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1 Paramagnetic NMR for protein studies
1.1 General introduction

Understanding protein structures at the atomic level is essential for investigating protein
function. Nuclear magnetic resonance (NMR) is one of the prominent techniques that can
obtain structure information with atomic resolution. The NMR observable most
frequently used for structure determination is the nuclear Overhauser effect (NOE), which
can generate structure information up to 5 A because it depends on dipolar interactions

between protons.2

Longer distance interactions were found by the study of metalloproteins,
containing unpaired electrons.>* The interactions between the unpaired electron and a
nucleus are referred to as paramagnetic effects, and thus the studies of these effects by
NMR are called paramagnetic NMR (paraNMR). The magnetic moment of the unpaired
electron is about 658 times stronger than that of a proton. Consequently, the
paramagnetic effects can be observed over distances up to 100 A, offering long-range
distance information for structural studies. Because of the anisotropic properties of

paramagnetic effects, they provide not only distance but also orientation restraints.

Paramagnetic effects depend on the magnetic susceptibility (x) as well as the
relaxation time of the unpaired electrons. The magnetic susceptibility can either be
isotropic or anisotropic and is the cause of peak shifts in the NMR spectrum by
paramagnetism, called the hyperfine shift. It consists of two parts, the contact shift and
pseudocontact shift (PCS). The contact shift is a consequence of the delocalization of
unpaired spin density on the nucleus and is thus only observed for nuclei very close to
the paramagnetic center. If the y tensor has an anisotropic component (described by the
Ay-tensor), also the dipolar interaction between the (time-averaged) unpaired electron
spin(s) and the nucleus leads to shifts, the pseudocontact shift (PCS). The dipolar
interaction can be quite strong and can cause shifts for nuclei up to 100 A away from the
electron spin, providing long-range distance and orientation information. For systems
with an anisotropic magnetic susceptibility, molecules in solution will be partially aligned
in a magnetic field, resulting in residual dipolar couplings (RDC) between nuclei, for
example "H and "N in amide groups. Such alignment affects the entire molecule equally,
assuming it is rigid, so the location of the paramagnetic center relative to the nucleus is
irrelevant. Thus, RDC is independent of the distance between the nuclei and the electron

spin, and is determined by the size and orientation of the alignment tensor (Ay-tensor).

Paramagnetic centers, both with isotropic and anisotropic magnetic
susceptibilities, also cause enhanced relaxation of nuclear spins, a phenomenon called
paramagnetic relaxation enhancement (PRE). It decreases with the sixth power of the
distance between the unpaired electron and nucleus. The large size of the PRE at short
distances and the strong distance dependence together make the PRE a sensitive tool
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to detect minor states in which the nucleus gets close to the unpaired electron, e.g. in
dynamic proteins. PRE depends on the electronic relaxation time and the number of the
unpaired electrons. Fast electronic relaxation (> 10" s) leads to weaker PRE than slow
electronic relaxation (~ 107 s™), because the latter are in the range of nuclear transitions
(Larmor frequencies). Two types of relaxation mechanism, Solomon relaxation®¢ and
Curie relaxation’?®, are distinguished. In general, the Solomon mechanism is dominant for
electron spins with a long relaxation time and it is the main contribution to PRE in
isotropic paramagnetic species. The Curie mechanism is dominant for electrons that have
a fast relaxation time, and it is the main contribution to PRE in anisotropic paramagnetic

systems.

Many transition metal ions contain unpaired electrons, leading to
paramagnetism. The paramagnetism of 3d-block and 4f-block ions is the best studied.?°
Manganese(ll) has an isotropic y tensor and a long electronic relaxation time, thus causes
no PCS but strong PRE. High-spin cobalt(ll) can generate large PCS with weak PRE,
compared with other 3d-block ions. Iron is stable in +2 and +3 oxidation states. In the
case of iron(ll), it can be paramagnetic or diamagnetic, depending on its ligands. For
iron(lll), the paramagentism can be either large or small, depending on the coordination
environment. The 4f-block elements are referred to as lanthanoids, with the general
symbol Ln. Unlike 3d-block ions, lanthanoids are not found in biological processes.
Lutetium(lll) and lanthanum(lll) have no unpaired electrons, the rest of Ln(lll) series is
paramagnetic. Gadolinium(lll) has a strong isotropic magnetic susceptibility, with seven
unpaired electrons, yielding no PCS but very strong PRE. Other Ln(lll) have anisotropic
susceptibilities of varying strength, causing PCS and PRE. Not only transition ions have
unpaired electrons, radicals can also be used as paramagnetic center. Stable nitroxide

radicals are often used. They do not cause PCS, but yield sizable PRE.

All the paramagnetic effects are observed by comparison with a diamagnetic
species. Therefore, it is very important to use a diamagnetic reference that is as similar
to the paramagnetic sample as possible. Lanthanoids are chemically similar, thus, the
diamagnetic reference can be easily obtained by substitution of the paramagnetic ion
with Lu(lll) or La(lll). Although nitroxide is stable under common conditions, it can be
reduced with ascorbic acid to obtain diamagnetic reference. Alternatively, diamagnetic
control probes can be used that are chemically similar to the nitroxide probes. Because
3d-block ions usually have different properties, no perfect diamagnetic reference exists.
However, zinc(ll) is commonly used diamagnetic reference for cobalt(ll) and

manganese(ll), because charge and size are similar.
1.2 Paramagnetic effects

Three types of paramagnetic effects are most frequently used, PCS, RDC and PRE. The
first two types are measured as peak shifting (ppm) and splitting (Hz), respectively. PCS
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and RDC are dependent on the size of the Ay-tensor, which is related to the electron g-
tensor. Generally, a paramagnetic center with more unpaired electrons will generate
stronger PCS and RDC. PRE can be observed in any paramagnetic system as line-
broadening and is related to the electronic relaxation time, s, which is the longitudinal
relaxation time of the unpaired electron, as well as the rotational correlation time of the

molecule, T.
1.2.1 The pseudocontact shift (PCS)

The PCS can easily be measured with high accuracy. It can be described by the position
of the nucleus in the frame defined by the Ay-tensor, equation 1.1 and Figure 1.1 A:

! —[Axax(3cos?6 — 1) + EA)(Th(sinzﬁcosZQ)] 1.1
12mryy 2

PCS =

_ XxtXy
2

DY ax = Xz and  Ax,p = Xx — Xy 1.2

where v is the distance between the unpaired electron and nucleus, 6, and Q are the
polar coordinates of the nucleus with respect to the principal axes of the Ay-tensor, Ayax
and Ay are the axial and rhombic components of the Ay tensor, respectively, as defined
by equation 1.2, %« %, and y. are the susceptibility values along the tensor framework
axes (Figure 1.1A). Euler angles describe the tensor frame orientation relative to the
laboratory frame, e.g. the frame defined in a PDB file. The position of the paramagnetic
center, the three Euler angles and the sizes of Ayax and Ay are the eight parameters that
define the Ay tensor. They can be obtained by fitting the measured PCS to equation 1.1

-14 are available for tensor

with a protein structure. Several software packages
calculation. The one used in this thesis is Numbat'". In principle, one can determine the
Ay tensor with eight PCS, however, to get an accurate result, generally at least three

times more PCS are needed.
1.2.2  The residual dipolar coupling (RDC)

In isotropic solutions, internuclear dipolar couplings average to zero due to fast molecular
tumbling. Partial alignment of a molecule in a magnetic field will cause the nucleus to
experience RDC due to dipolar coupling with nearby nuclei.’ The RDC caused by
alignment due to a paramagnetic center with anisotropic magnetic susceptibility is
described by equation 1.3%' and Figure 1.1 B

B¢ vivjh
15kpT 16m317;

RDC = — [A Xax(3cos?0 — 1) + % A )(rhsinzecosZQ] 1.3

where | and J are the observed nuclei, and y1and vy, are the nuclear gyromagnetic ratio of
nucleus | and J, respectively. 6 and Q determine the orientation of the I-J vector relative
to Ay tensor (Figure 1.1B), ry is the internuclear distance, T is the absolute temperature,
h and ks are the Planck and Boltzmann constants, respectively. One can see that RDC
yields information about the orientation of the internuclear vector in the frame of the Ay

tensor, but not the distance of the nuclei to the paramagnetic center. Like with PCS, the
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tensor frame can be fitted on the basis of observed RDC and a protein structure, or if the
tensor frame is already known, the RDC can be used to establish a bond vector
orientation within a protein structure. Also, mobility of the bond vector is readily
detected by reduction of the RDC due to averaging. RDC thus find application in the
study of protein dynamics.

