at 8C€. The reaction mixture was filtered and the solid

was washed with acetonitrile (30 mL). The filtrate was conagdm vacuoto give

a yellow oil. The crude compound was dissolved in a solution mixture which

contained 1,4-dioxine (final concentration was 15 mM) and 3 M NaOH (final

concentration was 0.4 M). The solution was stirred at room tempefatuten, then

concentrated under reduced pressure and purified by HPLC (0.1% TFAXhd a

50% acetonitrile gradient on C18 preparative colurfth)NMR (400 MHz CROD):

6 =3.19 (s, 8H), 3.33 (s, 4H), 3.44 (s, 8H), 4.64 (s, 4H), 7.12 (d, 2H), 8.30 (d, 2H),

8.54 (s, 2H).}*C NMR (100 MHz CROD): & = 174.71, 164.29, 142.31, 130.87,

129.33, 117.59, 117.39, 54.15, 51.57, 49.87. FTIR: 3084.3, 1728.1, 1667.9, 1593.’

1496.0, 1338.9, 1286.1, 1185.8, 1133.0, 1084.8'.ciR-MS m/z: 591.2409

[M+H]", caled [GeH3sNgO1q]: 591.2409.
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OH CLaNP-7
OZN%QJOL Ns%g Compound3 (296 mg, 0.5 mmol) was dissolved NhN-
o /SNH{ [Nj i dimethylformamide (10 mL) and treated with 2-
S ﬁ@(”oz (aminoethyl)methanethiosulfonate hydrobromide (283.4
" mg, 1.2 mmol)N-hydroxysuccinide (345.3 mg, 3 mmol)
and N-(3-dimethylaminopropylN'-ethylcarbodiimide (574.5 mg, 3 mmol). The
reaction mixture was stirred 16 h at room temperature. The opattixture was
concentrated under reduced pressure and purified by HPLC (0.1% TFA20xd a
45% acetonitrile gradient on C18 preparative column) yiel@bgNP-7 (40%) as a
yellow oil. *"H NMR (600 MHz, 4-DMSO 323 K):§ = 3.09 (s, 8H), 3.21 (s, 4H),
3.27 (s, 8H), 3.31 (t, 4H), 3.47-3.53 (br, m, 10H), 7.12 (d, 2H), 8.21 (q, 2H), 8.47 (s,
2H), 8.51 (s, 2H)™C NMR (150 MHz, -DMSO, 323 K):§ = 34.87, 38.21, 48.68,
49.80, 50.17, 51.52, 53.92, 116.40, 127.11, 129.22, 139.12, 164.06, 169.98. FTIF
3465.8, 1649.8, 1138.9, 1198.9, 1134.5, 1100.8".cMR-MS m/z: 865.2358
[M+H] ", calcd [GaH49NgO12S4]: 865.2347.

Lu-CLaNP-7

Lu(OAc); (2.37 mg, 5.3&umol) and CLaNP-7 (4.19 mg, 4.84mol) were
separately dissolved imN,N-dimethylformamide (50uL). Then, the CLaNP-7
solution was added into Lu(OAgc3olution and stirred for 4 h at room temperature.
Without further purification, Lu-CLaNP-7 was used to label protemes. The
other lanthanoid ions Y, and Tni* were chelated to CLaNP-7 following the same
procedure. HR-MS m/z: 1036.1513 [Mtalcd [G2H4eNgO12S4Lu]: 1037.1520.

Protein production and purification

The production and purification of th&€N enriched Alcaligenes faecalis
pseudoazurin (Paz) double cysteine mutant E51C/E54C was performesicaped
before®! with small modifications. Instead &scherichia coliBL21 (DE3),E. coli
BL21 (PlysS) was used to produce Paz E51C/E54C and Tris-HCI ba@iemi/
Tris-HCI, pH 7.0) was used for ion exchange chromatography on thedGivhi.
Double cysteine mutations 134C/V36C were prepared by the QuikCharsted
using the expression plasmid of wt Paz as a templaihe oligonucleotides 5'-
GGCGACACGGTCACCTTTTGTCCG TGCGACAAAGGACATAATG-3' andsit
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complement were used as the forward and reverse primers, neslgecthe
expression and purification of tH&N enriched variant was performed using the
same conditions as described above. The final yield obtained for3R@2/B6C
was 2.4 mg/L of culture®N enriched yeast Cyt N56C/L58C was produced and
purified by the published methd8iTo create mutant Cyt H39A/N56C/L58C, the
forward and backward primers 5-CTTGCATGGTATCTTTGGCAGAGCCTET
GTCAAGCTGAAGGGTATTCG-3' and its complement were used ontdmaplate
encoding Cytc N56C/L58C. Expression and purification was identical to that of
N56C/L58C. The final yield was 2.8 mg/L of culture.

Paramagnetic Probe Attachment

To attach Ln-CLaNP7 to Paz and Qytprotein sample (1 mL, 150-3QMM)
was treated with DTT (final concentration 5 mM) &for 1 h to remove possible
dimers. The reaction mixture was loaded on a PD-10 column (GEheaad) pre-
equilibrated with labeling buffer (20 mM sodium phosphate, 150 mM NaCl and pH
7.0) to remove DTT. To avoid any reoxidation by air, the buffer was dedand
the PD-10 column kept under an argon atmosphere. To the eluted protein five
equivalents Ln-CLaNP-7 were added. The solution was stirred 16 K&t Bhe
probe attached Paz sample was concentrated tpl580d purified over a Superdex
75 gel filtration column. In the case of Qytthe protein was purified on a HiTrap-
SP column. The yield of labeling, estimated from the intensityarhdgnetic peaks
in the [°N, 'H]-HSQC spectra of samples with paramagnetic tags, was tinane
90%.

NMR spectroscopy

The NMR samples of Paz Ln-CLaNP-7 (100-200) were prepared in 20 mM
sodium phosphate, 150 mM NaCl buffer and 6% (v/AQDAIll Cyt c samples (100-
200 uM) contained 20 mM sodium phosphate buffer, 6% (v/¥Pnd one eq. of
ascorbic acid under an argon atmosphere to keep thei@yhe reduced state. The
pH of these samples was set with small aliquots of 0.1 M HOIloM NaOH and
was checked before each titration point. AMN, *H]-HSQC and IPAP spectr¥
were recorded at 298 K on a Bruker Avance Ill 600 MHz spectroni2téa. were
processed with NMRPip& and analyzed with CCPNMR Analysis version 24.
Assignments of the resonances were based on previous Wwotk:
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PCS and RDC analysis

PCS were defined as the chemical shift difference for aneexe in the
paramagnetic and diamagnetic sample. Positioning of the metal andzepittn of
the Ay-tensor were performed as described for CLaN®8; using XPLOR-NIH
version 2.9.%° and Pararestraints’ The manuscript for XPLOR-NIH and the
calculation ofAy-tensor were kindly performed by Dr. Peter H. J. Keizersdgrei
University, Inst. Chemistry). The structures of Paz anddGyere taken from PDB
entries 1PY0 and 1YCC and hydrogens were adt€8 The variation in the Ln
positions were calculated by randomly removing 20% PCS data andimgpie
Ayx-tensor fit 100 times. For RDC analysis, the HN positions wereng#d on the
basis of the experimental RDCs. The optimized structure was fasetlack-
calculation of the RDCs on the basis of the PCS-derivetensor. The Q factor
provides a normalized measure for the agreement between a cleserfed and
calculated experiment data. The Q factor was defined as'&. 2.

Q — \/Z (qobs _ qcIaC)Z / Z (qobs + qcaIC)Z eq. >

where O andO™* are the observed and calculated PCSs or RDCs.
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Chapter Il

The development of newmethods for
the attachment of caged lanthanoids
NMR probes

Manuscript in preparation
Liu, W. -M.; Skinner, S. P.; Timmer, M.; Blok, A.; Filippov, D.; Overhand, M.; Ubbink,
M. ‘Thioether linkage: A new inert lanthanide-chelating paramagnetic NMR probe’
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Abstract

To generate significant paramagnetic effects, site-spéaifeling is important.
Among all of the possible modification methods, forming disulfide bridgebe
most widely used because cysteine residues can be seleativdiffed in proteins.
However, the weak disulfide bridge is easily cleaved by reductahish restricts
its application. Consequently, the development of new methods is impdrtant.
increase the stability of the probe-protein linkage, the possibitifiehioether bond
formation and click chemistry were investigated. In this chapteverake
paramagnetic NMR probe€§LaNP-6, 8-12 and DIBO, have been designed and
synthesized. The experimental results showed @haNP-6 and CLaNP-8 were
highly unstable in aqueous environme@t,aNP-9 was difficult to purify, and the
lanthanoid ions could not be coordinate@tcaNP-10. NeverthelessCLaNP-9 was
still successfully used for tagging two proteins and provided signifie€Ss and
thus represents a new, more stable double-armed tag. Also, unnatural sl
tagging was investigated using the artificial amino aeazido phenylalanine (AzF).
AzF was incorporated into a protein and the complementary paranagnebes
were made. However, the quality of AzF incorporated proteinquastionable and
the level of tagging was very low.
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Introduction

Paramagnetic effects provided by lanthanoid ions, such as pseudocbiftact s
(PCSs), residual dipolar couplings (RDCs) and nuclear relaxatiomnesrhants
(PRESs), have been recognized as powerful tools for the study of leicuted. To
generate a specific paramagnetic effect, the paramagnetier amwist be site-
specifically and rigidly attached to biomolecules (Chapter 1). Italloproteins,
lanthanoids can be substituted for"Car Mg”* ions in the metal binding sité$’
However, many proteins do not possess such metal binding sites and rirtoorde
overcome this, site-specifically labeling methods for paramagtege have been
developed. In recent years, two approaches of site-specific mandhi@acorporation
have been investigated. One of these is the use of genetically eaditeghanoid
binding peptides (LBP) fused to the protein of intet&sa drawback of this method
is that the engineered LBP region can only be tagged to the N-terndinus or into
a specific loop region. The other approach is using synthetic Ln-binding pmbes
introduce the paramagnetic lanthandif@hapter 1). So far, most of the synthetic
probes are attached to target proteiiasone or two disulfide bonds. The advantages
of this method are that the cysteine residues can be selechweelijied in proteins
and that they react specifically with thiol-reactive group, avoidimg @ndesired
side-product$®® However, these bonds are not stable and can be cleaved easily b
reductants. As a result, the study of proteins in the presémceeducing agent such
as DTT or TCEP cannot be accomplished by using a paramagnetmntagctedia
a disulfide bridge.

To increase the stability of the modification, two approaches, thioéthed
formation and bioorthogonal chemistry, are employed. Thioether linkers, yroadl
used for protein modificatioff,are stable in the presence of reducing agents. Several
paramagnetic NMR tags were designed for this purpose (Ch@ital\P-6 and8-

10). These probes contain functionalities that can react by formioetiigr linkages
upon reaction with a cysteine residue. The functionalities incladeketobromide,

a benzylic bromide and a primary bromide. In this chapter, thallpitin the
synthetic routes towards the reacti@taNP-6, 8-10 are described in detail.
NeverthelessCLaNP-9 was successfully attached to two proteins and significant
PCSs were observed. The HSQC spectra ofGhaNP-9 tagged protein were
identical in the presence and absence of DTT or TCEP.
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Also, bioorthogonal chemistry is a widely used technique for spdabieling
in cellular system&® Among numerous bioorthogonal reactions that have been
developed, the introduction of azide groups and their subsequent transformation |
the most utilized. Moreover, the azide group can be genetically engingxtoe
proteins at specific sites by using the unnatural amino acid regiéhmdo
phenylalanine (AzF}®* The azide group of AzF can undergo 1,3-dipolar
cycloaddition with a terminal alkyne by using Cu(l) as a gatalThe reaction
product is rigid and only one stereoisomer is generally observedt (@&gt’ The
azide group of AzF can also react with cyclooctyne (Chart 2B)hith case, the
catalyst Cu(l) is not needed but the cyclolization product has twoeis. Still, a
reaction in the absence of the catalyst is advantageous becausedadudenature
the protein samples. Thus, AzF represents a potential alterfiativ@ys in site-
specific labeling of proteins with lanthanoid containing probes. We intrdddzé
into a test protein, T4 Lysozyme (T4Lys), and synthesized seal&gale containing
probes to develop a new approach for the site-specifically taggingahagnetic
NMR probes. However, the results of labeling were not satsfadiecause no
paramagnetic effects could be observed.

S QBY HO__, ’E)N_ HO__ o ’?N_
(N S NMNSQO}-—\ [TNMNS_QN;—\
N N B, O O Br

N ') g N N = N N
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o OH
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Iﬂ Il
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N= NH n "NH
N\
Br N. N 0)\ 7\ 04\
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\9&/ N N
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Chart 1. Structures of new CLaNP8LaNP-6, 8-12andDIBO.
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Chart 2. The reaction products of 1,3-dipolar cycloaddition (A) and [3+2oagtdition (B).

Results and discussion
Thioether linkage: A new inert lanthanoid-chelating paramagnetic NMR probe
Synthesis of CLaNP-functionalities

Alkyl halides,a-halocarbonyls and electron poor double bonds are typical thiol-
reactive functional group$.In order to design an appropriate paramagnetic tag, the
labeling ability of acrylic acid, 3-bromo-1-propanol, 3-nitrobenzyl bromide
iodobenzyl bromide, bromoacetic acid, and iodoacetic acid were investigagure
1A). Double cysteine mutants testing proteins (Src SH3 T116C/E1hdCT4
Lysozyme N55C/V57C) were first activated by DTT for an hand then the
reductant was removed by a short gel filtration column. The adliyatatein was
incubated with 10 equiv. of the reactive species @ dr RT and product formation
was monitored by LC/MS (Figure 1). The results showed that undes toaditions
benzylic bromide is the most reactive group among all of the tesiespéfter 3 h,
SH3 T116C/E117C was tagged with 3-nitrobenzyl bromide and 4-iodobenzyl
bromide at 4°C (Figure 1B and 1C). When the reaction temperature was raised to
RT and the reaction time was increased, T4Lys N55C/V57C wadajged with 2-
bromoacetic acid and 2-iodoacetic acid (Figure 1C and 1D). Althatigttoiodide
is more reactive than-ketobromide, it may also react with methionine and basic
residues when cysteine is absent, resulting in non-specific lab&iltg.
Consequently, benzylic bromid€l(aNP-6), a—ketobromide CLaNP-8 and9) as
well as a primary bromideCLaNP-10) were chosen as the target functional groups.
Protein expression and purification were kindly performed by Dr.iigday V. B.

55



K. Reddy, Ms. Anneloes Blok and Dr. Monika Timmer (Leiden Universigt. |

Chemistry).
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Figure 1. Protein labeling test. (A) In protein labeling experimentegavtypical thiol-
reactive functional groups were used. The labeling results were chiegkes/MS. For SH3
T116C/E117C, the results showed that the protein could be taggedbbyniomethyl)-3-
nitrobenzene (B) and 1-(bromomethyl)-4-iodobenzene (C)°& with continuous stirring
for 3 h. When the temperature was increased to RT and theoretioie was elongated to
16 h. 2-bromoacetic acid (D) and 2-iodoacetic acid (E) were #igchad to another test
protein T4Lys N55C/V57C. The mass difference is indicated by aaremv and the
difference between untagged T4Lys with and without the methidsisakown with a dark
green arrow.
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The synthesis o€LaNP-6 is depicted in Scheme 1. Removing the protective
group of functionalized cycleti** and coupling with 3-aminobenzyl alcohol resulted
in benzylic alcohoP in high yield. The hydroxyl o2 was converted to the bromide
by using PP§Br; in dry MeCN and product formation was monitored by LC/MS.
When the reaction was complete, water was added to quench the reaction. During tt
reaction CLaNP-6 was formed, as evidenced by LC/MS, but the compound
decomposed after the quenching with water (Figure 2).

/[\J]—O /l:]ré /[:]—(5
J L O GO
o} o) o 0
(N -

NfN/R o~‘» a SN /E NH
o =) v L HfN{ =)
qu HO :< o'lll D Br o'lll _
1 2 CLaNP-6

Scheme 1 Synthesis oCLaNP-6. (a) i) TFA, CHCI,, RT, 4 h; ii) HATU, 3-aminobenzyl
alcohol, TEA, DMF, RT, 16 h; (b) dry MeCN, P&, 0°C

e Oh 25iee
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Figure 2. HPLC analysis of th&€LaNP-6. (A) After quenching by water, a mixture of
compounds CLaNP-6 with one or two Br) was detected. (B) The same HPLC samate
measured again after 1 h. The results show @hatNP-6 was hydrolyzed to the starting
material2.

The synthetic route o€LaNP-8 is shown in Scheme 2. The starting material
3'% was oxidized withmCPBA to produce pyridin&-oxide 4 with a high yield.
Substitution of the hydroxyl oft using MsCIl and LiCl in dry CKCl, yielded
compoundb. Functionalized cyclef** was treated with and KCO; at 50°C for 16

57



h to give compound. Compound was obtained by full deprotection @f Reaction
of 8 using bromoacetyl bromide gave the desi@chNP-8. However, also this
compound was not to be stable under aqueous conditions (Figure 3).

Q. o NH N o
HO/\ENJ _2., " |Ni b, |N: "0 [N HNj °
Z>OMOM Z>OMOM Z > OMOM MeO)X\/ .
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N N N N
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HOQ—/ uo MOMOQT/ \—(;jz
on OH 0- OMe
e 8 7
HO_ 4 ’?N_
N/_\N/_Qvo%\
Bry_Q C ) o Br
ol NN
O- OH
CLaNP-8

Scheme 2 Synthesis offLaNP-8. (a) mCPBA, CHC}, RT, 16 h; (b) i) MsClI, dry CKCl,,
TEA, 2 h, 0°C ii) 10 equiv. LiCl, RT, 16 h; (c) ¥COs;, MeCN, 50°C, 16 h; (d) i) NaOH,
1,4-dioxane, RT, 4 h; ii) TFA, Ci&l,, RT, 4 h; (e) dry MeCN, ¥CGO;, RT, bromoacetyl
bromide.
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Figure 3. The reaction progress @fLaNP-8 was monitored by LC/MS. (A) The reaction
was quenched by water and the sample was immediately andlyzmdiss spectrometry.
The result showed th&tLaNP-8.1 (a) andCLaNP-8 (b) were present. (B) After 30 min, the
same sample was analyzed again and the results showecl #MIP-8 was hydrolyzed to
compound8 (a) andCLaNP-8.1 (b) by water. Also, the final product was difficult to
observe (c). The expected weightahfaNP-8, CLaNP-8.1and8 are presented in (C).