1.2.3  The paramagnetic relaxation enhancement (PRE)

Spin-spin interactions are a dominant source of nuclear spin relaxation. Like with nuclear
spin interactions, also electron-nuclear spin interactions contribute to relaxation. Apart
from the dipole-dipole interaction, also the rapid flipping of the electron spin is a source
of nuclear relaxation. Two mechanisms, referred to as Solomon mechanism®¢ and Curie
spin mechanism’®, cause PRE. Solomon relaxation is caused by the dipole-dipole
coupling of the electron spin and nearby nucleus. It is caused by both the rapid electron
spin flipping due to the fast longitudinal relaxation and the variation in the dipolar
interaction due to molecular tumbling in the magnetic field. It affects both the
longitudinal (R1,4ip) and transverse (Rz.dip) relaxation rates according to equations 1.4 and
1.5:

para _ 2 (po 2y?g2ups(s+1) [ 31, 14
1,dip 7 15 \4r T 1+w?t? '
M iTe
para _ 1 (U 2 yfg2ugs(s+1) 37,
2,dip ~ 15 \arn 6 4TC + 2.2
4 15 \4m Tim 1+wjTs
-1 _ -1 -1
and ;' =17t + 15 1.5

Where RYZ™ and Ry Mare the longitudinal and transverse nuclear relaxation
rate, ge is the electron g-factor, B is the electron Bohr magneton, S is the total electron
spins quantum number, po is the permeability of vacuum and wi the Larmor frequency of
the nucleus. For electron spin having slow longitudinal relaxation, such as Gd* and
Mn?*+,1%17 the Solomon mechanism is dominant. As the PRE is proportional to the inverse
sixth power of nw, it is very sensitive to the change in rv, making it a powerful restraint

for the study of lowly populated states or complexes of proteins in solution.'®2

Curie spin relaxation is the dipolar coupling between the time-averaged
magnetic moment of the unpaired electron(s) with the nucleus. In this case, only the
rotational correlation time (1) is a source of time-dependent modulation contributing
mostly to transverse (Rzcuie) relaxation, shown in equation 1.6 (list of the symbols at
beginning of this thesis):’?

prara =1(h)2 wiggus(s+1)* (4Tr+ 31, ) 16

2,curie 5 \471 (3kT)2rfy 1+w?t?
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Thus, this type of relaxation is mainly important for large systems in a strong magnetic

field, when 1 and wi are large.”!

2. Sources of paramagnetism

In this section, a brief overview of the most used paramagnetic resources is presented.
2.1 3d-Block transition metal ions

Transition metals in the 3d-block of the periodic table have various oxidation states with
different numbers of unpaired electrons occupying the d-orbitals.?® Thus these cations
are great candidates generating various paramagnetic effects. They are frequently found
in proteins. It was estimated that more than 25% of the known proteins contain one or
more transition metal ions.?* A heme protein with a low-spin iron(lll) was the first example
to be studied by paramagnetic NMR.?> From then on, studies on other transition metal
jons in proteins became popular. Among them, iron, cobalt, manganese, copper and

nickel ions are found most frequently and those are discussed hereafter.

Transition metal ion complexes of 3d-block elements are stable with 4 to 6
electron donor sites. According to the number of coordination sites, transition metal ions
have mainly three types of coordination geometries, tetrahedral, square pyramidal and
octahedral (Figure 1.2). The magnetic properties of 3d-block complexes can be strongly
affected by the ligands, the environments and the coordination geometries. Some
properties are shown in Table 1.1. The unpaired electrons will be partially delocalized to
the ligand orbitals, affecting the magnetic properties. Iron is a good example. Fe(lll) and

A PCS B RDC Cc PRE
1 ("H/'*N)
r
Diamagnetic
PCS /
15N Paramagnetic 15N I Juw+RDC
Paramagnetic
Diamagnetic Diamagnetic \ M
Paramagnetic J‘L
" H "

Figure 1.1 Schematic representation of the paramagnetic effects (adapted from
reference 22). Definitions in a structure (top) and its effect on the NMR spectrum
(bottom). A) PCS; B) RDC; C) PRE.
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Fe(ll) are the most stable and commonly found oxidation states of iron. Both of them
have high and low-spin states. With weak axial ligands, Fe(lll) is in a high-spin state. With
strong ligands, Fe(lll) turns into a low-spin state. High-spin Fe(lll) contains five unpaired
electrons, and its electronic relaxation time can vary from 107 to 10" 5.2’ Therefore, it
can generate sizeable PCS and PRE, depending on the ligands. The magnetic properties
of low-spin state Fe(lll) are quite different due to its short electronic relaxation time, <10°
15,2627 Ag a result, low-spin Fe(lll) mainly generates PCS. Fe(ll) has six electrons occupying
d-orbitals, so when these electrons are paired, Fe(ll) is diamagnetic. Its high-spin state
has up to four unpaired electrons with a short electronic relaxation time (102 s), mainly
causing PCS.% Proteins containing iron ions have been well studied by paramagnetic

NMR, for example cytochrome ¢, rubredoxin and hemoglobin.?®

Cobalt(ll), with an electronic configuration of 3d’ can be in a high-spin state
containing three unpaired electrons or a low-spin state containing one unpaired electron.
However, for low-spin Co(ll), the electronic relaxation time is longer than for the high-
spin state, thus low-spin Co(ll) causes strong PRE and small PCS. In contrast, high-spin
Co(ll) can generate the largest PCS among 3d-block ions with weak PRE. Manganese (Il)
harbours one of its five unpaired electrons in each of the d-orbitals and has a long
electronic relaxation time, causing the strongest PRE of all 3d-block ions. Copper(ll) is
the most stable ionic state of copper. There are three types of copper(ll) in proteins,
depending on its coordination. Consequently, various paramagnetic effects were
observed for Cu(ll).?? Cu(ll) contains one unpaired electron, generating small PCS, but
strong PRE, because of its relatively small Ay tensor but long electronic relaxation time.
Therefore, Cu(ll) is outstanding for PRE and it is widely used in electron paramagnetic
resonance (EPR).%*3" The divalent ion of nickel has two unpaired electrons, generating
small PCS with sizeable PRE.

@ 9 9
i d\\ /x) o.. i = T O =)
+ n SNy + - Y + -7
o\ © ° P9
= ()
Tetrahedral Tetragonal Square pyramidal Octahedral

Figure 1.2 Schematic diagrams of 3d-block ions coordination geometries.
2.2 Lanthanoid ions

Lanthanoid ions, especially +3 oxidation ions (Ln(lll)), have been used as chemical shift
monitors and line broadening agents in NMR for bio-molecules studies since several
decades.®? Their chemical properties are similar because the 4f-orbitals are shielded by
5s and 5p subshells, and thus these electrons are essentially inert in the coordination
interactions with the ligands. Thus, complexes that bind Ln(lll), generally have similar
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affinities for all lanthanoid ions. Consequently, the ions without unpaired electrons, Lu(lll)

and La(lll), are ideal diamagnetic references.

An overview of the paramagnetic properties of paramagnetic lanthanide ions
(excluding promethium, which is radioactive) is presented in Table 1.1. Among these ions,
Gd(lll) has seven unpaired electrons, distributed over each of the f-orbitals, producing an
isotropic magnetic susceptibility tensor with a long electronic relaxation time. Therefore,
it causes strong PRE. Gd(lll) enjoys an increasing popularity in EPR as spin label.®* The
remaining paramagnetic lanthanoid ions generate anisotropic tensors, producing all the
paramagnetic effects discussed above. However, the extremely short electronic
relaxation times make their PRE effect complicated and rarely studied. In general, Th(lll)
and Dy(lll) generate the strongest Ay-tensor, causing the largest PCS, Tm(lll) and Ho(lll)
produce medium PCS and sizable PCS can also be observed with Yb(lll) and Er(lll). Other
lanthanoid ions are barely used for protein paramagnetic NMR because the Ay-tensor is

weaker."”

Figure 1.3 Structure of nitroxides, R represents a bulky group
2.3 Nitroxide radicals

Nitroxides are organic molecules with five- or six- membered heterocyclic rings
containing a radical that is protected by bulky groups (Figure 1.3). With an unpaired
electron and small size, nitroxides are the most frequently used paramagnetic centers in
NMR to generate PRE up to 20 A.3¢ This popularity is also due to localized paramagnetic
effect of the unpaired electron. The stability of the radical depends on the size of the
ring and the a-position substituents. Generally, nitroxides with a five-membered ring are
more stable than six-membered one and larger bulky groups at a-position offering
stronger steric shielding, increasing the stability. The most applied nitroxide for protein
labeling is  MTSL  (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl

methanesulfonothioate, Figure 1.3), which is commercially available.
3 General overview of natural and artificial paramagnetic centers

Paramagnetism of biomolecules can exist naturally or introduced artificially by different
strategies. Metalloproteins with paramagnetic ions can readily be studied by paraNMR.
For diamagnetic metalloproteins, the diamagnetic center can be replaced by
paramagnetic ions. However, not all of the diamagnetic metalloproteins are suitable for

metal ion substitution and, obviously, this approach also does not work for non-
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Chapter |

lon Conf.B! Jel ol range!d PCStel PRE RDCF!
Fe3*

(HS) [Ar]3d°® 5/2 107-10"3 20 + ++ /
Fed*

(LS) [Ar]3d°® 1/2 101103 15 ++ + /
Mn?* [Ar]3d® 5/2 108 25 / ++ /

F 2+

(:5) [Ar]3d* 2 10712 15 + + /
C02+

(LS) [Ar]3d’ 1/2 107-101° 20 + ++ /
C 2+

(:S) [Ar3d” 3/2 10" 25 =+ + /
Ni?* [Ar]3d® 1 10710102 15 + + /
Cu?* [Ar]3d° 1/2 108107 20 + ++ /
Ce?* [Xe]4f! 5/2 107" 10 + + /
Pr3* [Xe]4f? 4 1013 20 + + /
Nd3* [Xel4f 9/2 107" 10 + + /
Sm* [Xe]4f 5/2 1013 7 + + /
Eu?* [Xe]4f® 0 107" 15 + + /
Gd3* [Xe]4f 7/2 108 25 / +++ /
Tb** [Xel4f® 6 1013 45 ++++ + A
Dy3* [Xe]4f 15/2 1013 45 ++++ + +++
Ho®* [Xe]4f'® 8 1013 35 +++ + 4
Er* [Xel4f" 15/2 1013 30 ++ + +
Tm3* [Xe]4f'? 6 1012-10"3 50 +++ ++ ++
Yb3* [Xel4f' 7/2 1013 25 ++ + +
Nitr. / 1/2 107 15 / ++ /

lElConf. is the electron configuration of the ions; P1J is the total angular momentum quantum

number; ks electronic relaxation time (in second) based on references

103435, [dsaramagnetic

effects range (in A) based on references 17?3 '+ indicates the intensity of the three effects based

on references'”?, / indicates non-applicable or small.

metalloproteins. Consequently, various methods have been investigated to introduce
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paramagnetic centers. Two types of approaches can be distinguished. Paramagnetic
centers can be added to the solution, resulting in solvent-PRE, PRE of protein nuclei
caused by non-specific interactions with paramagnetic relaxation agents in the solution.
Such agents tumble freely and independently of the protein molecules, so any anisotropy
of the paramagnetic center will average to zero and no PCS or RDC are expected, only
PRE. Solvent PRE are not discussed here further, but recent reviews have been
published.®”38 Alternatively, a paramagnetic center can be attached covalently at a

specific site on the protein.

The two main methods of the covalent approach are the introduction of a
genetically encoded metal binding site in the target protein and the chemical attachment
of a paramagnetic center to the protein. Several principles need to be followed in the
design of a suitable protein paramagnetic center. (i) The target protein structure and
properties should be interfered with as little as possible. A highly charged or hydrophobic
paramagnetic center as well as the choice of improper binding sites can cause unfolding
and result in precipitation of the target protein. Thus small probes with low charge and
high polarity are preferred. (ii) The paramagnetic center needs to be rigid relative to the
target protein, as the anisotropic effects decrease dramatically with the mobility of a
paramagnetic center relative to the protein. Furthermore, movement of paramagnetic
center leads to averaged paramagnetic effects, which hampers the translation into
structural information. (iii) The paramagnetic center should exist in a single conformation.
Many metal complexes show exchange of coordinating groups or flexibility of parts of
the coordinating cage. Such coordination states can result in different orientations of the
Ay-tensor and thus more than one set of PCS or RDC (in the slow exchange) or line
broadening (in the intermediate exchange regime) will be observed. (iv) For probes that
are linked via two identical tethers (e.g. Cys residues) to a protein, C2 symmetry is
important to avoid that attachment results in different isomers, each with its own Ay-
tensor. (v) The metal affinity needs to be high, the probe needs to easily available (e.g.
straightforward synthesis) and stable.

3.1 Metalloproteins
3.1.1  Paramagnetic metalloproteins

Among the metalloproteins with paramagnetic properties the iron and copper proteins
are the best studied by paraNMR. Iron often occurs in either iron-sulfur clusters, like
found in ferredoxin?3? or in heme, like in cytochromes.* In FeS clusters, iron is bound to
sulfurs from cysteine and inorganic sulfur, in heme, the iron is coordinated with the
macrocycle as a tetradentate and additional axial ligands. Only high-spin Fe(ll) and Fe(lll)
can generate paramagnetic effects of sufficient quality for structural studies. Bertini et al.
extensively studied iron proteins by paraNMR.#'-*¢ Oxidized Saccharomyces cerevisiae
iso-1-cytochrome ¢, containing a low-spin Fe(lll) was the first paramagnetic

metalloprotein for which the structure was refined with paramagnetic restraints. The
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strategy used there was to start with a known structure based on other restraints, often
NOE, to calculate the tensor of the paramagnetic center. Then based on the measured
NOEs and PCS, the structure is recalculated and, based on the new structure, the tensor

is recalculated. This iteration method finally gives a more accurate structure.?#