According to the results of LC/MS, the hydrolysis occurred atattie ester
bond. Therefore, the ester was replaced with an amide to indreast¢ability of
desired productCLaNP-9, and the synthesis is shown in Scheme 3. The compound
9'%51% was synthesizedia following a previously published procedure and then
oxidized withmCPBA, yielding10. Functionalized cycle6** was treated witd0in
MeCN at 50°C and was converted infdl. Removal of the protective groups it
followed by HPLC-purification yielded compoundl2. Subsequently,12 was
dissolved in dry MeCN, treated with bromoacetyl bromide and purifyied RLC to
give CLaNP-9 in very low yield (3 %), which was caused by the reactive catlmox
acid andN-oxide. Moreover, the final product was hydrolyzed after freezenglryi
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Hence, compound?2 was coordinated to Ln(OAg}o “block” the reactivity of the
acids andN-oxides, and was subsequently treated with bromoacetyl bromide. Indeed
the reaction became cleaner and complete conversiam@.aNP-9 was observed.
The solution mixture was purified over a short Pré¥aC18 column (Alltecfi
Etract-Cleah™) to remove the impurities and the product was directly used for
protein labeling (see probe attachment section).
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o
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_N + O
o

12 Ln-CLaNP-9
Scheme 3 Synthesis oCLaNP-9. (a)mCPBA, CHC}, RT, 4 h; (b) KCOs;, MeCN, 50°C,
2 days; (c) i) TFA, CECl,, RT, 4 h; ii) NaOH, 1,4-dioxane, RT, 4 h; (d) i) Ln(OAdPMF,
RT; ii) NaHCGQ;, dry MeCN, bromoacetyl bromide, RT, 30 min.

Compared to benzylic bromides ameketobromides, primary bromides are
stable and can easily be purified. However, these compounds did nowitbaClys
residues during the labeling test. Nevertheless, the synthiesid alNP-10 was
undertaken and is shown in Scheme 4. The hydroxyl group of known compounc
13'" was protected using a THP group and clicked with propargy! alcoletdjng
15. The alcohol ofl5 was activated with MsCI and converted to chlorlde after
which 16 was treated with protected cycldd.*? The reaction was heated under
reflux for 16 h and compounti8 was obtained. The protecting groupsl8fwere
removed by TFA and the crude compound was reacted with 2-(chlorojnethyl
pyridine-N-oxide to givel9. Compoundl9 was converted int€LaNP-10 by using
PPRBr, and purified by HPLC. HoweverCLaNP-10 did not readily chelate
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lanthanoid ions, which might be caused by the steric hindrance byuhartomatic
groups. When the temperature was raised, to speed-up the complexiciorma
process, the compound started to decompose.
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Scheme 4 Synthesis ofCLaNP-10. (a) DHP, PTTs, CkCl,, RT, 16 h; (b) propargyl

alcohol, ascorbate acid, CugQHF/H,O solvent mixture, RT, 16 h; (c) i) MsCI, TEA,
CH,Cl,, 0°C, 1 h; ii) 10 equniv. LiCl, acetone, RT, 16 h; ()aOs, MeCN, reflux, 16 h; (e)

i) TFA, CHCl,, RT, 4 h; ii) 2-(chloromethyl) pyridindl-oxide, K,CO;, MeCN, reflux, 16 h;

(f) dry MeCN, PPEBTr,, at 0°C to RT, 16 h.

Probe attachment

>N-enriched T4Lys N55C/V57C was activated with DTT, washed, arditijr
incubated with 10 equiv. of L@LaNP-9 at RT for 6 hours, after which the tagged
protein was purified using an ion-exchange column. T¢-H]-HSQC spectra of
tagged T4Lys were recorded in the presence of three lanthanoid idfisYb** and
Tm®"). The paramagnetic lanthanoid ions tYland Tni") caused changes in the
resonance frequencies of the observed nuclei, which were identifld%s (Figure
4). The spectra of tagged T4Lys were identical in the presamtabsence of DTT,
indicating that the probe was stable under reductive conditions. Moretbeer,
spectra were the same after keeping the protein sample$Cafo4 2 weeks. The
copper protein Paz mutant E51C/E54C was the second tested protesad Inst
DTT, TCEP was used to activate the protein because the coppsrremoved from
the protein by a high concentration of DTT. TH&['H]-HSQC spectra of tagged
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Cu Paz also exhibited single sets of PCSs. Both experiments @utltbat the probe
was attached rigidly to the protein and existed in one dominant confonndid
demonstrate the efficacy of this new probe, theQLaNP-9 tagged Cu(ll)-Paz was
reduced to Cu(l)-Paz by using TCEP. As expected, the tagged paxbetable
under reducing conditions and significant paramagnetic effects werevedse
(Figure 5). TheAyx-tensors values for Tm- and YbkaNP-9, and CLaNP-5 for
comparison, are reported in Table 1 and the back-calculated PEfistéed versus
the observed ones in Figures 6. The yield of labeling after mtrdic was 50 ~ 80%,
which estimated from the intensity of diamagnetic peaks in thetrapef samples
with paramagnetic tags. The LC/MS results show that the diamagrestks come
from unlabeled protein and not one-arm attached tag. A simple explamatihat
the probe concentration was insufficient to yield complete labelihgorEtically,
the probe was in 10-fold excess over the protein, but the accuracyg oluthber is
guestionable, due to the purification step. In the future, 20 or 30 excess foltbe
and longer incubation times could be tried to increase the labeling yield.

Table 1. PCSs-basedy-tensors of CLaNP% and CLaNP-8°

Protein probe Ln AYax An Restraints Q
Paz Cu(l) Yb 9.4+0.2 19+04 93 0.04
CLaNP-5
E51C/E54C Tm 555+0.8 10+1 89 0.03
E51C/E54C Tm 395+1.1 106+1.58 41 0.02
NS55/V57C Tm 325223 156+15 62 0.03

2The unit of axial and rhombic componenis.{ andAy,) is 10° m”.

®The program Numb#® was used to calculate thg-tensors.

¢ The error is calculated by randomly removing 10Bthe data and repeating thg-tensor fit 100
times.

The Ayaxof Tm** and YB* of CLaNP-9 are smaller than those 6f.aNP-5.
For CLaNP-9, the functionalized pyridindloxide was the site for attachment to the
protein, which may cause a larger mobility of the probe reléditbe protein. In the
case of T4Lys, the mutant site was at the end of the elonglaége of the protein
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and therefore only part of amide proton resonances experienced fecangri?CS,
which can explain the larger errorAy.xas compared to Paz.
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Figure 4. Overlay of {°N, 'H]-HSQC spectra of T4Lys N55C/V57C (A) and Paz-Cu(ll)
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Bioorthogonal reactions. A potential method for site-specifically attaching
lanthanoid probes
Synthesis of CLaNP-click

The structures of the CLaNP-click series are based on twessfat probes,
CLaNP-5 andCLaNP-7 (Chapter 1}*?In the design of the bioorthogonal probes,
the two reactive groups on these CLaNPs are replaced witmtdrafikynes to allow
a bioorthogonal reactiorfCLaNP-11 andCLaNP-12 were synthesized as depicted
in Scheme 5. CompourtDa 20b and17 were prepared using previously published
methods'***® To obtain21a and 21b, 17 was functionalized with alkyl functional
arms @0aor 20b). Removal of the Boc protective group2fia and21b, alkylation
with  2-(chloromethyl)pyridineN-oxide or 2-(bromomethyl)-4-nitrophenol, and
purification by HPLC vyielded the designed products.

O n O HN
n
Br)J\/Br + HZNH\\ e, Br\)LHH\\ K&O
20an=1 o N
2060 -3 c )L(\ N O><
o N N¥
o N >§ K/N\/ o
AN e SN X Oy
NH _ HN HXO H\D‘Tg (NH
N 21an=1
P 17 Wn 21bn=3
! !
)
HNO N02 ;’\L n .
- o)
N N N
d *ON N(\ h o- (\ w
— N, o HO N N OH
K/N\) 72 N
Oﬁ) — o)
NH NH ON
Iﬂ W”
CLaNP-11 CLaNP-12

Scheme 5 Synthesis of CLaNP-11 & 12. (a) NaHg@H,Cl,, RT, 16 h; (b) BocOSu, dry
CHCls, RT, 1 day; (cR0aor 20b (2.5 equiv.), MeCN, KCO;, 0°C to RT, 16 h.; (d) i) TFA,

CH.CI,, RT, 4 h; ii) 2-(chloromethyl)pyridin&-oxide or 2-(bromomethyl)-4-nitrophenol,
MeCN, 80°C, 16 h.

For the ring strain-promoted [3+2] cycloadditiolGLaNP-DIBO was
synthesized (Scheme 6). CompoubdBO'’® was activated byp-nitrophenyl
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chloroformate, then reacted with 1,3-diaminopropane yiel@8g§*'"* The final
product was synthesized through EDC coupling of the free amid®with a single
carboxylic acid group of a DOTA ring vielding the desired compdthd.

. L, o
()= 5y —— ]y
Y O e O

DIBO 22 23

o N N
(]
v 0, 4 or

CLaNP-DIBO HO
Scheme 6 Synthesis of CLaNP-DIBO. (gr-nitrophenyl chloroformate, Ci&I,, pyridine,
RT, 16 h; (b) 1,3-diaminopropane, dry &Hp, TEA, RT, 1 h; (c) DOTA, DIPEA, EDC,
water/MeOH, pH = 4.5-8.0, RT, 1 h, yield 20% (over 3 steps).

Protein labeling study
Copper-catalyzed azide-alkyne 1,3-diploar cycloaddition (CUAAC)

Site-specific introduction of unnatural amino acids (uaa) intoogejr system
in vivowas first reported by Prof. P. Schultz and co-work&r§his method uses the
stop codon, UAG, as the codon of uaa. Hschirichia coli the genes of
complementary tRNA, the gene for a dedicated AzF-tRNA synthetad the target
gene with the UAG codon(s) introduced at the site(s) for AzF pacation were
expressed together. To demonstrate the utility of this new mdthodyzF mutants
of T4Lys were designed, N68AzF/D72AzF and N55AzF/V57AzF. However, the
protein yield was low due to the presence of two UAG codons closthénge the
sequence. Therefore, single mutant proteins were also produced and usetl as
proteins. Protein expression and purification were performed by Mrgelées Blok
(Leiden University, Inst. Chemistry).

In order to reduce the catalyst Cu(ll) to Cu(l) and to stabittze Cu(l), a
reductor and a metal stabilizer (TBTA) are employed, res@dgt In the labeling
experiment, the probes were added in five-fold excess and the reaction was quench

66



by EDTA after 30 min. This procedure was performed becausasgtfaund that
Cu(l)-induced protein precipitation increases with time. Firdiyy amounts of
CuSQ and TBTA were optimized. SDS-PA gel was used to detect thedagge
protein. A weak second band indicative of the tagged protein was pedstrd
highest concentration of Cug{-igure 7A). Tris(2-carboxyethyl)phosphine (TCEP),
sodium ascorbate (NaAsc) and dithiothreitol (DTT) are commonly tsedduce
Cu(ll). TCEP gave the best results in our system (Figure 7B).cdhmmercially
available fluorescent probe, Tamra, was also used as a cantohfirm that the
employed reaction conditions allowed tagging of the protein. In the Ttastaa
second protein band was present in SDS-PA gels and showed intensiesciiunae,
even though only a small portion of the protein was labeled (Figure 7C). The
labeling yield increased with a higher concentration of TCEP. Ukeggtconditions,
T4Lys D72AzF was incubated with the Y3-aNP-11 and excess probe was
removed using a HiTrapSP column.

[N, 'H]-HSQC spectra taken of the T4Lys D72AzF before and after the
reaction are shown in Figure 8. Unexpectedly, the HSQC speetoae and after
reaction are identical except for few residues. These resmheewithin 10 A of the
C-terminus, with has an additional His tag. The His tag could tekel&u(ll)
resulting PREs. No PCSs were observed, indicating that the labediaiprewas
unsuccessful.

A CuSO, 500 250 100 kM C e L 0 & o L o K
TBTA 50 25 10 uum $ Y r &y £
0 PSP VAR SV SV

22 kDa —}‘ - e <« TCEP 05 0.5 1 1 0.5 0.5 1 1 mM

T4LysAzF
& & 5 22 kDa —p| —
B &S - - -

22 kDa ==pr S - e = o #2 #3 #4 #5 #6 #7 #8
T4LysAzF

Figure 7. Optimization of the click reaction. (A) Influence of thenount of CuSQused
during the click reaction. (B) The effect of different redust (C) Influence of the amount
of TCEP on the click labeling of Tamra and CLaNP to T4LysAZfe Teaction mixture
contained CuS® (500 uM), TBTA (50 uM), CLaNP or Tamra (25QM), and T4Lys
D72AzF (50uM). Lanes 1-4 show the fluorescence and 5-8 the Coomassie fstian3IDS-
PA gel.
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Figure 8. Overlay of [°N, 'H]-HSQC spectra of T4Lys D72AzF before (blue) and after the
reaction with Yb-CLaNP-11 (red). No PCS are observed.

The low level of labeling may be caused by the short alkgsan CLaNP-11,
and therefore,CLaNP-12 was used for testingCLaNP-12 has an additional
absorption band at 390 nm, which simplifies the detection of tagged protein
compared withCLaNP-11. However, the poorly aqueous solubility GLaNP-12
was a serious problem and caused a low labeling yield. It was not pursued further.

Copper free click chemistry

For proteinlabeling, the yield of the tagging reaction could also be site-
dependent. In T4Lys D72AzF a lysine and an arginine are cloke #zF, which is
on an a-helix. The long side-chains of Lys and Arg could increase thec ster
hindrance and negatively influence the labeling efficiency. Moreoverghhrges of
those amino acids could repel the positleaN-11 complexes. For these reasons,
another AzF mutant, T4Lys N55AzF, was selected as a model pfoteiiiLaNP-
DIBO labeling. To test the reactivity @lLaNP-DIBO, it was reacted with free AzF
and product formation was monitored by LC/MS. The sample was incuia4e@
with continuous stirring, andCLaNP-DIBO was completely converted into the
cycloaddition products and both isomers (Chart 2B) were present in a 1:1 ratio. Upol

68



linking CLaNP-DIBO to a protein, two products are expected and, therefore, two
sets of PCS, which is not desired. Howe@iraNP-DIBO can be loaded with GY

to obtain a PRE probe. The presence of diastereoisomers will ngticat® the
spectrum in that case. Following the same protocol, T4Lys N55AzFveabated
with the LnCLaNP-DIBO complexes and the labeling experiment was checked by
SDS-PA gel (Figure 9). The gel suggests that a fraction of tharpistabeled with

the probe. The excess probe was removed and the protein sample wadratet
and analyzed without further purification. The HSQC spectra of TNYSAzF
reacted with L&" and Gd* complexes are shown in Figure 10. The peak intensity
ratios of Gd*/Lu®* samples is close to 1 (data not shown), indicating that tfié Gd
containing probe was not attached onto the protein in sufficient guamtitause
substantial PRE.

#1 #2  H#3 4y TALys NS5AZF
22 KDa wip- a -"" #2 protein + CLaNP-DIBO-Lu
- #3 protein + CLaNP-DIBO-Gd

Figure 9. Detail of the SDS-PA gel showing the results of the CLENBO labeling
experiment.
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Figure 10. Overlay of I°N, 'H]-HSQC spectra of T4Lys N55AzF reacted with Lu-CLaNP-
DIBO (blue) and Gd-CLaNP-DIBO (red).
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The application of copper-catalysed 1,3-dipolar azide-alkyne cyaikiza
(CuAAC) to obtain a modified protein amenable to NMR spectroscopy is a challenge
as compared to fluorescent studies, because high tagging yields aredretju
Figure 7, the SDS-PA gel showed an intense fluorescent band indidsitagged
protein, yet, only a small fraction of the protein was actuabgled. To deduce the
reason for the low labeling yield, the quality of T4LysAzF proteas\assessed by
mass spectroscopy. The MS results demonstrate that incorporatioa whnatural
amino acid is 100%, but the results always had a mass of 28 ®dhkas the
theoretical value indicating the loss of two nitrogens from the agidap. The
degradation of AzF might be caused by the chemical reactivityphotbinstability
of the aryl-azide group, which could have decomposed either during the MSisnal
or the protein synthesis and purificatidh.Hence, the quality of protein samples
could not be accurately assessed. The NMR spectra showed tfeatwiiee no
paramagnetic effects, even though the SDS-PA gel showed thatldranten of
the protein was modified. A similar result was observed in GhaNP-DIBO
labeling experiments.

Recently, site-specifically labelinga a UAA was demonstrated by a similar
approach® A terminal alkyne functionalized DOTA-base probe was attacbeal
protein using CuAAc. These researchers faced similar problenabtain high
reaction yields. For example, the protein precipitated during theaeatd a His
tag poisoned the Cu(l) yielding lower labeling efficienn®instead of TBTA, a new
Cu(l)-stabilizing ligand, BTTAA (2-[4-((bis[(1-tert-butyl-1H-1,2,3-tral-4-yl)
methyl]-amino)methyl)-1H-1,2,3-triazol-1-yl]acetic acid), wasiployed. The new
stabilizing ligand performs significantly better and the solubiigyhigher than
commercially available TBTA”" Instead of TCEP, NaAsc was employed to reduce
the Cu(ll). Glycerol and aminoguanidine were also added into theamawixture
because they prevent protein aggregation caused by the oxidized .N&A%c
Additionally, the reaction was performed in a glovebox undemwith continuous
stirring for 16 h at RT. Although the alkyne functionalized probe wasessfully
attached to protein, the complicated protocol limits the applicafidnis method to
very stable proteins. Moreover, the application of CUAAC appearsedaire
optimized reaction conditions for each prot€ihConsequently, a general protocol is
difficult to develop.
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Conclusion

A new thioether paramagnetic NMR proli&l aNP-9, has been reported. It
provides stable tagged products under reducing conditions creating the pypssibil
studying reductive proteins and produces large single PCSs. The ch@igeN#?-9
complexes is the same as thaChfaNP-7 (Chapter 2), but is far more soluble under
aqueous conditions. They-tensors for YB" and Tni* were also defined using two
different model proteins. It is therefore an attractive probe for paramagd\édR.