3.1.2 Metalloproteins with paramagnetic substitution

In many cases, metals are either not paramagnetic or have inconvenient paramagnetic
properties. In such cases, substituting the metal with another that also has affinity for the
metal binding site can be a solution. For proteins containing Cu(ll), the metal ions are
ligated by histidine, cysteine, aspartic acid or tyrosine residues, or by sulfide.***’ Because
Cu(ll) mainly generates PRE, signals of the coordinating residues are broadened.
Therefore, investigation of copper protein structures has been done by substituting the
Cu(ll) with Co(ll) or Zn(ll). By substitution with Co(ll), Vila et al. investigated the metal
binding site of stellacyanin, and it was found for the first time that a GIn was involved in
Cu(ll) coordination.”® Also Ln(lll) are used for substitution if the metal ion has a similar
jonic radius and coordination chemistry as a lanthanoid.®' Calcium binding sites are
particularly useful in this respect. Therefore, Ln(lll) was successfully substituted for Ca(ll)
in the EF-hand motif.5%5% For most calcium proteins, the EF-motif appears as a pair, yet
simultaneous substitution with two Ln(lll) ions is unfavorable, due to strong electrostatic
repulsion. Calbindin Ds, which bears two Ca(ll) binding sites, is suitable for Ln(lll)
substitution. Moreover, one of the binding sites can be selectively substituted by Ln(lll)
at EF-hand motif.>* Using this as a model protein, the whole lanthanoid group was
incorporated in this way, yielding an interesting comparative study of the paramagnetic
effects.> Calmodulin, with four calcium binding sites is also a good example that has

been studied by paramagnetic NMR.543¢57

3.2 Genetically encoded metal binding sites
3.2.1  Natural amino acids or peptides

Paramagnetism based structural restraints were developed with paramagnetic
metalloproteins and extended to diamagnetic metalloproteins. How about non-
metalloproteins? Inspired by the strategy of Ln(lll) EF-hand substitution, lanthanoid-
binding peptides (LBPs) have been proposed for furnishing a paramagnetic center to a
protein. Initially, LBPs which comprise an EF-hand like motif were engineered to proteins
at the N-terminus.®® With peptide screening, lanthanoid ion binding affinity was
substantially improved and the number of residues decreased to 17.57-%! Later, double-
lanthanoid-binding tags that enable to binding two Ln(lll) simultaneously were reported
with less than 40 residues.®>%* However, due to the high mobility of terminal tags, the
paramagnetic effects were largely reduced in the result of averaging. Thus, a LBP was
successfully inserted into interleukin-1B (IL1B) at three different loops and the tag
structure was confirmed by X-ray diffraction results.®* Such tags coordinated with Gd(Ill)
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can also be used in EPR to determine the distance between two labels.®® This approach
does have some disadvantages. The sites of paramagnetic centers are limited to the N/C
terminus or loops and by co-expression, the LBPs are also isotope labelled, which
complicates the NMR spectra, especially for the diamagnetic spectra. Also, this approach
requires that the structure of the target protein is well known and still it is difficult to
predict the location of the lanthanoid beforehand.

Subsequently, to overcome these drawbacks, LBPs were developed that can be
attached by linking them to the protein chemically. Generally, these tags contain free
thiol groups for attachment to cysteine residues.®* They can be introduced anywhere by
introducing a cysteine on the protein surface. Su et al designed a series of LBPs either
with one D-chiral cysteine for tag linkage or with different cysteine positions on the LBP.
Using ArgN as model protein, large paramagnetic effects were obtained for all Ln(lll)
loaded LBTs with different tensor rotations for each of the tags.®® Unfortunately, the
mobility of LBP decreases the paramagnetic effects, similar to the LBP fusion method.®3¢°
Reduction of LBP mobility can be achieved by anchoring the tag with two sites.®”8 The
first double anchored LBP was designed by Saio et al. and comprised a combination
between a N-terminal fusion LBP and a chemically linked LBP via a disulfide bond. First,
the LBP construction with a free thiol group was fused to N-terminal of GB1 (B1
immunoglobulin binding domain of protein G), containing one cysteine residue. Then the
cysteine was activated by using DTNB to form the second linkage between the LBP
cysteine and GB1 cysteine, achieving double linkage (referred as L2GB). Large PCS and
Ay-tensor were observed for L2GB, compared with the same sequence LBP but singly
attached (referred as L1GB). The Ay of L2GB is larger than of L1BG, while the PCS of
both tags were similar, because the metal ion position of L1BG is closer to the protein.

This result indicates that double-anchoring can rigidify the LBP relatively to the protein.¢’

An alternative, simple approach is to use the metal binding propensity of the
canonical amino acids, like histidine, aspartic acid, and tyrosine to bind metals. The His
tag, used in protein purification, is an example. It has been used also for paramagnetic
NMR, but like the N-terminal fusion LBP, it is too mobile to yield good paraNMR
properties.®? Di-histidine motives can be engineered to generate metal ion binding sites,
initially reported for EPR measurements with Cu(ll).”%72 A recent study successfully
extended this approach to paramagnetic NMR studies, in which Co(ll) was sandwiched
by a di-histidine motif either on an a-helix or a B-sheet, with low ion dissociation. Sizeable

PCS were detected for Co(ll) loaded di-histidine motifs in various proteins.”®
3.2.2  Unnatural amino acids

A number of unnatural amino acids (UAA) with a wide variety of side chains, featuring
different functions, were designed and synthesized for the purpose of extending protein

building blocks.”*”> Among these, some possess relatively strong metal ion binding
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properties. Bipyridylalanine (BpyAla, Figure 1.4, 2) is one of the frequently encoded UAA
for protein function modification, mainly due to its specific metal binding affinity.7¢78
Paramagnetic transition metal ions, such as Co(ll), which require less coordination sites
than Ln(lll), can be coordinated by BpyAla. A West Nile virus NS2B-NS3 protease
(WNVpro) mutant with a BpyAla residue at a loop can coordinate a Co(ll) ion, generating
a single set of PCS. Additional coordination was required from proximal side chains, as
was demonstrated by mutation of nearby residues.”” This is mainly due to the small size
of BpyAla with few coordination sites. HQA (2-amino-3-(8-hydroxyquinolin-3-
yl)propanoic acid, Figure 1.4, 3) is equally suited and thus has been used as metal ion
binding motif as well.® So far, only Mn(ll) was captured by HQA mutated membrane
proteins to generate PRE.®® As discussed in section 2, not only paramagnetic ions can
lead paramagnetism, but also nitroxide radicals can also cause PRE. Therefore, a mutated

protein with an UAA containing a nitroxide radical (Figure 1.4, 4) was reported but it was

81-83
to.
?V
HN
. IOO ﬁ) (©
OH
NH,

HOOC Ha HOOC™ “NH, HOOC HOOC Hy HOOC

only used for EPR studies.

1 (His) 2 (BpyAla) 3 (HQA)
(p-Azido-1- phenylalanlne)

Figure 1.4 Structures of some natural and unnatural amino acids. 2-5 are unnatural

amino acids.

(0]
l,\
f)—-NH o
, }k N
o o
6 8 (IA-PROXYL) 9
- (0] (0]
o%o ——S'l 7 N N ___é’ “S—
>fj< X SQ—Q ’
N N N
1 . .
o o o
10
(Maleimide-TEMPO) 11 (HO-306) 12 (HO-1944)

Figure 1.5 Structures of nitroxide probes. The functional groups for covalent attachment
to cysteine via a thioether are drawn in red. Probe 6 is derived from MTSL; probe 7 and
8 are iodide functionalized nitroxides; probe 10 and 11 are maleimide functionalized

nitroxides; probe 12 is two-anchored nitroxide.
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3.3 Synthetic tags
3.3.1  Nitroxide probes

Nitroxides as spin-labels are extensively used in EPR and NMR spectroscopy for
determining biomolecular structures, like protein conformations,®® protein-DNA
complexes®® and protein-RNA complexes.”®?! Two main factors need to be considered
for the design and application of nitroxides in biosystems. First, the stability of the
unpaired electron in relation to tag linkage. Nitroxides are stable under most non-
reducing conditions, nonetheless, they still can be oxidized to an oxammonium or
reduced to a hydroxiamine. To connect the label to biomolecules, the most efficient way
is to activate a free thiol group by methanethiosulfonate (MST)? or pyridylthio groups”™
that can form disulfide bonds with cysteine residues. Such bonds are cleavable under
reducing conditions. Several ways have been proposed to stabilize nitroxides. Based on
MTSL, a more stable nitroxide with longer electronic relaxation time was reported, in
which the methyl groups are replaced by cycloalkanes (Figure 1.5, 6).7* Since thioether
bonds compared with disulfide bonds are more stable under reducing conditions,
iodide”™ and/or maleimide nitroxides?? show advantages by forming thioether with
free thiols (Figure 1.5, 7-10).

Secondly, the internal rotation of the label is another factor that strongly affects
EPR spectra, although less so for NMR spectra. As shown in Figure 1.6 A, the linker of
the tag can undergo several internal rotations, causing problems for the interpretation
of inter-spin distances measured by EPR in terms of structural restraints.””-'® Reduction
of these movements can be achieved by substitution with bulky groups (Figure 1.5, 11),'"
introduction of a second attachment group (Figure 1.5, 12),'92'% or encoding UAA

containing free radical (Figure 1.4, 4).'%

A

Figure 1.6 A) MSTL linkage rotation. The arrows indicate the rotation. B) Schematic
representation of EDTA complex coordination enantiomers, M represents the metal ion,
O represents carboxyl groups, curves indicate the ethylene groups, dashed lines indicate

the coordination plane.
3.3.2  Aminopolycarboxylic acid based probes
3.3.2.1 EDTA based probes

EDTA is a widely used ligand for a broad range of metal ions, due to its high metal ion

binding affinity with four carboxylic acids and two amine groups. Its complexes with
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paramagnetic ions can be linked to proteins via disulfide bond by functionalizing them
with MST and pyridylthio groups. The first EDTA based protein paramagnetic probe, S-
(2-pyridylthio)cysteaminyl-EDTA (Figure 1.7, 13), was reported by Ebright et al. in
1992.% Soon, this probe became commercially available and its various metal ion
complexes were used for protein paramagnetic NMR studies.'”'% According to these
studies, two sets of PCS were detected with a Co(ll) loaded probe 13, due to the
presence of stereoisomers of the complexes (Figure 1.6 B)."” Further works introduced
chiral centers and a rigid attachment group to Ln(lll)-EDTA, resulting in single sets of PCS
but with a small Ay-tensor (Figure 1.7, 14).10%110

3.3.2.2 DTPA, DTTA and TAHA based probes

DTPA (diethylenetriaminepentaacetic acid) has a similar structure as EDTA, but with a
higher metal binding affinity.”"" DTPA functionalized with two MST groups, CLaNP1
(caged lanthanoids NMR probe # 1, Figure 1.7, 15), was published as protein
paramagnetic probe, using Yb(lll) and Y(lIl) as paramagnetic metal ion and diamagnetic
reference, respectivly.”’? Yb(lll) loaded CLaNP1 bound to pseudoazurin (Paz) caused
large PCS. However, multiple sets of PCS were observed for each amide. Three Ay-
tensors were determined based on three main resonance shifts, demonstrating the
conformational exchange of the probe. A crystal structure of Paz linked to Y(IIl)-CLaNP1
was obtained in the same work, showing that the attachment arms of probe were ill-
defined and the coordination cage was present in multiple conformations. DTPA
coordinates lanthanoids in an octadentate geometry and forms a pair of enantiomers.'®
Once Ln(lll)-CLaNP1 was tied to the protein, the symmetry of the ligand was broken,
resulting in more isomers with different tenor properties. Later, a Cs-symmetric TAHA
based probe, Cys-Ph-TAHA,"* was produced (Figure 1.7, 16). The paramagnetic
properties of lanthanoid loaded Cys-Ph-TAHA were determined by using two ubiquitin
mutants (T12C and S57C). PCS and RDC were observed. However, two minor species
were observed for Cys-Ph-TAHA labeled T12C ubiquitin, but not for S57C ubiquitin.

Two DTTA (diethylene-triamine-tetraacetate) based protein probes (DTTA-C3-
yne and DTTA-C4-yne, Figure 1.7, 17 and 18)""® were reported with alkynyl as attachment
group. By genetically encoding an UAA (Figure 1.4, 5) into the protein for specific probe
ligation, the two probes were linked to the protein via ‘click’ chemistry to form a triazole
linker. To®* or Tm®* loaded probes conjugated to ubiquitin mutants generated single set
of PCS with a good correlation between experimental and back-calculated values. The
triazole ring linker limits the rotation of the probes relative to the protein. The triazole is
coplanar with the phenyl ring of the unnatural residue side chain. The PCS signs of the
two probes were opposite. DTTA-C3-yne, which has the shorter linker, showed a larger
Ay-tensor than did DTTA-C4-yne. DTTA-C3-yne was applied for structure determination

of a transient protein complex.”"
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Figure 1.7 Structures of EDTA and PyMTA based probes. The functional groups for
covalent attachment to protein cysteine via thioethers are drawn in red. The alkyne
groups for attachment to an azide group on an unnatural amino acid via ‘click’
reaction are in blue. Probe 13 and 14 are EDTA based probes. Probe 14 has two
chiral centers. Probe 15 is double-anchoring probe. Probe 19-22 are PyMAT based
probe. The asterisks identify the chiral carbons.

3.3.2.3 PyMAT based probes

Instead of a linear structure of EDTA, PyMTA has a pyridine core with di-azanediyldiacetic
acid at position 2 and 6. Its Ln(lll) complexes are popular in luminescence and MRI."é'7
4AMMPyMTA (Figure 1.7, 19)'"® was designed and investigated as a lanthanoid
paramagnetic probe to study the structures of protein minor states. 4VPyMTA (Figure
1.7, 20)"? was reported as a Ln(lll) paramagnetic probe with a vinyl group at position 4,
which forms a thioether bond with cysteine. After successful attachment of 4VPyMTA to
ubiquitin, small PCS were observed."? Further work introduced phenylsulfonated
pyridine at position 4 as a protein conjugation group (Figure 1.7 21)."® Compared with
probe 19 and 20, probe 21 yielded larger PCS due to the short and rigid thioether
attachment, but with a low reaction rate, even under harsh conditions. Subsequently,

probe 22 (Figure 1.7 22)'?' was published with high reaction activity and selectivity.

3.3.3 Cyclen based tags
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Cyclen (1,4,7,10-tetraazacyclododecane) is a cyclic ring molecule of tetraethyleneamine,
which can be suitably modified to obtain various metal binding complexes, especially for
lanthanoid ions. DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) is one
of the most used cyclen derivatives and is a strong chelator of Ln(lll). It was first
synthesized in 1976.'22 DOTA complexes are thermally stable and the metal ion is tightly
bound.'? It is important to point out that Ln(lll)-DOTA complexes undergo
conformational exchange of cyclen ring flipping, combined with tetracarboxylic acid arms
reorientation (Figure 1.8). The pendant arms can coordinate clockwise (A) or
anticlockwise (A) and the cylcen ring has two conformations (AMAAL and 8388).
Consequently, two pairs of enantiomeric species (square antiprism (SAP) and twisted
square antiprism (TSAP)) appear in Ln(ll)-DOTA in solution, which potentially can cause
averaging of the magnetic effects, especially in the case of anisotropic
paramagnetism.'?*% |n order to get large paramagnetic effects, the probes described
below attempt to freeze the probe into one conformation by adding bulky groups on the

cyclen ring and/or pendent arms.