AzF containing T4Lys was successfully produced, however, the repativit
protein is questionable in the light of the results of MS. Azidetikeaprobes have
been produced and ligated with AzF functionalized protein. However, tichratat
experiments showed that it is very difficult and impractical taiobgields sufficient
for NMR spectroscopy.

Experimental Section
General Procedures:

Compound1*, 3'%4 6% 9'6>1603nq13'%7 172 204 22b™° andDIBO'"° were
prepared according to methods published in the literature. All othercilserwere
used as purchased without further purification. TLC-analysisceaducted on DC-
alufolien (Merck, Kieselgel60, F254) with detection by UV-absorption (254 nm
Flash chromatography was performed on Screening Devices silica gel 60 (0.04-0.06
mm). A Biocad Vision HPLC (PerSeptive Biosystems, inc.) and &ta /Basic
FPLC (GE Healthcare Inc.) were used for purification. Semgetwve and
preparative reversed phase C18 columns were obtained from Phenomenex (Torranc
CA). Superdex 75, CM sepharose and HiTrap SP columns were obtained Bom G
Healthcare. NMR spectra were recorded on a Bruker AV-400 (400/10f) lskhti
Bruker Avance-Ill 600 (600/150 MHz) spectrometer equipped with a TGRAD
cryoprobe. A LCQ LCMS system and a Finnigan LTQ Orbitrap systene used
for HRMS and protein conjugation analysis. FTIR was performed omkinFelmer
(Shelton, CT) Paragon 1000 FTIR spectrometer. Melting points were abtzsimeg
a SMP3 scientific melting apparatus (Stuart, Bibby Sterlin Ltd.)
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Towards CLaNP-6

@ Qj‘f The compound™ (1 g, 1.6 mmol) was dissolved in a
NWNﬂNjLNH mixture of TFA/CHCI, (3/1, viv, 8 mL) . After 4 h
ﬁd‘{ &NJ\ stirring at RT, the reaction mixture was concentrated by
Br N' P coevaporating with toluene. The crude residue obtained

’ was redissolved in 10 mL DMF and triethylamine was
added until the pH was neutral. Subsequently, HATU (1.3 g, 3.4 mmol) and 3-
aminobenzyl alcohol (0.4 g, 3.4 mmol) were added and stirring was continuksl for
h at RT. Concentration of the reaction mixture, redissolving the regidomni-Q
water, filtering out the solids and concentration of the aqueous layer resulted in crud
compound2, after which crude€ (90 mg, 0.13 mmol) was dissolved in 0.5 mL dry
MeCN and added into a 2.5 mL dry MeCN solution containingsBR1531 mg, 1.3
mmol) under argon. The reaction mixture was stirred 4€Cfor 1 h and was
guenched with 0.5 mL demi water. During the reaction, the product forma#isn
monitored by LC/MS. The result showed that @GeaNP-6 decomposed after

guenching with water.

9 Towards CLaNP-8

NmNA{‘}oh Compound5 (398 mg, 1.92 mmol)6 (276 mg, 0.87
e [N N] © B mmol) and KCO; (361 mg, 2.61 mmol) were dissolved

OQJMO in 6 mL MeCN, heated to 58C and stirred for 16 h.

> Filtering out the excess,KO; and concentration of the

reaction mixture resulted in crudé Redissolving crud€ in a mixture of 1,4-
dioxane (final concentration is 15 mM) and NaOH (final concentratioM).4nd
stirring for 3 h at RT yielded compourd Acid-resin was added until the pH ~ 7,
and this was then removed by filtration. The filtrate was corateatin vacuoand
redissolved in a TFA (6 mL) and GEI, (2 mL) solution mixture. Stirring for 4 h,
the reaction mixture was coevaporated with toluene twice. The cadeoundd
(200 mg, 0.19 mmol) obtained and®O; (65.5 mg, 0.47 mmol) were dissolved in 1
mL dry MeCN. Bromoacetyl bromide (94.8 mg, 0.47 mmol) was added into the
reaction mixture with continuous stirring at RT. Product formatios manitored by
LC/MS. When all of the starting material was converted to the deSiltadliP-8, the
reaction was quenched by adding water, to hydrolyze the ex@agmités), which
resulted in degradation of the target compound.
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_ 5 Ln-CLaNP-9

A N%N ) N To a solution ofl2 (100 mg, 0.187 mmol) in 100
Brﬂo :NQENLnN """ O\ °N>H4 uL DMF 1.1 equiv. Lu(OAc) was added. The

S/\u \_/ solution mixture was stirred at RT 16 h and the

g2 formation of lanthanoid complex was checked by
LC/MS. The previously mentioned solution mixture was added into 6.5 mL dry
MeCN. Subsequently, NaHG15 equiv.) and bromoacetyl bromide (15 equiv.)
were added to the reaction mixture. The reaction mixture wascstat RT for 30
mins and monitored by LC/MS. When the starting material was cdoshple
converted to product, the reaction was quenched by few drops of araterun
through a Prevdi C18 column (Alltec Etract-Cleaf) with a 10-50%
acetonitrile gradient. The acetonitrile was remowedvacuo and the remained
agueous solution was directly used for protein labeling experiment. BRviX:

947.0408 [MI, calcd [Q8H36BT2LUN303]: 947.0407.

- CLaNP-10
B ey (N%@ Compoundl6 (1.6 g, 6.4 mmol)17 (1.1 g, 2.9 mmol) and
KN& J/\[NN K,COs; (1 g, 7.3 mmol) were dissolved in 30 mL MeCN
- ) N\ and the solution mixture was stirred at %D for 2 days.
beo Br The excess YCO; was removed by filtration and the
filtrate was concentrated under reduced pressure. The obtainedcoradeundl8
was redissolved in a solution mixture containing 6 mL TFA and 2 miOGHAfter
4 h stirring at RT, the TFA was removed by coevaporation with tol(tenee), and
then dissolved in 30 mL MeCN. 2-(chloromethyl) pyrididesxide (2.3 g, 16 mmol)
and KCOs; (2.2 g, 16 mmol) were added to the previously described solution with
continuous stirring at 88C for 1 day. The mixture was filtered and concentrated
vacuoyielding crudel9. Crude compound9 (100 mg) was dissolved in 2 mL dry
MeCN and PP4Br; (20 equiv.) was added afQ. The reaction mixture was allowed
to warm up from C to RT with continuous stirring for 16 h, and then which was
extracted with CHCI,. Removing the organic layer, the water layer was purified by
HPLC (0.1% TFA and a 10-30% acetonitrile gradient on C18 preparatiuencpl
yielding CLaNP-10 (6 % yield over 3 steps)H NMR (600 MHz, O, 323 K):§ =
8.77 (d, 2HJ = 6.6 Hz), 8.54 (s, 2H), 8.21 (d, 2Bl= 7.8 Hz), 8.05 (t, 2H) = 7.8
Hz), 7.90 (t, 2HJ = 7.2 Hz), 5.14 (t, 4H]) = 6 Hz), 4.54 (s, 4H), 4.39 (s, 4H), 4.14
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(s, 4H,J = 6 Hz), 3.87-3.56 (br, 8H), 3.50 (br, 8HJC NMR (150 MHz, RO, 323
K): & = 144.72, 140.35, 135.67, 131.05, 128.96, 127.56, 127.14, 51.89, 51.55, 49.5:
47.96, 47.28, 30.25. HR-MS m/z: 834.2380 [Mplcd [GeHaBroN1205]: 834.1894.

o (5-methoxymethoxy-2-hydroxymethyl)pyridine-N-oxide (4)
Hoﬁ To a solution of3 (900 mg, 5.3 mmol) in 25 mL ch_lorofo.rm

“~omom MCPBA (1.6 g, 6.4 mmol) was added and the reaction mixture
was stirred at RT for 16 h. The mixture was quenched with satli@queous
NaS,05, extracted with CkCl,, dried over MgS® and concentrateth vacuo
Purification by silica column chromatography afforde(b89 mg, 70%) as a white
solid. R = 0.16 (5% methanol in ethyl acetate). m.p. = 82&82H NMR (400 MHz,
CDCl3): 6 =8.11 (d, 1HJ = 2.4 Hz), 7.19 (d, 1H] = 8.8 Hz), 7.03 (dd, 1H] = 8.8
Hz, J = 2.4 Hz), 5.14 (s, 2H), 4.71 (s, 2H), 3.44 (s, 38 NMR (100 MHz,
CDCl3): 6 = 154.83, 143.54, 129.79, 124.33, 115.86, 94.96, 60.95, 56.44. FTIR:
3140.2, 3056.3, 2920.3, 1620.3, 1555.6, 1501.6, 1393.6, 1269.2, 1157.3, 1066.
1003.0, 917.2, 825.6 ¢l HR-MS m/z: 186.0765 [M+H] calcd [GH1NO4]:
186.0761.

o 2-(chloromethyl)-5-(methoxymethoxy)pyridineN-oxide (5)

ol N2 Compound4 (100 mg, 0.54 mmol) was dissolved in 2 mL dry
momom CHCl; and cooled with an ice bath. To this cooled solution MsCl
(74.5 mg, 0.65 mmol) and TEA (84.0 mg, 0.65 mmol) were added and the reactior

was stirred for 1 h at 8C. Lithium chloride (226.8 mg, 5.4 mmol) was added into
the solution with continuous stirring at RT for 16 h. The white solidthedxcess
lithium chloride were filtered off, the filtrate was dilutagth CH,Cl, and extracted

with brine. The organic layer was dried with MgSénd concentrateth vacuao
Purification by silica column chromatography afforde@109.7 mg, 91%) as light
yellow solid. R = 0.41 (5% methanol in ethyl acetat$).NMR (400 MHz, CDC}):

6 =8.12 (d, 1HJ = 2 Hz), 7.38 (d, 1H) = 8.8 Hz), 6.99 (dd, 1H] = 8.8 Hz,J =2

Hz), 5.12 (s, 2H), 4.72 (s, 2H), 3.41 (s, 3tfC NMR (100 MHz, CDGCJ): & =
155.11, 140.84, 129.66, 125.44, 114.75, 94.79, 56.37, 39.26. FTIR: 3038.9, 2966.¢
1622.2, 1557.6, 1501.6, 1432.2, 1398.4, 1304.9, 1259.6, 1183.4, 1148.7, 1015.¢
992.4, 915.3 cf HR-MS m/z: 204.1384 [M+H] calcd [GH1.:CINO3]: 204.0422.
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5-(tert-butoxycarbonylamino)-2-(chloromethyl)pyridine-N-
C'm oxide (10). |

NHBoc 10 @ solution 0@ (140 mg, 0.57 mmol) in 6 mL chloroform was

addedmCPBA (169.3 mg, 0.69 mmol). After 4 h stirring at room

temperature, the reaction mixture was diluted with 10 mL chloroforchquenched
with N&S,03. The crude reaction mixture was washed with brine and the organic
layer was dried with MgS® and concentratedin vacuo Silica column
chromatography afforded title compoubd (90%, 132.3 mg, 0.51 mmol) as a white
solid. The compound decomposed above A®4R = 0.2 (EtOAC/PET : 2/1 (VIV)).
'H NMR (400 MHz, §-DMSO): & = 9.87 (s, 1H), 8.50 (s, 1H), 7.58 (d, 1H= 8.8
Hz), 7.38 (d, 1H, = 8.8 Hz), 4.79 (s, 2H), 1.47 (s, 9HJC NMR (100 MHz, &
DMSO0): 6 = 152.3, 139.8, 138.9, 129.0, 126.8, 114.8, 80.5, 39.5, 27.9. FTIR: 3146.4
3029.3, 2977.3, 1725.4, 1573.9, 1509.4, 1382.0, 1252.8, 1172.8, 1054.1, 988.¢
871.9 cnt. HR-MS m/z: 259.1905 [M+H] calcd [G1H16CIN,Os): 259.0844.

pale]
/+

\

0 6,6'-(4,10-bis(carboxymethyl)-1,4,7,10-tetraazacyclo-
Omg{‘}NHZ dodecane-1,7-diyl)bis(methylene)bis(3-aminopyridine-
ol N-oxide) (12)
sz{;\ﬁuo” Compound10 (200 mg, 0.39 mmol) (219 mg, 0.85

o oH mmol) and NaHC®@ (71 mg, 0.85 mmol) were dissolved
in 4 mL DMF. The solution mixture was heated to°60with continuous stirring for
2 days and product formation was monitored by LC/MS. When theioeasts
complete, the excess NaHgQvas filtered off and the reaction mixture was
concentratedh vacuowithout further purification giving crude compoumhd. Crude
compoundl1 was taken up in a TFA/GIEI, (3/1, v/v, 2 mL) solution mixture. After
4 h stirring at RT, the TFA was removed by coevaporating with tol(tenee) and
the crude mixture was redissolved in a 1,4-dioxane and NaOH solution enfXtue
final concentration of starting material was 15 mM and 0.4 M for W}aQhe
reaction was stirred for 4 h at RT, after which it was némé@ by acid resin,
followed by filtrating off the resin, concentration, and purificatignHPLC (0.1%
TFA and a 0-10% acetonitrile gradient on C18 preparative column) yiel@i(80%,
over 3 steps)'H NMR (600 MHz, RO, 323 K):8 = 8.24 (d, 2H,) = 2.4 Hz), 7.81 (d,
2H,J =9 Hz), 7.36 (dd, 2H] = 9 Hz,J = 2.4 Hz), 4.91 (s, 4H), 3.68 (br, 8H), 3.60
(s, 4H), 3.48 (br, 8H)**C NMR (150 MHz, RO, 323 K):5 = 174.7, 163.8, 149.8,
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131.4, 129.0, 128.2, 118.6, 116.7, 54.9, 54.1, 52.5, 49.6. FTIR: 3344.7, 3203.9
3065.9, 1666.5, 1611.6, 1425.5, 1169.9, 1126.5, 1085.9, 978.9, 828.HRWMS
m/z: 532.4383 [M], calcd [G4HagNsOg]: 532.2758.

N, 2-(2-azidoethoxy)-tetrahydro-2H-pyran (14)

tHPo” ~ To a solution ofl3 (2 g, 11.5 mmol) in 38 mL dry Gi&l, DHP (1.3

mL, 13.8 mmol) and PTTs (288 mg, 1.15 mmol) were added. After 16 h stitring a
RT, the reaction mixture was washed with NaHCied by MgSQ, concentrated

in vacuoand purified by column chromatography yielding compold95%, 1.9
). R = 0.38 (EtOAC/PET = 1:1 (v/v)JH NMR (400 MHz, CDCJ): & = 4.64 (t, 1H),
3.92-3.82 (m, 2H), 3.59-3.50 (m, 2H), 3.42-3.33 (m, 2H), 1.86-1.58 (m, 6€)).
NMR (100 MHz, CDCY): 6 = 98.8, 66.4, 62.0, 50.9, 30.4, 25.4, 19.1. FTIR: 2941.4,
2870.0, 2098.5, 1440.8, 1282.7, 1122.6, 1033.8, 977.9, 871.8, 813.H&WMS

m/z: 172.0969 [M+H], calcd [GH14N30,]: 172.1081.

on (1-(2-(tetrahydro-2H-pyran-2-yloxy)ethyl)-1H-1,2,3-triazol-4-

%NJJ yl)methanol (15)
Hpo” Compound14 (856 mg, 5 mmol) was dissolved in a solvent
mixture of THF (7 mL) and kD (3 mL). Propargyl alcohol (32iL, 5.5 mmol), 100
uL of 500 mM CuSQ(aqg.) and 1 mL of 1 M ascorbate acid (aq.) were added to the
solution mixture. The reaction mixture was stirred at RT for 16 h,tleexl it was
extracted with ethyl acetate. The organic layer was driedydgSQ, concentrated
in vacuoand purified by column chromatography giving prodist(96%, 1.09 Q).
R = 0.15 (Ethyl acetateJH NMR (400 MHz, CDCY): 6 = 7.65 (s, 1H), 4.69 (s, 2H),
4.55-4.43 (m, 3H), 4.30 (s, 1H), 4.04-3.99 (m, 1H), 3.73-3.67 (m, 1H), 3.62-3.56 (m,
1H), 3.41-3.36 (m, 1H), 1.72-1.39 (m, 6H3C NMR (100 MHz, CDGJ): § = 147.8,
122.9, 98.9, 65.7, 62.3, 55.9, 50.4, 30.3, 25.1, 19.3. FTIR: 3375.4, 2941.4, 2870.C
1734.0, 1440.8, 1348.2, 1122.6, 1031.9, 869.9, 812: &tR-MS m/z: 227.1278
[M+H] ", calcd [GoH17N3O3]: 227.1264.

\ d 4-(chloromethyl)-1-(2-(tetrahydro-2H-pyran-2-yloxy)ethyl)-
N"y~ 1H-1,2,3-triazole(16)
THPO To a dry solution ofl5 (9.58 g, 42.2 mmol) in 125 mL GBI, at
0°C MsCI (3.94 mL, 50.6 mmol) and triethylamine (7.2 mL, 50.6 mmol) were added
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with continuous stirring for 3 h. The reaction was extracted with bdineg using
MgSO, and concentratesh vacua The crude mixture was dissolved in 20 mL dry
acetone and lithium chloride (10 equiv.) was added. The reaction wasd 416 h at

RT. Concentrationn vacuq redissolving in CHCl,, extraction with brine, drying
(MgSQy), concentrating, and purifying by silica chromatography gave pratiict
(85%, 8.81 g). R= 0.22 (EtOAC/PET = 1:1 (v/v)}H NMR (400 MHz, CDCJ): & =

7.73 (s, 1H), 4.69 (s, 2H), 4.59-4.51 (m, 2H), 4.09-4.05 (m, 1H), 3.76-3.73 (m, 1H),
3.59-3.56 (m, 1H), 3.44-3.42 (m, 1H), 1.76-1.64 (m, 2H), 1.56-1.53 (m, “4€)).
NMR (100 MHz, CDCJ): 6 = 144.6, 123.9, 99.0, 65.6, 62.4, 50.6, 36.3, 30.4, 25.2,
19.3. FTIR: 2943.4, 2870.1, 1734.0, 1352.1, 1228.7, 1122.6, 1033.8, 964.4, 869.¢
813.9, 729.1 cih HR-MS m/z: 246.0782 [M+H] calcd [GoH17CIN3O,]: 246.1004.

General method for protein labeling experiment

Both of the ™N enriched Paz and T4Lys were kindly performed by Mrs.
Anneloes Blok and Dr. Monika Timmer (Leiden University, Inst. ChamjisiTo
attach Ln€LaNP-9 to T4Lys N55C/V57C and Paz E51C/E54C, protein sample (1
mL, 150-300uM) was treated with DTT (final concentration 5 mM) at@for 1 h
to remove possible dimers. The reaction mixture was loaded on a PD-10 column (Gl
Healthcare) pre-equilibrated with labeling buffer (20 mM Tris, 150 N&CI| and
pH 8.0) to remove DTT. To avoid any reoxidation by air, the buffer demmssed
and the PD-10 column kept under an argon atmosphere. To the eluted pgitein e
equivalents LncLaNP-9 were added. For T4Lys N55C/V57C, the labeling reaction
was stirred at RT for 6 h, after which the tagged protein waBquuon a HiTrap-SP
column. The mass of the resultimiN T4Lys Lu-CLaNP-9 (20478 + 2 Da) agreed
with the expected mass of 20478 Da assuming ¥8%enrichment. In the case of
Paz E51C/E54C, the protein was activated with TCEP, after wihiehptobe
attached Paz sample was concentrated toi&QMKs[Fe(CNs)] was added until 1
mM, and purified over a Superdex 75 gel filtration column. The maSsld?az Yb-
CLaNP-9 (14410 £ 2 Da) also agreed with expected mass 14411 Da. Theo¥ield
labeling after purification was 50 ~ 80%, which estimated from titensity of
diamagnetic peaks in the spectra of samples with paramagnetic tags.
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PCS analysis

The PCS analysis\y-tensor calculation and Q factor are based on published
method (Chapter 2). Instead of NIH-XPLOR, a program NUMBAWas used to
calculated theAy-tensor. The structures of Paz and T4Lys were taken from PDB
entries 1PY0 and 3DKE and hydrogens were added. The variation in the Ln
positions was calculated by randomly removing 10% PCS data and meptiath y-
tensor fit 100 times.

General protocol for CLaNP-click series

To a solution ofL7 (100 mg, 0.31 mmol) in 5 mL MeCRDaor 20b (2.5 equiv.)
andK,CQO; (106.9 mg, 0.77 mmol) were added with continuous stirring at RT for 16
h. The excess £0O; was filtered off and the filtrate was concentratedvacuo
without any purification. The concentrated crude compounds were reveidsnl10
mL MeCN. To synthesizeCLaNP-11 and CLaNP-12, K,CO; (2.5 equiv.), 2-
(chloromethyl)pyridine-N-oxide and 2-(bromomethyl)-4-nitrophenol (2.5 equiv.)
respectively, were added and the reaction mixture was stirr@d °C. After 16 h
stirring, the reaction was allowed to cool to RT, the exce€OKwas filtered off,
concentrated, and purified by HPLC.

“ CLaNP-11
o“‘? y Purification by HPLC (0.1% TFA and a 5-30% acetonitrile
O[NmegN/; gradient on C18 preparative column) yield€daNP-11
/”k’“\q’“ ) (41.6 %)."H NMR (600 MHz, O, 323 K):8 = 8.75 (d, 2H,
e J = 6.6 Hz), 8.13 (d, 2HJ = 7.8 Hz), 8.06 (t, 2HJ = 7.8
Hz), 8.00 (t, 2H,) = 7.8 Hz). 4.99 (s, 4H), 4.35 (s, 4H), 3.65-3.62 (br, 8H), 3.54-3.47
(br, 12H), 2.85 (t, 2H) = 2.4 Hz).»*C NMR (150 MHz, DO 323 K):§ = 170.29,
139.76, 132.18, 129.93, 128.44, 117.16, 115.22, 79.70, 71.65, 56.77, 53.80, 50.4

49.02, 28.69. FTIR: 3556.7, 3408.2, 3244.3, 2985.8, 2125.1, 1654.8, 1124.5, 829.

cm
NO,
Hoﬂ? ) CLaNP-12
) [NmN]“gNV\/; Final product was purified by HPLC (0.1% TFA and a O-
A 50% acetonitrile gradient on C18 preparative coluritd).
a /%JVOH NMR (600 MHz, 4-DMSQ, 323 K): § = 8.50 (s, 2H),
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8.21-8.19 (m, 4H), 7.12 (d, 2H,= 6 Hz), 4.35 (s, 4H), 3.67 (br, 2H), 3.26-3.30 (m,
16H), 3.09 (s, 8H), 2.67 (t, 2H,= 2.4 Hz), 2.19 (t, 4H) = 7.2 Hz), 1.66-1.62 (m,

4H). °C NMR (150 MHz, §-DMSO 323 K): 5 = 169.58, 163.81, 139.24, 129.31,
127.02, 116.31, 83.67, 71.02, 54.33, 51.14, 49.65, 48.97, 37.77, 27.72, 15.29. FTIF
3304.1, 3115.0, 2958.8, 2112.0, 1647.2, 1338.6, 1197.8, 1080.1, 717.5/RAMS

m/z: 721.3672 [M+H], calcd [GeHagNsOg]": 721.3668.

OH CLaNP-DIBO
O H H p,(&o Pyridine (0.36 mL, 4.55 mmol) arginitrophenyl

O_N N
1 )4 Y 73/\{ } chloroformate (362 mg, 7.28 mmol) were added
9, OVNJ(}/\OH into a CHCl, (27 mL) solution containindIBO
HO (200 mg, 0.91 mmol). The reaction was stirred 16 h,

and then quenched with brine (3 mL). The solution mixture was exdradté
CHCl, and the organic layer was washed with brine, dried by Mg&éhcentrated
under reduced pressure to provide cr@édeTo the solution o2 in 5 mL CHCl,

was added dry TEA and 1,3-diaminopropane and the reaction was atimedm
temperature. After being stirred for 30 min, the reaction was diluith CHCl, (10

mL), washed with 1 M NaOH (10 mL x 2) and brine (10 mL). The orgph&se

was dried (MgSQ), filtered, and evaporated. The crude residue was dissolved in
MeOH (2.3 mL) and added into a water solution mixture (6.9 mL) contaibODTA

(232 mg, 0.91 mmol) and HOBT (61 mg, 0.91 mmol). The reaction mixture was
cooled on ice and pH was adjusted to 4.5-5.0 using N,N-diisopropyletimgami
EDC (130 mg) in water (2.3 mL) was added slowly into the mixture lwivigs then
stirred with cooling. After a 30 min stirring, the pH was elegtate8 by addindN,N-
diisopropylethylamine and the solution was stirred for a furBtemin at room
temperature. The reaction was monitored by LC/MS and the ttigpound was
purified by HPLC (0.1% TFA and a 35-55% acetonitrile gradient on Cd@apative
column).*H NMR (600 MHz, RO 323 K):8 = 7.76 (d, 1H,) = 7.8 Hz), 7.73-7.64

(m, 7H), 5.58 (m, 1H), 4.07-3.96 (m, 8H), 3.55-3.47 (m, 24#).NMR (150 MHz,

D,O 323 K): 6 = 158.7, 152.49, 150.26, 133.34, 132.95, 131.43, 129.88, 128.86,
127.74, 127.70, 126.62, 125.03, 124.30, 121.76, 114.21, 111.14, 78.46, 70.90, 56.3
55.43, 51.13, 50.83, 46.79, 39.4, 38.1. FTIR: 3352.3, 3068.7, 2856.6, 1674.2, 1199.
1134.1 crit. HR-MS m/z: 707.2844 [M+H] calcd [GeHa7NsOg]*: 707.3399.
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Protein production and purification

The production and purification of thé&N enriched bacteriophagd4
Lysozyme (T4Lys) single AzF mutant, N55AzF and D72AzF, double Cysamhut
N55C/V57C and the™N enriched double Cys mutant Paz E51C/E54C were
performed by Ms. Anneloes Blok and Dr. Monika Timmer (Leiden Unitgrinst.
Chemistry). The expression and purification of Paz E51C/E54C wedosvénl by
published protocol (Chapter 2).

Double Cys mutation T4Lys N55C/V57C were prepared by the WHOPS
method® using the expression plasmid pET28-T4Lys as a template. The
oligonucleotides 5-GGTCGTAATGCCTGTGGTTGCATTACCAAAGATGAAG
CCG-3' and its complement were used as the forward and eev@mimers,
respectivelyEscherichia coliBL21 (DE3) was used to express the mutant gene. The
transformed cells were incubated overnight in 10 N rich M9 medium with
kanamycin (final concentration 2@/mL) at 37 °C, 250 rpm. Overnight pre-cultures
were diluted 100 times and incubated a@7250 rpm. When the Q& value was
around 0.8, cultures were induced by adding 1 mM IPTG. The temperatare wa
reduced to 30C and cells were harvested 18 h after induction by centrifugation.
Cells were lysed with a French pressure cell, and the $/sakeared by
centrifugation (45 minutes, 2,500 rpm). Cleared lysate was loaded ®»ma
HisTrap column (equilibrated in 20 mM Tris pH 7.5, 500 mM NaCl) and @ with
a 0 to 500 mM linear imidazole gradient. After &Niolumn, EDTA (1 mM) was
added to the concentrated protein and the protein was purifiecadveperose 12
column (equilibrated in 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT).

In the case of AzF mutant, single AzF mutations T4Lys N55AzF TaHd/s
D72AzF were prepared by the WHOPS metfiddsing the expression plasmid of
wt T4Lys as a template. The oligonucleotides 5-GGTCGTAATGCGGGT
GTGATTACCAAAGATGAGGCCG-3' and its complement were used ae t
forward and reverse primers, respectively, for N55AzF. Simijlarthe
oligonucleotides 5-CTGTTTAATCAGGATGTTTAGGCAGCCGTTCGTGGAAT
TCTGC-3' and its complement were used as the forward and eeygnsiers,
respectively, for D72AzF. pEVOL-AzF (coding for the AzF-tRNA tr@nase and
AzF-tRNA, CAMr) were kindly provided by Prof. Peter Schultz, gs Research
Institute (California) and was first transformedHscherichia coliBL21 (DE3) and
cells were made chemically competent. Then, the pEVOL contgBL21 (DES3)
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were transformed with the KANr plasmid coding for the T4Lys ABRB mutant.
The doubly transformed cells were grown overnight in 10'fhLrich M9 Medium
with kanamycin (final concentration is 50g/mL) and chloramphenicol (final
concentration is 34ig/mL). Overnight pre-cultures were diluted 100 times, grown
for approximately 3 h at 3%C, 250 rpm, after which the temperature was reduced to
30 °C. When the OBy value was around 1.4, cultures were induced by adding 1
mM IPTG, 0.02% (w/v) arabinose and 1, 2 or 5 mM Paz. Cells weredtedv24 h
after induction by centrifugation, resuspended in 20 mM Tris pH7.5, 500 mN).NaC
Cells were lysed by French press, cleared by centritug&i5 minutes, 9,000 rpm).
Cleared lysate was loaded on a 5 mL HisTrap column (equildbrat20 mM Tris

pH 7.5, 500 mM NacCl) and eluted with a 0 to 500 mM linear imidazole gradie
The final yields were 96 mg/L and 112 mg/L of N55AzF and D72AzF cylture
respectively.

Protein labeling experiment

The CuAAC reaction was performed in 20 mM HEPES buffer containing 150
mM NaCl (pH = 7.4). A solution mixture of T4LysAzF (5%0/1) and paramagnetic
NMR probe (250uM) was treated with 1 mM TCEP, and then 500 of CuSQ
and 50uM of TBTA in 1:4 DMSO/tBuOH were added. After incubation for 30 min
at room temperature, the reaction was stopped by addibgpill M EDTA. All the
reactions were checked by SDS-PA gel and excess probe waseckrby gel
filtration chromatography.

For the ring strain-promoted [3+2] cycloaddition, CLaNP-DIBO cooreuhab
Gd** was prepared in DMF and was added to a protein solution, which was in 20
mM HEPES buffer containing 150 mM NaCl (pH = 7.4). The final coneéptr of
the protein was 50M and the probe was in five time excess. After 16 h stirring at
°C, the reaction mixture was concentrated to 1 mL and applied td@ &umn to
remove the unreacted probe. The filtrate was concentrated withuotiter
purification and prepared for NMR spectroscopy.

NMR spectroscopy on proteins

The NMR samples of Paz L@LaNP-9 (80-150uM) were prepared in 20 mM
sodium phosphate, 150 mM NacCl buffer and 6% (v/iyp@xt pH = 7. The Cu(ll)
was reduced by 5 equiv. TCEP. All T4Lys samples (100t2@Pcontained 20 mM
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HEPES, 150 mM NaCl buffer and 6% (v/ivy® at pH 7.2. All PN, *H]-HSQC

were recorded at 298 K on a Bruker Avance Il 600 MHz spectroni2téa. were
processed with NMRPipe and analyzed with CCPNMR Analysis orer&i.1.
Assignments of the resonances were based on previoushamk kindly provided
by Mr. Simon P. Skinner (Leiden University, Inst. Chemistry).
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Chapter IV
CLaNP-5 derivatives: An approach to

obtain multiple paramagnetic restraints
sets from a single mutation site
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Abstract

Site-specific labelingvia disulfide bridges or thioether linkages are widely
employed for paramagnetic probe attachment because cysteidaesesian be
selectively incorporated in protein. In order to investigate prgietein and
protein-ligand interactions, multiple paramagnetic data setsearéred; however,
finding suitable mutation sites is sometimes difficult, espgcialt small proteins.
An alternative is to attach different paramagnetic probes tce ssite. Several
CLaNP-5 derivatives have been synthesized for this purpose and tmenmofvas
tagged to a model protein. The HSQC spectra of methoxyl function&izaNP-5
showed two sets of PCSs. This phenomenon could be explained by an orteracti
with a neighboring amino acid with the methoxyl group.
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Introduction

Lanthanoid complexes have been widely used as paramagnetic ceritigyis
resolution NMR spectroscopy, because the interaction of an udpaleetron
provided by lanthanoids with protein nuclei yields significant struttofarmation
(Chapter 1). To generate unique paramagnetic effects, lanthanoid prae to be
rigidly and site-specifically attached to proteins. So far, nrsgathetic probes are
tagged to proteingia disulfide bonds or thiol alkylation. The advantages of these
methods are that the cysteine residues can be selectivelponatd into proteins
and these residues react specifically with thiol-reactive groaygsding undesired
side-products. Multiple unique paramagnetic restraints are requireeivéluating
protein-protein and protein-ligand interactions. However, finding ideal rontsites
is not easy in many cases, especially for small proteins.dg;éme development of
alternative approaches is desirable.

The 12-membered macrocyclic DOTA, an octadentate ligand, is used as
complexing agent, especially for lanthanoid ions. The coordination of DédibAts
analogs to lanthanoid ions is such that two stable enantiomer grairformed,
namely, capped square antiprism (SA) and twisted capped saqugmesen (TSA).
These two forms inter-convert slowly on the NMR time scale in solution (ChBpter
In 2004, pyridineN-oxide was first introduced into DOTA ring and it coordinated to
lanthanoid ionwia a six-membered ring yielding a single conformation, the SA form,
in solution®%82 Subsequently, two pyridink-oxides were substituted the opposite
acetate arms of a DOTA ring to gi@2-symmetry forming a powerful paramagnetic
NMR probe,CLaNP-5. The replacement of pyriding-oxide with para-nitrophenol
resulted in a next generation prok},aNP-7. Both of these probes yielded a single
set of PCSs and were used for the study of protein-protein interm¢Chapter 1).
They exhibit different magnetic susceptibilities at the samackanent site.
Therefore, using different paramagnetic probes at single attathsite could be an
alternative approach to obtain multiple data sets.

To demonstrate this idea, sevefzZllaNP-5 derivatives as well as a model
system, theAMCS5-series, were designed and synthesized (Chart 1). The proton at
the para-position of the pyridifg-oxide ring was replaced with different functional
groups to modify the magnetic susceptibility of the probes.'FhMR spectra of
Ln** AMC5-series complexes indicate that only a single enantiomeridspaiesent
in solution and the magnetic susceptibilities depend on the substituentsvét,
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two sets PCSs were observed in the HSQC spectru@LaNP-5-OMe tagged
protein and the relative intensity was temperature dependent. Pasgtd@ations
and the implications for deriving multiple paramagnetic data seta & set of
related probes are discussed.