SAP TSAP
AMAA AMAAA

N Seon
ﬂring flip HO—(O_Q_N\)N} ﬂ ring flip
¢

HO
DOTA

TSAP SAP
AddD AddO

Figure 1.8. Schematic representation of DOTA lanthanoid complex conformational
exchange. The cyclen ring is shown as a square in solid lines; nitrogens, oxygens and
carbons of cyclen ring are shown as blue, red and black spheres, respectively; the metal

jon is shown as brown sphere.

3.3.3.1 Double sites attachment

The first reported cyclen based protein paramagnetic probe was CLaNP3 (caged
lanthanoid NMR probe #3, Figure 1.9, 23)'? which uses Ln(lll) as paramagnetic center.
By functionalizing two of the tetracarboxylic acid arms of DOTA with MST groups,
CLaNP3 can be anchored to a protein via two disulfide-bridges, immobilizing the metal
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ion relative to the protein. For Yb(lll)-CLaNP3 loaded Paz, PCS up to 35 A could be

detected. However, peak doubling was observed for some resonances,'?

suggesting
that more than one conformation with different Ay-tensors is still accessible to this

complex.

Subsequently, CLaNP5 (Figure 1.9, 24)'?%1% was published and became one of
the most used lanthanoid probes. In CLaNP5 the two remaining acetate pendant arms
of CLaNP3 were replaced with pyridyl-N-oxides, which reduce the presence of the TSAP
conformation of cyclen based lanthanoid complexes. For Paz linked to Yb(lll)-CLaNP5, a
single set of large PCS was observed. In contrast, CLaNP5 attached through a single arm
yielded small PCS due to its mobility causing averaging effects.’?® Further studies
demonstrated that magnetic properties of CLaNP5 are not influenced to a large degree
by the attachment site and, thus, it is possible to predict the Ay-tensor parameters and
Ln position for a known protein structure with reasonable accuracy.'®” CLaNP5 is very
suitable for structural studies of ground states of proteins and protein complexes.
However, it was shown that it is not suitable for detecting minor states through relaxation
dispersion (RD) experiments because minor conformations of the complex were detected
that can lead to probe-induced RD effects.?>'3° Some other disadvantages of CLaNP5
are the high charge (+3), making it less favorable for some proteins or protein complexes
and the disulfide ligation, which is liable to reduction and can cause probe loss over a

period of several weeks.

CLaNP7'% and CLaNP9'* were produced with the aim of counteracting these
disadvantages. To decrease the charge, CLaNP7 (Figure 1.9, 25) was designed with two
phenolic groups to lower the net charge to +1 by deprotonation of phenol hydroxyls.'3!
CLaNP7 has a yellow color, which is convenient during the tag labelling reaction and
protein purification. Similar to CLaNP5, it induced a single set of PCS in Paz, with a Ay-
tensor value that was slightly smaller than that of CLaNP5. Interestingly, two sets of PCS
were observed specifically for Yb(ll)-CLaNP7 linked cytochrome c and this peak doubling
was pH-dependent. By mutation of histidine 39, which was close to the probe attachment
site, to alanine, it was demonstrated that an interaction with this residue was the cause
of the peak doubling. The proposed explanation was that the Ln(lll) is coordinated in the
ninth coordination position by a water molecule, which forms a hydrogen bond with the
imidazole ring of histidine 39, thus breaking the symmetry of the probe, causing
diastereocisomers and peak doubling. The protonation and deprotonation of the

imidazole ring caused the pH dependence.

Since disulfide bonds can easily be reduced, CLaNP9 (Figure 1.9, 26)'%?, was
designed as variation of CLaNP5, featuring two bromoacetanilide groups to react with
cysteine residues to form chemically stable thioether bonds. Using T4 lysozyme (T4Lys)
and Paz as model proteins, Yb(lll) loaded CLaNP9 yielded single sets of PCS under
reducing conditions, indicating the high stability of this probe. However, it is difficult to

30



Chapter |

get the protein 100% tagged, due to fast hydrolysis of the bromoacetanilide groups in

aqueous solutions.

CLaNPs are not the only double-armed, cyclen based tags, T1 and T2 (Figure
1.9, 27)"*® were reported as double-anchored probes using MST as attachment groups.
T1 and T2 are enantiomers, whereas their two coordination arms are chiral isopropanol
moieties. Large Ay-tensors were found for these lanthanoid complexes linked to
Staphylococcus  aureus  6-hydroxymethyl-7,8-dihydropterin  pyrophosphokinase
(HPPK).?33

The tags described above are all lanthanoid based cyclen probes. In chapter |l
and lll of this thesis, we report several novel two-armed transition metal ions probes,
TraNPs (Transition metal ion NMR Probes), e.g. Figure1.9, 28).

3.3.3.2 Single site attachment

DOTA-M8 (Figure 1.9, 29)'3* is one of the most well-known single-armed lanthanoid
probes. Its structure is based on M4ADOTMA.™* Yb(lll) loaded M4DOTMA complex
exhibits a single conformation, due to the bulkiness of the ligand, which has eight chiral
methyl substitutions on the cyclen ring and acetate acid pendent arms, forming sterically
crowded lanthanoid ion complexes.’® Therefore, with one pendent acetate acid arm
modified as attachment arm, the DOTA-M8 lanthanoid ion complex also features this
rigidity. A single set of large PCS was reported for Dy(lll)-DOTA-M8 labelled ubiquitin.
Dy(lll) is tightly bound to DOTA-M8, even under harsh chemical or physical conditions.'3*
However, a minor species (15-20%) was observed in the NMR spectra and this ratio was
increased to 50% by heating the tagged protein solution to 323 K. This minor species
has a similar tensor value and slightly different tensor orientation and metal ion position.
Further studies reported slow conformational exchange between the two coordination
geometries of Ln(ll)-DOTA-M8, which caused two sets of paramagnetic effects,

moreover, the exchange rate is dependent on ionic radius of the lanthanoid.'37:1%

DOTA-M8 is ligated to the protein via a disulfide bond, which is unstable under
reducing conditions. Efforts to link DOTA-M8 to proteins by different attachment
chemistries have been proposed. Instead of the pyridylthio-crosslinker in DOTA-MS, a
propyliodoacetamide (ACsH{NHCOCH:I) group was introduced to DOTA-M8 to form the
chemically more stable thioether bond after reaction with cysteine. This new tag was
referred to as M8-CAM-I (Figure 1.9, 30),'* and can be used for in-cell NMR
measurements. Due to the longer linker, a smaller Ay-tensor was obtained compared to
DOTA-M8."* Another DOTA-M8 derivative, referred as DOTA-M7Py, was also used for
in-cell NMR measurement (Figure 1.9, 31)."% In comparison with DOTA-M8 and M8-
CAM-|, using 4-(Phenylsulfonyl)pyridine as attachment active group, DOTA-M7Py forms
a more rigid and shorter linkage to the protein.’® But the reaction activity of DOTA-
M7Py is low, and thus, DOTA-M7FPy (Figure 1.9, 32)"" and DOTA-M7PyThiazole (Figure
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1.9, 33)"" were produced. Both of them can react with cysteine with high selectivity and
efficiency. DOTA-M7PyThiazole generates an even larger Ay-tensor than DOTA-M8.'4
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Figure 1.9 Structures of cyclen based paramagnetic probes. The functional groups for
attachment to cysteine via a thioether bond are drawn in red. The functional groups for
attachment to an unnatural amino acid nitrite group via ‘click’ reaction are in blue. 23-28

are two-armed probes. Asterisks identify chiral carbons.

Another example of a rigid DOTA based probe for protein paraNMR studies is
C1 (Figure 1.9, 34)." In C1, amides are involved in metal ion chelation instead of
carboxyl groups. Harsh condition were required to induce Ln(lll) into C1, so after Ln(lll)
was captured by C1, the ions are tightly bound. With three chiral bulky pendent arms,
C1 generated single sets of PCS when attached to ubiquitin or ArgN. According to 'H
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spectra of Yb(lll) loaded C1, only one conformation is present. C2 (Figure 1.9, 34) is the
enantiomer of C1, generating a slightly different tensor orientation.'? Several variants of
C1 were developed with alkynyl as attachment groups, C3 and C4, (Figure 1.9, 35, 36).'%
C3 and C4 were ligated via a ‘click’ reaction to ubiquitin genetically encoded with the
UAA p-azido-L-phenylalanine (AzF, Figure 1.4, 5)." The PCS of C4 are smaller than C3

due to its longer linker.

C1 and its variants contain aromatic rings, which are highly hydrophobic, causing
serious protein precipitation. Subsequently, several probes with hydrophilic chiral
pendent arms were produced. C5 (Figure 1.9, 37)'* has three chiral (S)-2-hydroxypropyl
groups as pendent arms. In addition, variants of C5 containing different attachment
linkers were also reported, Cé (Figure 1.9, 38)"* with a rigid picolinic acid linker, C7
(Figure 1.9, 39)"* with the same ligation group as C5 but with a higher symmetry for
lanthanoid ion coordination, and C8 (Figure 1.9, 40),'* an enantiomer of C7. In general,
these tags exhibit large Ay-tensors, similar to C1 and C2. As shown in a study using three
proteins and attachments at different sites, the Ay-tensor of C7 is highly affected by the
protein environment, which is unexpected for lanthanoid based probes (see section
2.2)."** Recently, DO3MA-Py (Figure 1.9, 41)'*, DO3MA-6MPy (Figure 1.9, 42)'* and
DO3MA-3BrPy (Figure 1.9, 43)' were reported, which contain methyl substituted
carboxylic acid as pendent arms and phenylsulfonated pyridine with different substitution
groups on pyridine ring as functional group for attachment. These lanthanoid ion
complexes have a zero net charge and form thioether bonds with cysteine residues. Large
PCSs were detected with these three probes. While the ligation rates of DO3MA-Py and
DO3MA-6MPy are slow, even under high pH and temperature, DO3MA-3BrPy, with the
Br substitution, decreased the reaction time to 6 h at ambient temperature. DO3MA-
3BrPy loaded with Gd(lll) was applied for in cell distance measurements by EPR, reporting

a narrow distance distribution.¢

3.3.4 Small molecule tags

Small molecules like dipicolinic acid (DPA), iminodiacetic acid (IDA) and nitrilotriacetic
acid (NTA) are also popular for protein paraNMR probes design. This popularity derives
from their small size, having potentially minimal impact on the protein structure. These
small probes usually require additional coordination, from either buffer molecules or
protein side chains, especially in the case of lanthanoids, which need seven to nine
coordination sites for tightly binding. Metal ions are added after probe attachment, so
the probe needs to have a high affinity for the metal ions.

3.3.4.1 DPA and HQA tags

DPA (dipicolinic acid) coordinates metal ions in non-chiral geometry, avoiding possible
peak doubling, and its affinity for lanthanoids can be up to nanomolar.’” 4MMDPA
(Figure 1.10, 44)'* was the first DPA developed tag featuring good immobilization of the
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metal ion relative to the protein by invoking additional side chain coordination. A free
thiol group was engineered to DPA at position 4 forming 4MMDPA for protein
attachment via a disulfide bond. AMMDPA was linked to ArgN and could chelate Ln(lll)
with additional coordination from a Glu, located close to the attachment site.
Dissociation of the metal ion was observed with a rate of 0.1 s™, no peak doubling was
observed and the Ay-tensor was smaller than found with cyclen based tags. Subsequently,
3MDPA (Figure 1.10, 45)" and probe 46 (Figure 1.10)"° were produced as variants of
4MMDPA. 3MDPA has a free thiol group at position 3 and a shorter linker. Compared to
4AMMDPA, a different tensor orientation, with a smaller Ay-tensor (especially Ayax), was
found for Ln(Ill)-3MDPA linked ArgN, whereas residue Glu 21 was likely still involved in
the coordination. 3MDPA also showed good affinity for Co(ll). Probe 46, containing a
vinyl group, was produced to link the probe to the protein via a Michael reaction, forming
a thioether linker. The Michael reaction avoids the problem of maleimide functioned tags
(Figure 1.10, 47) which create a new chiral center upon reaction with a thiol group.™
This functional group was also used for a HQA based probe, 2V-8HQA (Figure 1.10,
48),"" for binding transition metal ions, Co(ll) and Mn(ll), generating the largest observed
Ay-tensor for Co(ll)."™" A DPA derivative with a phenylsulfonated pyridine functional
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group (Figure 1.10, 49)"2 was reported to generate a stable, rigid and short tether with

a thioether bond to a cysteine.
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Figure 1.10 Structures of small molecule probes. The functional groups for
attachment via thioether bonds are drawn in red. 44-47, 49, DPA based; 48 HQA
based; 50 NTA based; 51-52 IDA based.

3.3.4.2 NTA and IDA tags

Nitrilotriacetic acid (NTA) based probes need extra coordination from the surroundings,
just like DPA tags. The first NTA based probe that can bind lanthanoids, NTA-SH (Figure
1.10, 50),"® was obtained by modifying one of three acetate acid groups with a free thiol

group. Its lanthanoid complexes induce a single set of PCS, either with one or a pair of
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tags on a protein. With a single NTA-SH tagged to ubiquitin or ArgN, different sizes of
Ay-tensor and tensor orientations were observed, suggesting additional coordination by
side-chains. That makes the paramagnetism of NTA-SH tags unpredictable. This variation
can be reduced by simultaneously anchoring two tags at position of i and i+4 of an a-
helix.'® The metal ion affinity is not very high, so the ion can be exchanged by adding

EDTA to remove it and then introducing a another metal ion.

Iminodiacetic acid (IDA), which only contains two acetic acid groups, represents
an even smaller tag. The IDA-SH (Figure 1.10, 51)"* probe was reported to yield a single
set of PCS after chelating lanthanoid ions. However, this tag also functions by additional
coordination of protein side chains.”™ Unexpectedly, by anchoring two of IDA-SH at
position i and i+4 of an a-helix, instead of lanthanoids, Co(ll) can be coordinated, yielding
sizeable PCS.™' Further study of this tag showed a second set of PCS and only partial
metal binding (see this thesis chapter Il).