X X | A
|
_N (o] H _N.
/N/ — )7 ° ~§-ST\N — )7 ©
g]/\N N g]/\N N
[N Nj [N J P
- — c — ¥I-/§N O
— + —
0.7 | N ON7 I s-S
AMC50Me X = OMe CLaNP50Me X = OMe
AMC5 X=H CLaNP5 X=H
AMCS5CI X=Cl CLaNP5CI X=Cl

Chart 1. Structures of AMC5 and CLaNP-5 analogs

Results and discussion
Synthesis of caged lanthanoid NMR probe-5 (CLaNP-5) analogs

The para-position in the pyridineN-oxide core is relatively far from the
lanthanoid and the substitutions do not have side effect on the ovaratussrof
Ln** complexes®'*® Consequently, the proton could be replaced with different
functional groups. The synthesisA¥C5 is shown in Scheme 1. The commercially
available cyclen was converted to selectively protettedndl1lb using a published
protocol?? The protective groups iba and1b were fully removed using TFA and
the crude compounds were then reacted with 2-(chloromethyl)pyridinedé-at 80
°C to obtainAMC5.

o
o] N=
S S Soa o
[NHHN] a g)]/\N N>LO b g/\N HN c g/\N N \_/
NH HN [N Nj 2 [NH Nj 2 [N N] ?
O\ SN VAN @4\_/
R R —
O N
o-
1a R=OMe 2a R=0Me ACC5 R=0OH
1b R = NMe, 2b R=NMe, AMC5 R = NMe,

Scheme 1 Synthesis of AMCS5. (a) i) BocOSu, CHCRT, 1 day; ii) methyl bromoacetate
or 2-chloroN,N-dimathylacetamide, ¥CGOs;, MeCN, RT, 16 h; (b) TFA, C¥Cl,, RT, 4 h; (c)
K,COs, 2-(chloromethyl)pyridineN-oxide, MeCN, 8CC, 12 h.
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The electron donating (OMe) and withdrawing (Cl) analog€lcdNP-5 were
synthesized as depicted in Scheme 2. Comp@uwnas obtained by replacing the
nitro group of a commercially available compound, and then reactinghitasetic
anhydride to yield the rearranged proddicThe treatment of with NaOH resulted
in hydroxyl 5. The hydroxyl7 was also prepared following a published metfdd.
UsingmCPBA, 5 and7 were converted tbl-oxides8a and8b. Treatment oBa and
8b with thionyl chloride gave chloro functionalized compounds, which weretlyirec
alkylated with 2a and 2b, yielding the precursors ofLaNP-5 derivatives and
AMCS5 analogs, respectively. Removal of the methyl ester of the alkjated
compounds and coupling with aminoethyl-MTS gaveG@haNP-5 derivatives.

Q o
NZ N N N
X a X b X A
QH U %@fo’“ — @fo” B
= = =
OMe OMe OMe

o
NO, f |N\ OH

3 4 5 =

o \ o N X

N d N e N
@OH o @OME} - qOH— 8a X=OMe
P 8b X=Cl
Cl 6 Cl o7

X X
(N
9 _ R=NMey, X=0OMe AMC50Me R +0
R=NMe, X=Cl  AMCS5CI g);/\N’ N
] 0, _ o [N Nj 6]
87 X=OMe AN
R= ¢ P -
NS0 cLanPs-OMe o.+ R
h H o N
s x=ql Nx

5
R= ;‘m/\/s O CLaNP5-CI

Scheme 2 Synthesis of AMC50Me, AMC5CI, CLaNP-5-OMe, and CLaNP-5-@)
MeOH, K,CO;, 70°C, 14 h; (b) AgO, 100°C, 4 h; (c) NaOH, MeOH; (d) i) SO&IH,0,
reflux, 3 days; ii) MeOH, toluene, TT; (e) NaBH, MeOH/THF, 0°C; (f) mCPBA, CHC};
(9) i) SOC}, CH,Cl,, RT, 4 h; ii)2b, K,COs, MeCN, 50°C; (h) i) SOC}, CH,Cl,, RT, 4 h; ii)
2a, K,CO; MeCN, 50°C; (iii) NaOH, 1,4-dioxane, RT, 4 h; iv) NHS, EDC, DMF,
aminoethyl-MTS, RT, 16 h.

The *H NMR spectra of théAMC5-series complexes with Buand YB* are
shown in Figure 1. The assignments of the proton signals were based onS2D EX
spectra, which give cross-peaks between exchange pairs, and 2D haaonucl
COSY experiments, which give strong cross-peaks between the geminptd@dhs
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and the vicinal protons of the cyclen ring. The most shifted ayx@éw ring proton
resonances of all of the Eucomplexes were near 20-30 ppm, typical of SA
structures®* indicating that there is only one enantiomer pair in solution. Moreover,
the proton resonances differ between the samples with the differestituents for
both lanthanoid complexes, indicating that the magnetic susceptibififfeisted by
the substituents, although not to a large extend. The lanthanoid induc€dIShifs
the sum of three contributions: diamagnetic, contact, and pseudocontact shifts (eq 1
Oic = Ogia + Ogon 0 pes (eq 1)
The diamagnetic shift is usually caused by conformational chamgiestive effects,
and electric field effects and its value are usually detexchiusing diamagnetic
lanthanoid ions (L¥, Lu®"), because that they provide isostructural complexes for
the early and the late lanthanoid of the series, respectively. c€ahiéts (CS) are
through-bond interactions of the unpaired 4f electron spin with the coomdlinate
nucleus, and they decrease rapidly as the number of bonds between haroliant
and observed nucleus increases. The pseudocontact shift (PCS) arifioatea
through-space dipolar interaction between the unpaired electron andveabser
nucleus. PCS is relevant for protein-protein and protein-ligand ati@na CS is not
because the nuclei are too far away or even not bonded in stiemsyf the case
of Yb*', the contact shift is usually negligible because it has gredtesge density
in the paramagnetic lanthanoid series. As a result, the LIS Bfi¥lllominated by
PCSs. As shown in Figure 1, the proton resonances Sfcomplexes were shifted
by changing functional groups, suggesting that the magnetic susceptilaliéies
different.

To demonstrate the feasibility of our hypotheg&i$,aNP-5-OMe as well as
CLaNP-5 coordinated to diamagnetic f'uand paramagnetic Ybwere attached to
a model protein, ubiquitin (Ub) A28C/D32C and tH&N['H]-HSQC spectra of
labeled proteins are shown in Figure 2. Surprisingly, two sets of R&®8sbserved
in the case o€LaNP-5-OMe, but a single set faCLaNP-5. One of these two sets
of PCSs was similar to the one GL.aNP-5 and most of the paramagnetic peaks
were merged to “CLaNP5-like” peaks when the temperature masased. Some
resonances showed PCSs of the opposite sign compared to the shift obstrved
“CLaNP5-like”. Those amide resonances with different sign ar¢ddda the same
area of protein, as showed in Figure 3. This is indicative of theHat these two
sets of PCSs had differently orientated magnetic susceptiddéinsors, the
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“CLaNP5-like” state and the “additional” state. Thg-tensors and metal positions
of CLaNP-5 and the two states oCLaNP-5-OMe were calculated using
NUMBAT '8 The axial Aya) and rhombic £y+) components are reported in Table
1 and the back-calculated PCSs are plotted versus the observéa Bigese 4. The
Ayax and Ay, of CLaNP-5-OMe are similar to those o€LaNP-5. The metal
positions of the “additional” state and “CLaNP5-like” state basedalculated\y-
tensors are slightly different (2.3 A) ang-tensors show a 4a@lifference ing angle
and 3@ iny Euler angles (Table 1)n the case o€LaNP-7, a histidine sits close to
the attachment site and forms a hydrogen bond with a proposed ninth caogdinat
ligand, namely water. As a result, the symmetry of probe was myrgieding two
sets of PCSs (Chapter 2). Here, the attachment site isdooatana-helix and a
glutamine, GIn31, is close to it. So, in analogy WithaNP-7, the side-chain amide
could form a hydrogen bond with the methoxyl oxygen atonClciNP-5-OMe,
twisting the probe and yielding “additional” state. However, in a mofltie probe
the distance between the side-chain amide proton of GIn31 and the @tpgewnf
methoxyl is too long to form a proper hydrogen bond (Figure 5A).

It is worth noting that the amide resonance of residue Glu34, whidbss to
that attachment site, shows a small shoulder in the HSQQwspeat Lu-CLaNP-5
and these peaks become two clear peaks in the case@fdNP-5-OMe tagged
protein. This suggests also in tB&aNP-5 case there is a minor second state and
that in the methoxyl functionalizedLaNP-5 the population of this state is enhanced
to give the “additional” state. DOTA-based lanthanoid complexes sackua
CLaNP-5 are known to undergo enantiomerization with an exchange rate 0’200 s
at 298 K The'H NMR spectrum of YbELaNP-5-OMe complex shows a single
enantiomeric pair in solution (Figure 6). This symmetry is brokken the probe is
bound to a chiral protein, resulting in a pair of diastereocisomers. \Howthe
paramagnetic probe may still present a single set of PARshfdiastereoisomers
are similar enough to have identiggi-tensors or if one of the diastereoisomers is
much more stable than the other. The former seems to be usualbagbefor
CLaNP-5. If the diastereoisomers are sufficiently different or hé tdisulphide
bridges can assume two conformatiismore than a single set of peaks may result.
In the present case, the attachment site A28C/D32C is surroundesdoglsamino
acids with long side-chains (Figure 5B), which may interactcstiéyiwith the probe
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and more strongly with the methoxyl group, yielding two clear setBGfs, by
either of these mechanisms.

Table 1PCSs-basedy-tensors of Ub A28C/D32C tagged with Yb-CLaNP-&nd
Yb-CLaNP-5-OMe.

CLaNP5 CLaN P?—OMe CLaNP5-OMe
(CLaNP5-like state) (External state)

AYar 9.2+0.5 8.0+0.5 9.5+0.6
A 2.4+0.7 2.7+0.6 3.310.5

a 142+4 13944 14743

B 87+2 90+2 5412

Y 9148 10048 717

Restraints 45 38 33
Q 0.01 0.02 0.01

& The unit of axial and rhombic componentsfandAy;,) is 102 m’.

Conclusion

To develop an alternative method for getting multiple data restrons a
single mutant site, twaCLaNP-5 derivatives as well as a model system were
synthesized. Th&H NMR spectra showed that the paramagnetic shift was affected in
the derivatives and all presented a single enantiomeric pairutiosnlHowever, the
Ayaxand Ay, based on protein data show ti@itaNP-5-OMe and CLaNP-5 have
similar magnetic susceptibility tensors. It is concluded thatote changes in the
coordination system yield changes in thg-tensor that are too small to be of
practical use. The functional group does affect the physical behafvibe probe
after attachment. The HSQC spectraGifaNP-5-OMe tagged protein presented
two sets of PCSs, but a single set @kaNP-5. This could be explained by
interactions of the probe with the surrounding amino acids, becatise ioicreased
bulkiness of th&€€LaNP-5-OMe.
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Figure 1. The*H NMR spectra of YB and Ed" complexes with AMC5-series. Proton
assignments of AMC5-Eu are indicated by corresponding numbedh& @tructure. The red
dashed and red solid lines indicate the positions of the axiapraign of AMC5-OMe and
AMC5-CI complex resonances, respectively.
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the perfect correlation (y = x).
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Figure 5. Structure of Ub A28C/D32C attachment site (PDB entry IfRZThe Cys
residues at positions 56 and 58 were modeled. (A) Model of CLalIM& attached to Ub
A28C/D32C. The position of the Yb(cyanine) is derived from a fit to the PCS data. The
distance between the side-chain amide proton of Q 31 and the medkpggn atom is 3.5
A. (B) The surrounding amino acids with long side-chains are shdhe.protein main
chain is shown in grey. The Ub (A28C/D32C) and the N 25, BK229, Q 31, and K 33
side-chains are shown in CPK colors. The carbon atoms fro&BaOMe are shown in
green, nitrogen atoms in blue, oxygen atoms in red and sulfur atoms in yellow.
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Flgure 6. lH NMR spectra of Yb-CLaNP-5-OMe complex.

Materials and Methods
General

Compoundla’ , and were prepared according to
literature procedures and all other chemicals were used esaged without further
purification. TLC-analysis was conducted on DC-alufolien (Merck,s&ligel60,
F254) with detection by UV-absorption (254 nm). Flash chromatography was
performed on Screening Devices silica gel 60 (0.04 - 0.06 mm). A Bidisaoh
HPLC (PerSeptive Biosystems, inc.) and an Akta Basic FPLCHE&d&thcare Inc.)
were used for purifications. Analytical, semipreparative, and paéparreversed
phase C18 columns were obtained from Phenomenex (Torrance, CA). Superdex 7
was obtained from GE Healthcare. NMR spectra were recorded®orkar AV-400
(400/100 MHz) and Bruker Avance-Ill 600 (600/150 MHz) spectrometer.  LC
LCMS system and a Finnigan LTQ Orbitrap system were used RivI$ and
protein conjugation analysis. FTIR was performed on a Perkin-Elnheit¢g, CT)
Paragon 1000 FTIR spectrometer. Melting points were obtained usingP8 SM
scientific melting apparatus (Stuart, Bibby Sterlin Ltd.)

2’ 1b42, 3187’ 4188’ 5188’ 6183 7183

The synthesis of protective cyclen (1a, 1b)
o la and1b were prepared according to literature procedtfres.
MOy~ VO %JF la: *H NMR (400 MHz CDC}): 6 = 1.27 (s, 18H), 2.69 (br,
J¢ j o  8H), 3.21 (br, 8H), 3.28 (s, 4H), 3.51 (s, 6MC NMR (100
%0\\( — \/KOMG MHz CDCL): = 28.14, 46.21, 50.98, 54.36, 54.54, 79.05,
155.51, 171.39. HR-MS: m/z 517.3225 [M+H]calcd
[C24H4sN4Og] 517.3232.
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1b: *H NMR (400 MHz CDC{): § = 1.36 (s, 18H), 2.79 (br,
gANmN%OJF 8H), 2.84 (s, 6H), 2.96 (s, 6H), 3.37 (br, 1283 NMR (100

% [N N] o  MHz CDCh): 5 = 28.5, 35.4, 36.9, 46.3, 54.5, 56.7, 79.4, 155.9,
Owg A~ 170.4. HR-MS: m/z 543.3857 [M+H] caled [GeHsiNeOg]
543.3864.

ACC5
oN+ Compoundla (273 mg, 0.53 mmol) was dissolved in a 1.5 mL
HO — @ TFA/CH.CI, (viv, 3/1) solution mixture and the reaction was
] o stirred at RT for 4 h. After removal the reaction solvent, the
@JN\.JN\J{ residue was co-evaporated with toluene twice and re-dissolved
-\ in 5 mL MeCN. 2-(chloromethyl)pyridindloxide (167 mg,
1.16 mmol) and KCO; (167 mg, 1.2 mmol) were added into the solution mixture
and it was stirred at 8 for 16 h. The excess,RO; was filtered off and the filtrate
was concentrateth vacua The concentrated residue was dissolved in a solution
mixture which contains 1,4-dioxane (final concentration was 15 mM) and 3 M
NaOH (final concentration was 0.4 M) and was stirred at RH®for Neutralizing
and removing the solvent, the crud compound was purified by HPLC (0.1% TFA and
a 5-20% acetonitrile gradient on C18 preparative column) to AG€5 (160 mg,
60%). HR-MS m/z: 503.2610 [M+H]calcd [G4HzsNeOg]: 503.2613. The NMR
data agree with literature reportgd.

AMC5
, | /\'f\o Compound AMCS5 was prepared using the same protocol with
M~y ~ ACC5 and purified by HPLC (0.1% TFA and a 5-20%
© [ ] o acetonitrile gradient on C18 preparative column) in 9% vyield.
. N\—/N;‘(N_ 'H NMR (600 MHz, RO, 323 K):8 = 8.37 (d, 2H,) = 6.6 Hz),
\N\/ | ' 7.87(d, 2HJ = 7.8 Hz), 7.70 (t, 2H) = 7.2Hz), 7.59 (t, 2H)

= 6.9 Hz), 4.19 (s, 4H), 4.07 (s, 4H), 3.56 (br, 8H), 3.11-3.06
(br, 8H), 2.91 (s, 6H), 2.87 (s, 6HC NMR (150 MHz, RO, 323 K):5 = 165.6,
146.4, 141.1, 131.9, 130.2, 127.8, 54.9, 52.2, 51.7, 49.1, 36.6, 36.4. HR-MS m/z
557.3559 [M+H], calcd [GgHasNgO4]: 557.3558.
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(4-methoxypyridin-2-yl)methanol-N-oxide (8a)
OMe To a solution 06 (139 mg, 1 mmol) in 5 mL CHEmCPBA (295 mg,

\ \/ oH 1.2 mmol) was added. The reaction was stirred at RT for 10 h and was
(Njf directly concentrateth vacuowithout extraction. Using silica column

chromatography purified the crude residues vyieldidg (148 mg, 96
%) as a white solid. & 0.06 (10% MeOH in ethyl acetate). m.p. = 280'*H NMR
(400 MHz, CDC}): & = 8.22 (d, 1H,) = 6.8 Hz), 7.78 (d, 1H] = 2.4 Hz), 7.65 (dd,
1H, J = 6.8, 2.4 Hz), 2.49 (s, 3H), 1.56 (s, 9C NMR (100 MHz, CDCJ): 6 =
162.4, 148.6, 138.9, 127.6, 126.1, 123.2, 82.1, 27.7, 17.4. FTIR: 3059.1, 2806.4
1625.9, 1469.7, 1431.2, 1201.6, 1029.9, 736.8.dAR-MS m/z: 156.0654 [M+H]
calcd [GH10NOg]: 156.0655.

(4-chloropyridin-2-yl)methanol-N-oxide (8b)

g: Compound7 (500 mg, 3.5 mmol) anchCPBA (939 mg, 3.8 mmol) were
[ ] ©" dissolved in 25 mL CHGland the reaction mixture was stirred at RT.
¢ However, the starting material was hardly converted to desramtiigt.

After stirring for 16 h, the reaction mixture was concentratecacuoand purified

by silica column chromatography. The title compound was obtained in &0 Ki

= 0.3 (10% methanol in ethyl acetate). Compound decomposed ovéiC17H

NMR (400 MHz, d-MeOD): 6 = 8.27 (d, 1H, = 6.8 Hz), 7.71 (d, 1H] = 2.8 Hz),

7.5 (dd, 1H,J = 6.8 and 2.8 Hz), 4.76 (s, 2HJC NMR (100 MHz, & MeOD): § =
155.3, 141.4, 136.7, 125.9, 124.7, 59.4. FTIR: 3132.4, 3101.5 3072.6, 3028.2
2918.3, 1850.8, 1606.7, 1423.4, 1211.3, 1055.0, 8622 ER-MS m/z: 160.0158
[M+H]", calcd [GH/CINO,]: 160.0159.

oo AMC50Me

e

/ | /\N\ To a solution o8a (271 mg, 1.75 mmol) in 10 mL dry GAl,
/NWAN/—\N "0 thionyl chloride (229 mg, 1.92 mmol) was slowly added &0

© [N N] o with continuous stirring for 2 h. Few drops of MeOH were added

5 é\—/ ¥‘</N/ to quench the excess thionyl chloride and the reaction solvent
g ovie was dryin vacua The crude precursor without any purification

was redissolved in a 10 mL MeCN solution containingC&;

(241 mg, 1.75 mmol) angb (239 mg, 0.7 mmol) and the reaction was stirred at 50

°C for 1 day. After filtration with celite, the filtrate wa®ncentration, diluted with

97



water and purified by HPLC (0.1% TFA and a 5-20% acetonitrildigrd on C18
preparative column) providingMC50Me in 10% yield.*H NMR (600 MHz, RO,

323 K):6 =8.41 (d, 2HJ) = 7.2 Hz), 7.66 (d, 2H] = 3.6 Hz), 7.26 (dd, 2H] = 7.2

Hz, 3.6 Hz), 4.14 (s, 4H), 4.09 (s, 4H), 4.04 (s, 6H), 3.59 (br, 8H), 3.09 (br, 8H),
2.94 (s, 6H), 2.88 (s, 6H}’C NMR (150 MHz, RO, 323 K):5 = 164.8, 164.6,
148.9, 142.8, 116.2, 113.2, 58.2, 55.4, 52.5, 51.6, 48.7, 36.5, 36.4. HR-MS m/z
617.3768 [M+H],calcd [Q;0H49N806]: 617.3769.

NP AMCS5CI
N, o The title compound was prepared by following same protocol
g’A[N N] with AM50Me and purified by HPLC (0.1% TFA and a 5-35%
) N\_,NJN/ acetonitrile gradient on C30 preparative column) providing
o/
é\(}l

\
=z

" AMCS5CI in 48% yield."H NMR (600 MHz, BO, 323 K):§ =
8.33 (d, 2H,J = 7.2 Hz), 7.97 (d, 2H] = 3 Hz), 7.61 (dd, 2H] =
7.2 Hz, 3Hz), 4.19 (s, 4H), 4.02 (s, 4H), 3.59 (t, 81,5.4 Hz), 3.06-3.01 (br, 8H),
2.92 (s, 6H), 2.90 (s, 6H}’C NMR (150 MHz, RO, 323 K):5 = 164.6, 148.4,
142.0, 137.8, 129.8, 127.8, 55.1, 52.5, 51.6, 48.8, 36.6, 36.4. HR-MS m/z: 625.277
[M+H] +, calcd [Q8H43C|2N804]: 625.2779.

CLaNP-5-OMe
5:81{31 Meow\?}o To a solution of8a (155 mg, 1 mmol) in 10 mL dry
© N;?AN“N] ) CH,ClI, thionyl chloride (143 mg, 1.2 mmol) was dropwise
NN P added at @C with continuous stirring for 2 h. Few drops

Q
+ N _s-§
I NS
.

of MeOH were added to quench the excess thionyl chloride
and the reaction solvent was dny vacua The crude
precursor without any purification was redissolved in a 10 mL MegNition
containing kCOs; (207 mg, 1.5 mmol) anda (126 mg, 0.4 mmol) and the reaction
was stirred at 50°C for 1 day. After filtration with celite, the filtrate was
concentration under vacuo and dissolved in 66 mL of 3M NaOH/1,4-dioxane
(v:v/3:20) solvent mixture. The crude reaction mixture was stirfi@d 4 h,
neutralized with acid resin, filtered off, and the filtrate wasevaporated with
toluene twice. To a solution of crude residues (44 mg, 0.08 mmol) in NyRL
dimethylformate NHS (36 mg, 0.3 mmol), EDC (60 mg, 0.3 mmol), and arhiyleet
MTS (46 mg, 0.2 mmol) were added. The reaction was stirred abRI6fh and
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then diluted with 5 mL water. The crude aqueous solution was pubfiedPLC
(0.1% TFA and a 0-25% acetonitrile gradient on C18 preparative columr\ioler

title compound in 15% vyield over 4 stegsl NMR (600 MHz, BO, 323 K):5 =

8.40 (d, 2HJ = 7.2 Hz), 7.59 (d, 2H] = 3.6 Hz), 7.26 (dd, 2H] = 7.8 Hz and 3.6

Hz), 4.27 (s, 4H), 4.01 (s, 6H), 3.72 (s, 4H), 3.58 (t, 3H,6.6 Hz), 3.48 (s, 8H),
3.44 (s, 6H), 3.43 (t, 4Hl = 6 Hz), 3.19 (br, 8H):*C NMR (150 MHz, DO, 323 K):

0 =146.1, 1425, 116.4, 113.5, 58.0, 55.5, 53.0, 51.5, 50.4, 49.9, 39.6, 36.1. HR-M:
m/z: 837.2762 [M+H)], calcd [G2HsaNgO10Ss]: 837.2762.

CLaNP-5-Cl
_2_51 : I”\'l“o The title compound was prepared by following the same
° Ngﬁ[wmwj ’ protocol with CLaNP-5-OMe and purified by HPLC
- NUNJNXS%/ (0.1% TFA and a 0-25% acetonitrile gradient on C18
N : ° preparative column) providingLaNP-5-Cl in 20% vyield.

'H NMR (600 MHz, DO, 323 K):5 = 8.38 (d, 2H,) = 6.6
Hz), 7.99 (d, 2H,) = 2.4 Hz), 7.67 (dd, 2H] = 6.6 and 3 Hz), 4.19 (s, 4H), 3.87 (s,
4H), 3.60 (t, 4H,) = 6 Hz), 3.54 (s, 8H), 3.45 (s, 6H), 3.35 (t, 4H 6 Hz), 3.17 (br,
8H). 1*C NMR (150 MHz, RO, 323 K):5 = 146.6, 142.0, 137.5, 129.9, 128.1, 55.4,
52.3, 51.8, 50.5, 49.4, 39.6, 36.1. HR-MS m/z: 845.1774 [Ni+kdhlcd
[CaoH47CloNgOsSy]: 845.1771.

Preparation of the lanthanoid complexes

To a solution of theAMC5 derivatives (6 mg ~ 10 mg) in 10 D,O was
added 1.1 equiv of Ln(OAg) The solution mixture was stirred at RT for 12 h and
monitored by LC/MS spectroscopy. When the fra®IC5 derivatives were
completely converted to lanthanoid complexes, the solution mixture wsdivith
400 uL DO and the pD value was adjusted until 7 by using NaOD. The complexes
without further purification were directly used for NMR expegitts. The'H, 2D
EXSY and COSY spectra were recorded on a Bruker Avance Il 66z M
spectrometer at 298 K.

Paramagnetic Probe Attachment
The lanthanoid complexes @LaNP-5 and CLaNP-5-OMe and attachment
experiments were prepared according to reported protbtThe probe attached
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Ub A28C/D32C sample was concentrated to pD@&nd purified over a Superdex 75
gel filtration column. The vyield of labeling, estimated from theenstty of
diamagnetic peaks in th&lN, *H]-HSQC spectra of samples with paramagnetic tags,
was more than 90%. The mass of the resufiNgUb Yb-CLaNP5-OMe (9534 + 1

Da) agreed with the expected mass of 9535 Da, assuming ®6&trrichment. The

Ub A28C/D32C protein expression and purification were kindly performed by
Carlos Castaneda (University of Maryland). The NMR sampldgbof.n-CLaNP5

and Ub Ln-CLaNP5-OMe (100-2QM) were prepared in 20 mM HEPES, 100 mM
NaCl buffer and pH = 7.2 with 6% (v/v).D. All [N, *H]-HSQC were recorded on

a Bruker Avance Il 600 MHz spectrometer and data were processed witfP§MR
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Chapter V

The application of spin labels
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Abstract

Nitroxide radicals are commonly used as a paramagnetic cemt@leictron
paramagnetic resonance spectroscopy and nuclear magnetic resspesicEscopy.
Compared with other paramagnetic centers, such as lanthanoid chptatieg, the
small size of nitroxide radicals is advantageous. Among all of thexide radicals,
S(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesdthioate
(MTSL) is the most widely used probe. However, the flexible lidanplicates the
data analysis. To overcome this drawback, a new doubled-armeddetfmeibe and
a pyridyl-MTSL analog were synthesized. The results showedthieadoubled-
armed nitroxide was unstable after attaching to protein. Also, nitroadieals were
introduced on an inhibitor of P450cam and the cocrystal structures weliaeabt
These results suggest that substrate/inhibitor functionalized nitreagiésals might
be a potential approach to study protein-ligand complexes.
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Introduction

In recent years, nitroxide radicals have not only been used fomiieitey
protein topography, local and global structure and dynamics by electron
paramagnetic resonance (EPR) spectrostpput also for characterizing the
dynamic complexes and low populated states of proteins by nutlagnetic
resonance (NMR) spectroscopy.Among all of the nitroxide radical probes, MTSL
is the most widely used (Chart 1). It can be site-specijitialked to a proteirvia a
disulfide bridge to a Cys residue that is introduced by site-dulatiutagenesis. The
small size of MTSL is advantageous in comparison with other paratiagesters,
such as lanthanoid chelating probes. The relatively small probe islynbkeisturb
the structure and the exposed hydrophobic surface of the labelehgrbtewever,
the mobility of the nitroxide group due to the rotatable bonds comithtedata
analysis. It is for the reason that an ensemble of nitroxide @usitias to be used to
properly represent thparamagnetic center. To reduce the mobility of MTSL, two
approaches have been developed. One of those is generating a second &ek betw
the nitroxide probe and a protein. Several bifunctional probes havedpeted, as
shown in Chart 1, and used for EPR studi&s® The other approach is to introduce
a bulky group next to the attachment site. Due to steric effaetéternal motion of
the nitroxide probe is reduced and one of those derivatives, HO-3606, is shown i
Chart 1'°*'%n this chapter the synthesis of a new double-armed spin label (DASL),
HO-3606 and several inhibitor-based nitroxide probes is described. prases
offer new approach for paramagnetic NMR studies on protein-proteipratein-
ligand complexes.

o o o
N N N
Q)7 Q = Q = 1%
§ S *\f.‘lrS / N\ 7§*S S—-S—
o o) - 0 o)
MTSL HO-3606 HO-1944

; ° % ¢ OI

s_0 05 S0

N /770 o\
(S,8)-BSL 2,2E-BSL
Chart 1. Structures of published spin label probes. Single-armed probest'fiTHO-
3606°% double-armed probes: HO-194% (S,S)-BSI** and 2,2E-BSI*
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Results and Discussion
Synthesis of double armed spin label (DASL)

According to the literature, several bifunctional nitroxide probes have bee
developed (Chart 1). However, those probes have some drawlpackexample,
2,2E-BSL is a water-soluble bifunctional probe, but two diastereocisomers are
generated when it is attached to a prot&iin contrast t®,2E-BSL, the other two
bifunctional probes,HO-1944 and (S,S)-BSL, have aC2-symmetry. TheC2-
symmetricHO-1944 circumvents the problem of diastereoisomers, but the structure
of the attachment site is slightly altered when this rigid prbdinked to a
protein?®? For (S,S)-BSL*®, the inefficient labeling results in single- or double-
armed attachment. The single-armed labeled protein has to be reropved
additional thiol reactive column, which complicates the purificationraddces the
yield. Moreover, the long linker might be a potential drawback of bifanati
nitroxide probes due to their flexibility. To enhance the rigidity daokeling
efficiency, a modified double-armed spin lab&ASL) was designed and the
synthesis ofDASL is depicted in Scheme 1. A commercially available radical
compound 3-Carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl was treatddTsCI
in pyridine to yield the cyanid&. The treatment of with potassium cyanide gave
di-functionalized?. After hydrolyzing the cyano groups, the di-carboxylic &das
obtained. Finally, the carboxylic acid was coupled with aminoethyEMielding
DASL. EPR was used to determine the amount of radical iD&®L samples.

¢ ¢
NC N HO,C  CO.H
trans-2 cis-2 trans-3
o
N
_4d .
J/NH HN
\\ S IS //
O \
DASL

Scheme 1Synthesis of DASL. (a) TsCl, pyridine, RT, 36 h; (b) KCN; jd)aOH; ii) HCI;
(d) aminoethyl-MTS, NHS, EDC, DMF, RT, 30 h.

104



To demonstrate the rigidity of double-armed labellD4SL was attached to a
model protein, Paz E51C/E54C. Paz was reduced with DTT in an ifcddoat h,
washed, reacted with 10 equiv. excBgsSL for 1 h, and purified by Superdex 75
column (GE Healthcare). For comparison MTSL was attached tdEBA€. Both
proteins were kindly provided by Dr. Monika Timmer (Leiden Universihst.
Chemistry). HSQC and EPR spectra of the tagged proteins werediately
recorded after labeling. In Figure 1, th€N, *H]-HSQC spectra of MTSL and
DASL labeled Paz as well as the ratio of paramagnetic and diantageaks are
presented. MTSL shows a stronger PRE effect dv@BL. This unexpected result
might arise from the low labeling efficiency or the instabibfythe probe itself. In
order to quantify the degree of labeling, the protein sample wakeaihdy EPR
(Figure 2) and LC/MS. The EPR spectra were kindly measurédrb¥artin von
Son. The EPR experiments showed that only 30% of the sample wasaga&dia)
whereas the LC/MS showed that the labeling was more than 95%n(datshown).
The MS data rule out the possibility of inefficient labeling and sti@#DASL was
attachedvia both arms. Further tests demonstrated that, the nitroxide radifraeof
DASL slowly decomposed when it was prepared as a stock solutioM8CDand
stored in a fridge. Also, the excess DTT coming from the awmivagtep might
reduce the radical. To avoid those possibiliti28SL solution was prepared freshly
and the excess DTT was removed carefully (see protein labelipgriment).
However, the EPR results had no significant improvement. The scaffDlASKE is
a saturated five-membered ring, pyrrolidine, and it presents semifyc higher
mobility compared with an unsaturated five-membered ring, pyrrblingeveral
pyrrolidine ring based spin label probes have been studied and tegtquateins,
suggesting that such probes are still stable, although information &leosiability
was not reported explicitly. The degradationDASL attached to Paz could be a
consequence of decreased stability of the mobile five-membered Inng§az
E51C/E54C, the attachment site is located in a loop region and taercgidbetween
the two cysteines is around 10A, which could cause stralDABSL attachment
because the maximum distance that can be spanned by the aarosirid 10 A.
Although DASL was successfully tagged on the test protgan two arms, the
flexible saturated pyrrolidine may be further twisted by tti@chment, which could
result in a more reactive nitroxide. Hence, another test proteintwid cysteines
closer together could be tested to check whether that yields a more stable probe
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Figure 1. The HSQC spectra and PREs effect of MTSL (A, B) and DR®BEled Paz (C,
D). (A, C) Overlay of PN,'H]-HSQC spectra of MTSL (Red) and 1-Acetyl-2,2,5,5-
tetramethylA3-pyrroline-3-methyl methanethiosulfonate (Blue) tagged Pal1C (A) and
DASL (Red) and reduced DASL (Blue) tagged Paz E51C/E54C (CP)XBardldia plots of
the spectra in panel A (B) and C (D). MTS and DAS araltamagnetic controls of MTSL
and DASL, respectively.
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Figure 2. The EPR spectra of MTSL labeled Paz E51C (A) and DASL ESB4TEB). The
EPR spectra were recorded at ambient temperature.
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Synthesis of functionalized spin label

In 2011, Prof. Hubbell and co-workers published a rigid spin |&b@L3606,
which is a 4-pyridyl analog of MTSt?® This substituted probe displays highly
restricted motion and the EPR spectra were similar to the 4¢blemalog of
MTSL,*** for which a single rotamer was found in the crystal structureagged
protein (PDB code 1ZUR). In contrast, two rotamers were found inctyetal
structure of MTSL tagged proteld® The observed PRE effects agreed with the
theoretically predicted result using a single nitroxide position instead of an easembl
Consequently, the data analysis can be simplified by @606 The synthesis
of HO-3606 is depicted in Scheme 2. Following the literature protocol,
commercially available 4-Oxo-TEMPO was treated with NaOBglding the
Favorskii rearranged produét. The carboxylic acid group dfc was activated with
ethyl chloridocarbonate and reacted with NaBiobtain6b. Oxidation of6b with
CrGs in pyridine gave aldehydé Compound7 was submitted to Suzuki condition
to yield 8. Treatment o8 with NaBH, in ethanol and conversion of the hydroxyl
group in9 into a chloride yieldedO. Finally, the chloridelO was transformed with
NaSSQCH;sin a solution mixture of acetone and water, yieldi#@-3606.

_9 . —> (0]
1\

s

(0]

HO 3606
Scheme ZSyntheS|s of HO-3606. (a) NaOBr, water/1,4-dioxane; (b) GEE@EEN, ELO,
0°C to RT, 3 h; (c) NaBE EtOH, 0°C, 4 h; (d) Cr@, pyridine, 0°C, 30 mins; (e) Pd(PR),
dioxane, 3-pyridineboronic acid; (f) NaBHEtOH, 0°C, 4 h; (g) i) MsCl, CHCI,, 0°C; ii)
LiCl, acetone; (h) NaSSQOH; acetone/water, 40C
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Synthesis of 1-phenylimidazole analogs

A new approach to use paramagnetic centers to study protein comjdexe
label enzyme ligands or inhibitors with a paramagnetic centerhtghtights the
active site and interaction surface of the enzyme upon formatidadheoprotein-
ligand complex. 1-phenylimidazole (1Pl) is a known inhibitor of P450cam and the
co-crystal structure was solved by Poulos and How&rthe crystal structure (PDB
code 1PHD) shows that the imidazole ring of 1PI sits above the &waétie phenyl
group occupies the camphor binding site (Figure 3A). Based on the cd-crysta
structure, several 1P| analogs were synthesized and used fomgttildgi protein-
ligand interaction. The synthesis of 1Pl analogs is shown in Scli&enkhe
compoundsl 3?1 and142°°2°* were activated with HATU and coupled with spin
labeled15 yielding target molecule$PIP-para and 1PIM-para. In order to have
diamagnetic controls, the nitroxide radical was blocked with a methyl grouprgy us
FeSQ'7H,0, H,0, and DMSQO:%%%%

H
| A O N O
e QL P0G
4> —_— —_—
N N
OH 15 i
& Q2
11 = 4-iodobenzenamine 13 = para 1PIP-para 1PIP-dia
12 = 3-iodobenzenamine 14 = meta 1PIM-para 1PIM-dia

Scheme 3 Synthesis of spin labeled 1-phenylimidazole analogs. (a) imida2oleKsP O,
DMF, 40°C 40 h; (b) HATU, TEA, DMF, RT, 12 h; (c) Fe$@H,0, H,0,, DMSO.

P450cam crystallization
For protein-substrate/inhibitor recognition, conformational changes play an

important role. Generally, X-ray crystallography provides aggiteorward manner

to visualize the recognition. Recently, Prof. Goodin and co-workers egpibrat the
substrate recognition of P450cam occurs by a stepwise mechaniswhjch the
closed, intermediate, and open conformations are invéfiedere, the 1P| analogs
were also co-crystallized with P450cam by Mr. Yoshitaka Hiruthaiden
University, Inst. Chemistry) and P450cam was kindly provided by Dr. kéoni
Timmer (Leiden University, Inst. Chemistry). The co-cryssaiuctures of 1Pl
analogs with P450cam were solved by Mr. Erik van Orlé and Dr. N&aanhu
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(Leiden University, Inst. Chemistry). They exhibit an open confoonati
Interestingly, the para-substituted 1PIP-dia presents a revewmsddrmation in
comparison with 1Pl (Figure 4B). The nitroxide points to the haem ironttend
imidazole ring sits in the channel. In contrast, the imidazole rimged&-substituted
1PIM sits above the haem and the nitroxide is oriented forward tmaehd hese
results could be explained by the structure of active site. The-position of 1PI
points to the active channel and, conversely, the para-position fad&$5@zam
side-chains. Thus, linkage of groups to the para-position resultsténi@clash with
the protein, which explains the observed reverse orientation of the (ig@pude 4E).
The EPR spectra showed tHERIM-para is immobilized by P450cam (data not
shown). Further studies of the protein-ligand interaction are beingd¢aut by Mr.
Martin von Son and Dr. Martina Huber (Leiden University, Inst. Physics).
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Figure 4. Crystal structures of 1Pl and 1PI analogs. (A) The crystattete of 1PI with
P450cam (closed state) (PDB code 1PHDYB-D) The crystal structures of 1PIP-dia (B),
1PIM-dia (C), and 1PIM-para (D) with P450cam C334A present in the sta@. The
proteins are shown in grey, the haem in purple, the carbons of 1R$ amhlogs in green,
nitrogens in blue and oxygens in red. (E) Detail of the crystattstre of 1PIM-dia. The
P450cam is shown in grey surface, haem in magenta, 1PIM-diaen,gand 1Pl in yellow.
Note that the para-position of 1P| faces the protein, wheteasneta-position faces the
substrate channel in the open state.
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Conclusion

Rigid spin label probes were successfully synthesized and taggediest a
protein. The EPR spectra clearly showed that the mobility dfepveas reduced due
to two-point attachment. However, the nitroxide of DASL is unstabér aftaching
to this model protein. A possible explanation is the combination of steaised by
the attachment site and the mobility of the saturated five-ragedbring. Hence,
another test protein with closer cysteines should be tried to isktéié power of
DASL.

Substrate/inhibitor analogues can be considered the next generation of probe:
which can interact with a designated target protein. In this contéxt
phenylimidizole derivatives, inhibitors of P450cam, were synthesizetl the
ligands were co-crystalized with P450cam. The imidazole ring oMif4 and
1PIM-para sits above the haem iron and the nitroxide sits in the channel. Bgtontra
the nitroxide group faces the haem iron in the case of 1PIP-dia. Bo#nalbs are
locked in the substrate channel, forcing the protein to be in an ogen Higse
initial results suggest this approach is promising for the stddgratein-ligand
complexes. The spin labels in the P450cam analog may help to studiyntraics
of the opening and closing in solution using PRE NMR spectroscopy.

Methods and Materials

Compound]_205’206, 2207’ 3207’ 8195, 9195’ 10195’ HO-3606195, 13200.201 5, 44 4200.201
were prepared according to the literature methods. All other chenwere used as
purchased without further purification. TLC-analysis was conducted on DGliatuf
(Merck, Kieselgel60, F254) with detection by UV-absorption (254 nnigshF
chromatography was performed on Screening Devices silica gel 600({0®4nam).
A Biocad Vision HPLC (PerSeptive Biosystems, inc.) and an AksacHaPLC (GE
Healthcare Inc.) were used for purifications. Analytical, serpgmative, and
preparative reversed phase C18 columns were obtained from Phenomenex (Torranc
CA). Superdex 75 column was obtained from GE Healthcare. NMR speetey
recorded on a Bruker AV-400 (400/100 MHz) and Bruker Avance-Ill 600 (600/150
MHz) spectrometer. A LCQ LCMS system and a Finnigan LTQ t@qbisystem
were used for HRMS and protein conjugation analysis. FTIR wasrpetbon a
Perkin-Elmer (Shelton, CT) Paragon 1000 FTIR spectrometer. Meltingspeare

obtained using a SMP3 scientific melting apparatus (Stuart, Bibby Sterlin Ltd.)
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o DASL
‘N To a solution of3 (300 mg, 1.3 mmol) in DMF (11 mL) was added
OﬁNH o NHS (320 mg, 2.7 mmol), DMAP (340 mg, 2.7 mmol), and
IS 0 aminoethyl-MTS (654 mg, 2.7 mmol) and the solution mixture was
(;”S/\ cooled to 0°C. DCC (557 mg, 2.7 mmol) dissolved in 1 mL DMF
was then added to the solution mixture and the reaction was alloweadve to RT
and stirred continuously for 16 h. The DMF was removed under vacuo and the
residue was diluted with chloroform (20 mL). The organic solution wahedwith
NaHCG;q) dried by MgSQ, concentrated under vacuo and purified by silica
chromatography. The title compound was obtained in 60% vyiglds 25 (5%
MeOH in CHCl,). HR-MS m/z: 505.1038 [M+H] calcd [GH1sN>O]": 505.1039.

Q
WS
S
@)

Protein labeling experiment and NMR spectroscopy

To attach DASL to the Paz, protein sample (1 mL, 150 ~u3@Pwas treated
with DTT (final concentration 5 mM) at O °C for 1 h to remove posgibieers. The
reaction mixture was loaded on a PD-10 column (GE Healthcaeegquilibrated
with labeling buffer (20 mM sodium phosphate, 150 mM NacCl, pH 7.0) to remove
DTT. Instead of regular 3.5 mL eluent collection, 3 mL eluent wakeated.
Although the protein sample might partly lost, the excess DTT carerneved
efficiently. To avoid any reoxidation by air, the buffer was dsgd and the PD-10
column kept under an argon atmosphere. To the eluted protein 10 equiwdlents
DASL or MTSL and their control were added. Those compounds were didsolve
DMSO and prepared freshly. The solution was stirred 1 h at 4 °C.pidize
attached Paz sample was concentrated tqubQhd purified over a Superdex 75 gel
filtration column. The purified DASL tagged protein was separtigd/o portions,
one was for paramagnetic sample and the other for diamagnetioolco~or
diamagnetic control, five equiv. sodium ascorbate were added to reducalited.
The NMR and EPR spectra were immediately recorded aftgrlegreparation. For
EPR and NMR sample, Paz spin-label (100 ~ iB0) were prepared in 20 mM
sodium phosphate, 150 mM NaCl buffer and 6% (v @t pH = 7. All °N, *H]-
HSQC were recorded at 298 K on a Bruker Avance Il 600 MHztspweter. Data
were processed with NMRPipe and analyzed with CCPNMR Analgsision 2.1.
Assignments of the resonances were based on previous work.
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o 4-bromo-3-(carboxylic acid)-2,2,5,5-tetramethyl-2,5-dihydro-1H-
>Siz< pyrrol-1-yloxyl radical (4c)
s’ ‘coon A solution mixture of HO (100 mL) and 1,4-dioxane (25 mL)
containing 4-Oxo-TEMPO (5 g, 29.4 mmol) and NaOH (5 g, 125 mmol) was added
over 10 min into a 150 mL NaOBr solution which was prepared by mL) and
NaOH (20 g) at -2 to -8C. The reaction mixture was stirred at the same temperature
for another 20 min, followed by adding 203 (2 g) in 6 mL HO and the reaction
was heated until 38C for 30 min. After cooling to 0 ~ 8C, the precipitate was
filtered off and the filtrate was acidified by using concentrd€l to yielding pure
compounds (40 %). Spectroscopic data were in agreement with those reported in the
literature?®® HR-MS m/z: 264.0230 [M+H] calcd [GH14BrNO3]*: 264.0229.

o 4-bromo-3-(hydroxymethyl)-2,2,5,5-tetramethyl-2,5-dihydro-1H-
% pyrrol-1-yloxyl radical (6b)
s/ “—ou TO adry solution ofic (1 g, 3.8 mmol) and TEA (0.56 mL, 4.6 mmol) in
Et,O (40 mL) was added ethyl chloridocarbonate (500 mg, 4.6 mmol) un¥@r 0
and then the reaction mixture was stirred and allowed to warm up & 3 h.
The reaction was extracted with water, dried by Mg8@d concentrated without
further purification. The concentrated residue was dissolved in 4 mL EtOH under -3C
~ -40 °C and NaBH (56 mg) was added into the solution mixture, stirring was
continued for an additional 2 h a®G. When the reaction was finished, the solvent
was removed by vacuo and the residue was diluted witlCGHvashed with brine,
and recrystallized by using toluene. The title compound was obtairisi®snyield.
Spectroscopic data were in agreement with those reports in the litéPARre.0.26
(PET/ETOAC, 3/1). HR-MS m/z: 249.0359 [M+HEalcd [GH16BrNO,]": 249.0359.

o 4-bromo-3-formyl-2,2,5,5-tetramethyl-2,5-dihydro41H-pyrrol-1-

yloxyl radical (7)
B =0 A solution mixture of Cr@(1.33 g) and pyridine (2.16 mL) in 6.7 mL dry
CH.CI, was stirred for 15 mins in an ice bath, after wsth(562 mg, 2.3 mmol)
dissolved in 3.3 mL dry C¥Cl, was added. After an additional 20min stirringzGEt
was added into the mixture and the precipitate was washed wih Hie E£O was
collected, washed with 5% Hgd, water, sat. NaHC#) brine, dried by MgS@and
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purified by silica column chromatography. Spectroscopic data wesgrieement
with those reports in the literatulf® R; = 0.77 (PET/EtOAc, 3/1).

4-(1H-imidazol-1-yl)benzenamine (13)
The title compound was prepared according to literature procedtifésH
NMR (400 MHz, d-MeOD): § = 7.91 (t, LHJ = 1.2 Hz), 7.37 (t, 1H] = 1.2
() H2. 722 (dt, 2H) = 8.8 Hz,J = 3.2H2), 7.08 (t, 1H) = 1.2 H2), 6.79 (td,

2H, J = 8.8 Hz,J = 3.2 Hz).**C NMR (100 MHz, 4-MeOD): § = 149.3,
136.9, 129.4, 129.0, 123.9, 120.3, 116.7. FTIR: 3340.7, 3184.5, 3113.1, 1608.6
1517.9, 1253.7, 827.5 ¢ HR-MS m/z: 160.1076 [M+H] calcd [GHiNg]"
160.0869.

NH,

w, 3-(1H-imidazol-1-yl)benzenamine (14)
@ The title compound was prepared according to literature proceddlifes.
& 4 NMR (400 MHz, CDCJ): 5 = 7.81 (s, 1H), 7.22-7.15 (m, 2H), 6.75-

N 6.72 (m, 1H), 6.66-6.64 (m, 2HFC NMR (100 MHz, CDGJ): 5 = 147.9,
138.2, 135.4, 130.5, 129.9, 118.1, 113.7, 110.9, 107.5. FTIR: 3415.9, 3340.7, 3199.
3111.2, 1606.7, 1458.2, 1234.4, 1055.0, 740.7.dAR-MS m/z: 160.1076 [M+H]
calcd [GH10N3]*: 160.0869.

o} 1PIP-para
HNJ\%Q To a solution of1l3 (283 mg, 1.8 mmol) in 20 mL DMF was added
<> HATU (640 mg, 2 mmol). After stirring for 30 second, spin lab&ed

N (334 mg, 1.8 mmol) was added into the mixture. The reaction was
M allowed to stir at RT for 16 h. The residue was diluted in water
extracted with ChCl,. The organic layer was dried by Mgg{Ciltered and
concentrated. The concentrated crude compound was purified by HPLC (0.1%
NH4OAc and a 10-50% acetonitrile gradient on C18 preparative column). FTIR:
3493.1, 3304.1, 3228.8, 3134.3, 2978.1, 2935.6, 1668.4, 1521.8, 1319.3, 1068.6 cir
HR-MS m/z: 326.1737 [M+H] calcd [GgH2oN4O4]*: 326.1737.
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o. 1PIM-para
H N Following the same protocol witAPIP-para, 1PIM-para was
@N% synthesized and purified by HPLC (0.1% M¥\c and a 10-50%
! ° acetonitrile gradient on C18 preparative column). FTIR: 3448.7,
&,3 3253.9, 3205.7, 3082.3, 2978.1, 2931.8, 1664.6, 1600.9, 1550.8,

1440.8, 1217.1, 796.6 ¢ HR-MS m/z: 326.1738 [M+H] calcd [GgH2N4O3:
326.1737.

(178 mg, 0.98 mmol) was dissolved in 10 mL DMSO, and then

@W H>O, (140 uL, 1.43 mmol) was added into the reaction mixture.

N After stirring for 1 h at RT, the residue was diluted with wated
extracted with CHCl,. The organic layer was dried over MgsChiltered,
concentrated under reduce pressure and purified by HPLC (0.2% TFRA25:d45%
acetonitrile gradient on C18 preparative column) yielding colorlessPdR-dia (30
mg, 18%). R= 0.75 (10% MeOH in CCl,). 'H NMR (600 MHz, 4-MeOD): § =
9.42 (s, 1H), 8.04 (t, 1H,= 3 Hz), 7.91 (t, 2HJ = 13.2 Hz), 7.75 (t, 1H] = 2.4 H2z),
7.67 (t, 2H,J = 13.2 Hz), 6.44 (s, 1H), 3.75 (s, 3H), 1.48-1.38 (br, 12{).NMR
(150 MHz, d-MeOD): § =165.6, 141.9, 141.3, 141.0, 135.6, 131.9, 124.1, 122.9,
122.8, 121.9, 72.7, 69.8, 65.7, 27.5, 21.4. FTIR: 3111.2, 2974.2, 2935.6, 1666.5
1521.8, 1197.8, 1128.4, 829.4, 719.5crhiR-MS m/z: 341.1974 [M+H] calcd
[C1oH25N405] *: 341.1972.

o 1PIP-dia
E‘Sﬁvows A mixture of 1PIP-para (160 mg, 0.49 mmol) and Feg®H,O

ocH, 1PIM-dia
Hwik Following the same protocol witHPIP-dia, 1PIM-dia was
@ o synthesized and purified by HPLC (0.2% TFA and a 25-45%
@W acetonitrile gradient on C18 preparative colunfi). NMR (600
MHz, d*-MeOD): & = 9.46 (s, 1H), 8.24 (s, 1H), 8.06 (s, 1H), 7.77
(s, 1H), 7.65 (d, 1H) = 8.4 Hz), 7.58 (t, 1H] = 8.4 Hz), 7.44 (d, 1H] = 7.8 Hz),
6.45 (s, 1H), 3.78 (s, 3H), 1.47-1.37 (br, 12BE NMR (150 MHz, 8-MeOD): § =

165.7, 142.0, 141.5, 140.9, 136.8, 135.9, 131.9, 122.9, 122.8, 122.1, 118.9, 115.1
72.8, 69.9, 65.7, 29.4, 23.2. FTIR: 3410.1, 3128.5, 2991.6, 1666.5, 1606.7, 1170.¢
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1130.3, 796.6, 719.5 ¢ HR-MS m/z: 341.2152 [M+H] calcd [GoH2sN4O2]":
341.1972.
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Chapter VI

General discussion, conclusions and
prospects
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The majority of the work presented in this thesis involves the desngh
synthesis of paramagnetic NMR probes, including lanthanoids caged prolssrand
labels. An overview of the development of different types of lanthanocated
probes is given in Chapter 1. In order to design a proper paramagnétg geveral
issues have to be considerédThe ligand must rigidly bind to the lanthanoids with
high-affinity. ii) The symmetry of the probe is importaiiit) Site-specific labeling is
necessary for generating unambiguous paramagnetic restraints. DQTA, a
octadentate ligand, is an outstanding lanthanoids cage compared with satblras
DTPA. It rigidly coordinates to the lanthanoids due to the macrocyrig and
presents high thermal stability. Among all of the reported lanthanaidepr the
caged lanthanoid NMR probe version 5 (CLaNP-5) shows the largeshagnetic
effects due to the fact that it is tagged to proteiastwo-point attachment and its
free complex presents a single conformation. The attachmenalsdeplays an
important role in getting optimal paramagnetic effects. Generhlibservations for
a CLaNP binding site have been reported by Keiees ! It was reported that the
distance between theoCatoms of the two cysteines should be roughly 8 A.
Moreover, the incorporated cysteines should be solvent-exposed, wiitiesaff
room for the CLaNP, so not in a cleft. For rigid attachment;-halix (at positions i
& i+3 or i & i+4) or ap-sheet (at positions i & i+2) are ideal locations. Cross-strand
attachments have not been reported for CLaNPs. Such cross-links wizufdre
with the natural dynamics of the protein. In the case of CLaNR«b pyridineN-
oxides were introduced to the opposite sites of DOTA ring for readasyanmetry
and disulfide bridges were employed in site-specific labelingnoigh CLaNP-5 is
successfully applied to study proteins and protein complexes, the argeabf Ln
CLaNP-5 complex and the weak disulfide linker are the drawbacks.

Development of next generation lanthanoid-chelating probes
In Chapter 2, the replacement of pyrididexide withp-nitrophenol produced

a next generation probe, CLaNP-7. The phenolic groups are deprotonated upo
coordinating to lanthanoids, giving a lanthanoid complex with one positive charge.
In the case of CLaNP-9 (Chapter 3), the linkers were rearrangbdrmetaposition

of pyridineN-oxides, keeping the carboxylic acids as the ligands to reduce the nef
charge of lanthanoid complexes. The introduction of carboxylic acid gatime
functional groups such as phosphonic and sulfonic groups on the cyclen ring or th:
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ethylene of chelating arms may be an alternative approa@utee the net charge.
Another advantage for adding hydrophilic groups is that the undesired
hydrophobicity, which arises from the exposed cyclen ring afterhattyat, can be
balanced.

Cysteine is the most commonly modified residue for paramagmpetibe
attachment. The thiol group can undergo disulfide exchange to form disulfi
bridges as well as Michael additional wiitB-unsaturated carbonyl compounds or
electron-poor ene to form a thio-ether. In order to enhance the tgtabilprobe
tagged protein, thio-ether linkage usingketobromide was utilized in CLaNP-9
(Chapter 3). Two vinyl functionalized dipicolinic acid based probese also
reported to form stable produéfs* Besides electron-poor vinyl group,
acrylates/acrylamides and methacrylates/methacrylamitieslsa be consideréd.

Bioorthogonal reactions are a new approach to rigidly tag a probe omnprote
surface at specific site. So far, only one example was reported based on thistapproa
by using copper catalyst click chemistfylt is clear that this method remains
unexploited and different types of bioorthogonal reactions such as photoclick
chemistry, norbornene cycloaddition, and [4+1] cycloaddition have to be catside
in the future*® The advantage of the use of bioorthogonal reaction is that the probe
could be attached to specific site without any side-products. Alsb pioae
attachment, using both a disulphide linkage and a bioorthogonal reaction rare the
possible. Disadvantages are that most of the unnatural amino aeidsotr
commercially available and that the linkers are generally lotigan disulfide
bridges and thioether bonds. Rigid probe attachment requires two-aradraght,
but we found that incorporation of two unnatural amino acids close togatlaer i
amino acid sequence affects the yield of the engineered protein quite riggative

The rigidity and chirality of next generation probes

CLaNP-7 and CLaNP-5-OMe (Chapter 2 and 4) tagged to a protein showed pH-
dependent and temperature-dependent magnetic susceptibility tenspestively,
due to the influence of neighboring amino acids. As a consequence twof sets
paramagnetic restraints were observed. These results point outothanly the
attachment site but also the conformation of the probe is importaobtan
unambiguous paramagnetic NMR restraints. Generally, DOTA-basetbe pr
undergoes enantiomerization and the exchange rate is on the NMR &laelsc
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solution the lanthanoid caged probes present a single enantiomeric pairebut
symmetry of probe is broken upon tagging on a protein surface and &fpair
diastereoisomers is obtained. As long as these diastereoisomesisndar to each
other, they may still present a single set of paramagneéctsffif the change in the
ligand orientation between the two diastereocisomers is somehowatedréd the
orientations of the arms and the protein, the two forms can exhifetredif Ay-
tensors and a second set of paramagnetic effects will be preserder to avoid the
enantiomerization, the decoration of amide arms with chiral cent€kaNP-5-like
paramagnetic probes may be one solution (Figure 1). The chiralityovde the
probe in a single conformation and the complementary conformation caasibe e
provided by using opposite chirality. In this way, two different aged magnetic
susceptibility tensors can be obtained.

0
1
s 7 —s-8 7
1 +) 1 +
- IN~ - IN s
L o T o G)
/? *’\ 4 \ * /
o) [N N] o) [N Nj
N N, O N N, O
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0 Y HN o] o HN o
Z N \—s—:&‘:,— Z N xs_é_
X 0 X 0

Figure 1. Structures of methyl functionalized CLaNP-5 like chiral probes

Development of substrate- and inhibitor- based paramagnetic probes

In Chapter 5, the co-crystal structures of protein with inhibiteedaspin label
probes were presented. These results show promise for an appnoadhich
protein-ligand interactions are studied by using substrate- and orhitimased
paramagnetic probes. Also, the dynamics of small compounds havelyrdamsi
studied by paramagnetic restraifff$?'’ Instead of functionalized protein, the
lanthanoids were linked to the oligosaccharides. Dedicated paramsatgand
derivatives represent a new alternative way for paramiagN®R to study protein-
ligand interactions. In order to obtain large and unambiguous effects the
paramagnetic center should be linked rigidly. CLaNP-11 and CLaNP-1dean
employed in this approackia copper-click chemistry due to the rigid and
stereoselective cyclic products. However, the aqueous solubilitgthed properties
of substrates and inhibitors may be influenced by the paramagestar, especially
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for lanthanoid ligands which are relatively large. Nevertheless, it can [seéor¢éhat
the future will bring the development of paramagnetic ligands for specific proteins
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Nederlandse Samenvatting

Paramagnetische kernspinresonantiespectroscopie is krachtig gerpedstha
eiwitstructuren mee te bepalen, om onzichtbare toestanden varemiwgithtbaar
meete maken, om de dynamica van eiwitten te observeren en orreiaiivien
eiwit-ligand interacties te bestuderen. Synthetische sondes wordetmatig
gebruikt om een paramagnetisch centrum op een eiwit aan te brengelmeHean
het onderzoek in dit proefschrift was om nieuwe paramagnetische stmdes
ontwikkelen gebaseerd op nitroxide radicalen of lanthanide ionen, om daar
vervolgens biomoleculen meete bestuderen. Een overzicht van de huidige o
lanthanide ionen gebaseerde sondes is gegeven in Hoofdstuk 1.

In Hoofdstuk 2 is een nieuwe paramagnetische sonde, CLaNP-7, beachreve
De netto lading van deze sonde is +1 in plaats van +3 zoals in des\site
CLaNP-5, doom-nitrophenol te introduceren als liganden voor de metaalApe
tensor van Yb-CLaNP-7 heeft een meer rhombisch karakter dan dieLeNP.

Dit zou kunnen komen door aanwezigheid van een negende ligand; eer
watermolecuul of een hydroxylion. Als er een histidine residue dicte buurt is

van de verankeringplaats van de sonde, lijkt het alsof de imidazol amijkete de
histidine een waterstofbrug vormt met het negende ligand, resulterezehipH-
afhankelijkeAy-tensor.

Zwavelbruggen worden veelvuldig gebruikt voor plaats-specifieke verankering
van paramagnetische sondes aan doeleiwitten. Maar deze zwaklentobinding
is instabiel onder reducerende omstandigheden. Om de stabiliteit vanatiering
van de sonde te verhogen zijn er twee verschillende aanpakken onderzocht i
Hoofdstuk 3. Benzylbromidey-ketobromide en primair bromide werden geplaatst
op paramagnetische sondes om zo een thio-ether te kunnen vormen. Van deze son
bleek het Ln-CLaNP-9 complex, gebaseerd opcekatobromide, stabiel te zijn in
waterige oplossing en kon succesvol op een eiwit worden geplaatst. Boveadien w
de verbinding stabiel onder reducerende omstandighedefy-Bansoren van Y8
en Tn?* in CLaNP-9 zijn bepaald met twee modeleiwitten. Daarom isebet
aantrekkelijke sonde voor paramagnetische kernspinresonantiespectroscopie.

Voor de bio-orthogonale aanpak is er een artificieel aminozpwazido
fenylalanine (AzF), succesvol geincorporeerd in T4 lysozym. Heleas de
reactiviteit van het eiwit twijfelachtig, gezien de resultatgavonden met

massaspectrometrie. Verscheidene azide bevattende reactieveengroeoals
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terminale alkyn en cyclooctyn, werden geintroduceerd op de sondesreaciie
gebracht met AzF-gefunctionaliseerde eiwitten. Uiteindelijk bleeik de
experimenten dat het bijzonder lastig en onpraktisch is om voldoende ophlisengst
verkrijgen voor kernspinresonantiespectroscopie.

In Hoofdstuk 4 zijn er derivaten van CLaNP-5 en een modelsysteem
gesynthetiseerd om zo een alternatieve methode te ontwikkelen omouotige
gegevens te verkrijgen van een enkele mutatieplaats. Elé
kernspinresonantiespectra van het modelsysteem laten zien datdegaetische
verschuiving aangetast wordt door de substituties op de sonde en dahd#s m
oplossing een enkelvoudig enantiomeerpaar vormen. Echtay-tmsoren bepaald
met eiwitdata laten zien dat CLaNP-5-OMe en CLaNP-5 vekgealig magnetische
susceptibiliteit tensoren hebben. Daaruit volgt dat veranderingen in @eriperan
het codrdinatiesysteem resulteren in te vergelijkidgréensoren om praktische nut
te hebben. Daarentegen, heeft de toegevoegde functionele groep (metlebxeghw
effect op het fysische gedrag van de sonde na verankering. Tweevasets
paramagnetische effecten waren aanwezig in het geval van CL&NReSwaar er
slechts een enkele set is voor CLaNP-5. Dit is waarsghkijtdi verklaren door
interacties van de sonde met de aminozuren in de omgeving, door de toegenomt
omvang van CLaNP-5-OMe. Deze bevinding, tezamen met die in Hoofdstukr2, late
zien dat zijketens van aminozuren directe interacties met de aandauinnen gaan
en op die manier het paramagnetisch gedrag kunnen beinvioeden.

Sondes op basis van nitroxide radicalen zijn beschreven in Hoofdstuk 5. Eer
twee-armige nitroxide sonde is gesynthetiseerd. Maar deze bleabi@hsha
verankering aan een modeleiwit. Een mogelijke verklaring hiervoor¢sméinatie
van spanning veroorzaakt door de verankeringplaats en de beweeglijkheid van d
verzadigde vijfring. Analoga van substraten en remmers kunnen worden gkzien
de volgende generatie van sondes, die een gerichte interactie kunrgamaanet
een doeleiwit. In dit hoofdstuk zijn derivaten van 1-fenylimidazol, remsnvan
P450cam, gesynthetiseerd en gekristalliseerd in aanwezigheid van P4%Bzam.
imidazolring van de meta-gesubstitueerde fenylring van 1-fenylimidag
gelokaliseerd boven het ijzeratoom van de heemgroep en de nitroxide in he
substraattoegangskanaal, waarbij het eiwit in een open toestandgedwdbngen.

Dit initi€le resultaat suggereert dat deze aanpak veelbelogewdor studies naar
eiwit-ligand complexen.
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In Hoofdstuk 6 zijn de toekomstperspectieven van paramagnetische sonde
geschetst en bediscussieerd.
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English Summary

Paramagnetic NMR is a powerful tool to determine protein strictto
investigate invisible states of proteins, to observe protein dynaamds study
protein-protein and protein-ligand interactions. Synthetic probes are copnosad
to introduce a paramagnetic center on target protein. The aim wdsbarch in this
thesis was to develop new paramagnetic probes containing nitroxidelgaglica
lanthanoids for the study of biomolecules. An overview of the cutegrthanoid
containing probes is given in Chapter 1.

In Chapter 2a new paramagnetic probe, CLaNP-7, is described. Its net charge
is +1, instead of +3 as in the successful CLaNP-5, which igaathiby introducing
p-nitrophenol as metal ligands.Thg-tensor of Yb-CLaNP-7 is much more rhombic
than for CLaNP-5. This might be due to the presence of a ninth ligamwaiea
molecule or hydroxyl ion. When a histidine residue is located atogeetattachment
site, the imidazole side-chain of histidine appears to form a hgdrbgnd with the
ninth ligand resulting in a pH-dependénttensor.

Disulfide bridges are widely used for site-specific attachnoémaramagnetic
probes to target proteins. However, this weak covalent bond is not stable unde
reducing conditions. In order to enhance the stability of the tag linkers,
approaches, thioether and bioorthogonal reactions, were investigated irChapt
Benzylic bromide, a-ketobromide and primary bromide were decorated on
paramagnetic probes in the case of the thioether approach. Among thes®, e
Ln-CLaNP-9 complex based on arketobromide was stable in aqueous solution
and successfully attached to proteins. Moreover, the linkage \wate sander
reductive conditions. Thay-tensors for YB" and Tni* of CLaNP-9 were defined
using two model proteins. It is therefore an attractive probe fanpmgnetic NMR.
For the bioorthogonal approach, an artificial amino apidzido phenylalanine
(AzF), was successfully incorporated in T4 lysozme. However rehetivity of
protein is questionable in the light of the results of mass reeetry. Several azide
reactive groups, such as terminal alkyne and cyclooctyne, wiosluced to the
probes and reacted with AzF functionalized protein. However, the engras show
that it is very difficult and impractical to obtain yields fatient for NMR
spectroscopy.

In Chapter 4, CLaNP-5 derivativesas well as a model system syethesized

to develop an alternative method for getting multiple data restrons a single
139



mutant site. ThéH NMR spectra of the model system show that the paramagnetic
shift is affected due to the substitutions and all present a snglgiomeric pair in
solution. However, théy-tensor based on protein data shows that CLaNP-5-OMe
and CLaNP-5 have similar magnetic susceptibility tensors. Consigueemote
changes in the coordination system resulhyrensors that are too similar to be of
practical use. In contrast, the additional functional group (methoxg8 dffect the
physical behavior of the probe after attachment. Two sets of pgratic effects
were present in the case of CLaNP-5-OMe, whereas a sirigéessen for CLaNP-5.
This could be explained by interactions of the probe with the surroundingp ami
acids, because of the increased bulkiness of the CLaNP-5-OMe.fiidisg,
together with that in Chapter 2, demonstrates that amino acid siths-clha readily
interact with the probe and influence its behavior.

Nitroxide radical probes are described in Chapter 5. A double-arrtredide
probe was synthesized. It was, however, unstable after attachingdaded protein.
A possible explanation is the combination of strain caused by #Hehatent site and
the mobility of the saturated five-membered ring. Substrate/iohibitalogues can
be considered the next generation of probes, which can interact wisignated
target protein. In this chapter, 1-phenylimidizole derivatives, itdribiof P450cam,
were synthesized and these spin label probes were co-crystaiibg@450cam. The
imidazole ring of the meta-position substituted phenyl ring of 1-pmajkole sits
above the haem iron and the nitroxide sits in the channel, forcing thenpootee in
an open state. These initial results suggest this approach isipgforsthe study of
protein-ligand complexes.

In Chapter 6, the future perspective of paramagnetic probes hasliseassed
and suggested.
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Appendix 1. Experimentally observed PCSs of Paz E51C/E54C Yb-CLaNP-7 plotted
against the back-calculated PCSs (Q = 0.06). The solid line rapgesperfect correlation.
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Appendix 2. pH dependence of CLaNP-7N, *H]-HSQC spectra of Cyt N56C/L58C
attached to Lu-CLaNP-7 (blue) and Yb-CLaNP-7 (red) at pH = 6.0 (A), pH = 7.0 (B) and pH
= 8.0 (C). Several PCSs are indicated with solid lines.
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Appendix 3. Comparison of the PCSs at different pH. (A) The experimentdderved
PCSs at pH 6 (blue) and 8 (Red); (B) Experimentally obdeP@Ss of Cyt N56C/L58C

Yb-CLaNP-7 at pH 6 plotted against the observed PCSs at pH 8 (Q =1.3).

Appendix 4. Experimentally observed PCSs of QyiN56C/L58C Yb-CLaNP-7 plotted
against the back-calculated PCSs at pH = 6 (A, Q = 0.03) ard KB, Q = 0.06). The
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Appendix 5. CLaNP-5 linked to Cytc. [*N, 'H]-HSQC spectra of Cyt N56C/L58C
attached to Lu-CLaNP-5 (blue) and Yb-CLaNP-5 (red) at pHG: 3everal PCSs are
indicated with solid lines.
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Appendix 6. Overlay of [°N, *H]-HSQC spectra of Cyt N56C/L58C/H39A attached to
Lu-CLaNP-7 (blue) and Yb-CLaNP-7 (red) at pH = 6.3 (@) Detail of [°N, *H]-HSQC
spectra of Ln-CLaNP-7 taggedN-labeled Cytc N56C/L58C/H39A. The spectra were
recorded at pH = 6.3 (black, Lu; red, Yb) and 7.8 (green, Lu; blue, Yb).
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Appendix 7. Experimentally observed PCSs plotted against the back-asduPCSs for
Cyt c N56C/L58C/H39A Yb-CLaNP-7 at pH = 6.3 (A, Q = 0.04) and pH = 7.8 (B, Q = 0.04).
The solid line represents a perfect correlation.
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Appendix 8. Model of CLaNP-7 linked to C34, C36 and H6 of the 134C/V36C mutant of
Paz. The position of Y% is shown in magenta. The protein main chain is shown in grey.
The Cys (134C/V36C) and the His 6 side-chains are shown in ClkKsc@he carbon atoms
from CLaNP-7 are shown in green, nitrogen atoms in blue, oxygen atorad and sulfur
atoms in yellow. The distance between ttié ¢ His 6 and the ligating oxygen atom is 2.4
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Appendix 9. Detail of [°N, *H]-HSQC spectra of Ln-CLaNP-7 taggéiN-labeled Cytc
N56C/L58C. The spectra of Elitagged protein were recorded at pH = 6 (blue) and 8
(black). The spectra of Ybtagged protein were recorded at pH = 6.0 (red), 6.6 (orange), 7.0
(cyan), 7.4 (brown) and 7.9 (green). Shifting resonances aredednby lines (a = basic
PCS, b = acidic PCS, ¢ = diamagnetic basic shift).
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Appendix 10. Comparison of CLaNP-5 and CLaNP-7. The experimentally observ&d PC

(A) and RDCs (B) of Paz E51C/E54C Tm-CLaNP-7 (blue) and TmNPL-8 (red) are
shown for each Paz residue.
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