4 Examples of applications of paramagnetic NMR for protein studies

Paramagnetic effects encoding long-range distance and angular restraints provide
structural and dynamic information of biomolecules. For example, by measuring PCS,
protein domain rotation, conformational exchange and protein-protein complexes can
be studied. Herein, several examples of the application of paramagnetic probes in
protein resonance assignment, structure determination, protein-protein complex studies,

protein-ligand binding and characterization of lowly-populated states are discussed.
4.1 NMR resonance assignment

For protein structural studies with NMR spectroscopy, the assignment of the resonances
to the nuclei is a basic requirement. Heteronuclear multidimensional (3D/4D)
measurements generally are sufficient for the assignment of small, isotope labeled
proteins. For large proteins, complete assignment is challenging because of line
broadening and crowding. Paramagnetic NMR can relief crowding by shifting the
overlapped peaks to a different extend, based on the distance between the nucleus and
the paramagnetic center, and creating more dispersion. For methyl group spectra in
particular, this is useful.’™ PCS that are generated by a characterized paramagnetic probe
that is rigid relative to the protein (e.g. a double-armed probe) in a protein with known
structure, can be predicted to good approximation. By comparing the calculated PCS
with the experimental value, an assignment can obtained in principle. However, nuclei
located at different positions relative to the paramagnetic center can have the same PCS,
making this strategy more complicated. Thus, data from more than one paramagnetic
centers at different sites on the protein are required to lift this degeneracy. Several
software packages, like PLATYPUS, ™ PARAssign,' and Echidna,'*® were developed for

resonance assignment using paramagnetic restraints.
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For instance, by attaching CLaNP5 (Figure 1.9, 24) at several sites, resonances
of methyl groups of the N-terminal domain (ntd) of HSP90 could be assigned using
PARAssign for the calculations.’ Three sets of 'H PCS of methyl groups were obtained
by tagging Yb(lIl)-CLaNP5 to three positions (50C/54C, 101C/105C and 149C/187C) of
ntd-HSP90 and used as input data for PARAssign. The starting tensor parameters were
based on previously reported values. A Hungarian method'®® was applied for minimal
cost assignment of resonances. Then, in an iterative fashion, the tensors were
recalculated and the assignment procedure repeated until the assignments did not
change anymore. With a combination of two sets of data (50C/54C, 101C/105C), over
60% of methyl groups of an lle/Leu/Val methyl labelled sample could be assigned and
for the remaining observed PCS the choice of possible methyl groups was reduced to
two or three possible assignments. The choice of tagging sites turned out to be
important. The tensor orientations of the 50C/54C and 149C/187C mutants happened
to be almost parallel, which strongly reduces the information content, because the two

data sets are then highly correlated.
4.2 Protein structure determination

The combination of paramagnetic NMR structural restraints with information obtained
from other methods, such as X-ray crystallography, cryo-electron microscopy, EPR and
diamagnetic NMR, can improve the accuracy of the protein structure. PCS is the most
applied paramagnetic effect for protein structure determination because they are readily
measured with high accuracy by simple one or two-dimensional spectra. RDC is
independent from the distance to the paramagnetic center, thus it can offer information
about domain orientation. Softwares, like CYANA," Xplor-NIH,'21621¢3 and PCS-
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Rosetta,'®* were developed for protein structure computation using paramagnetic

restraints.

The first example of protein structure refinement was done with a paramagnetic
metalloprotein, by an iterative method, as described in section 3.1.1. Furthermore, PCS
restraints were used for membrane protein structure refinement. It is challenging to
obtain adequate structure restraints from diamagnetic NMR for membrane protein
structures with high accuracy because such proteins are often large assemblies and in a
membrane-mimicking environment. Crick et al. were the first to apply PCS restraints for
structure refinement of a membrane protein, 7TM phototactic receptor sensory
rhodopsin Il (pSRII), which comprises seven a-helices in the membrane. Initially, the pSRII
structure was determined on the basis of NOE restraints, and the data collection and
resonance assignment were very laborious. By labeling pSRIl with paramagnetic probe
C1 (Figure 1.9, 31), at four positions, the global fold of the protein could be derived by
only using PCS restraints, and when combined with NOE restraints derived only from
leucine methyl groups, the calculated structure showed a backbone RMSD (root-mean-
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square deviation) of 2.6 A in comparison with the structure determined by classical NMR

methods.'®>

For understanding enzyme function, the elucidation of the structures of
intermediates can be crucial, yet few approaches are available to study such transient
states. Recently, the structure of an unstable intermediate, so far only detectable by mass
spectrometry, was determined on the basis paramagnetic restraints.' S. aureus sortase
A (SrtA) transforms a backbone amide of a substrate peptide into a thioester with its
cysteine residue (Cys184) in the active-site. The thioester intermediate could be observed
in the presence of calcium or in the absence of 1.0 mM tri-glycine, yet with a low
concentration and short life time. A disulfide-bond-linked intermediate analogue (SrtA-
QALPECG-NH?2), which showed similarity in chemical shifts in >"N-"H HSQC spectra to the
thioester intermediate with Ca?*, was produced to obtain the assignment of thioester
intermediate. Then, the probes 21 and 22 (Figure 1.7) loaded with one of four
lanthanoids, Dy®*, Tb3*, Tm3* and Lu®*, were linked to SrtA. After addition of QALPETG-
NH: peptide in the present of 1.0 mM Ca?*, the thioester intermediate was formed, and
thus PCS were recorded. In comparison with the PCS obtained from free SrtA, the side
chain of residue Trp194, displayed a clear difference. Using the PCS as input for Xplor-
NIH, a structure of the thioester intermediate was calculated, yielding an ensemble of
ten low-energy structure with a RMSD of 1.1 A. Therefore, paramagnetic NMR is also a

powerful tool for protein minor state structure determination.

Like structure determination of membrane proteins and protein intermediates,
also the characterization of protein structure in cellular conditions is challenging. X-ray
crystallography and single-particle EM cannot be used, and NMR approaches are limited
by the short live time of the sample, the low protein concentration and the poor spectral
quality, making it difficult to obtain sufficient structural restraints. Therefore,
paramagnetic effects that can be observed in simple spectra in a short time are good
candidates for in-cell protein NMR measurements. Miintener et al. solved the structure
of protein G B1 domain (GB1), by using in-cell paramagnetic NMR spectroscopy.'®’
DOTA-M7Py (Figure 1.9, 28), loaded with one of three lanthanoids, Tb3*, Tm3* and Lu%*,
was used as paramagnetic center. PCS and RDC were recorded after the labeled protein
transferred into Xenopus laevis oocytes. Based on the observed paramagnetic effects
from the in-cell sample, the 3D structure was obtained with a Ca RMSD of 1.1 A for the

ensemble of the ten lowest energy structures, using Rosetta software.'*

Recently, cobalt(ll) was also utilized for protein structure determination.’®

Cobalt(ll) binding sites (double-histidine, dHis, motif) was inserted at three different
positions in ERp29, one at a time.”® PCS generated by Co(ll) of the backbone amides

were used for structure calculation.

4.3 Protein-protein interaction
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Protein-protein interactions (PPI) are based on non-covalent forces, such as long-range
charge-charge attractions and hydrophobic interactions. The formation of a
stereospecific protein-protein complex is preceded by the formation of an encounter
complex. These weak and dynamic complexes are essential for rapid complex formation,
yet are difficult to be characterized by traditional techniques.'*'7° Paramagnetic NMR
opens a new avenue to investigate PPI. PRE in particular are sensitive to minor states in
which a nucleus is closer to a paramagnetic center than in the major state, usually the
stereospecific complex. Attaching a paramagnetic probe on one of the interacting
proteins, the paramagnetic effects can be recorded for the partner protein to determine

the relative orientation(s) of the two proteins (Figure 1.11)."71

Inter-molecular Intra-molecular

PRE

PCS
RDC

reference

Figure 1.11 Idealized strategy for measuring PRE, PCS and RDC for structure
determination of protein—protein complexes. Six independent samples are produced.
PRE are extracted from a complex tagged with an isotropic paramagnetic center, for
example, Gd**. PCS and RDC are obtained from a complex tagged with an anisotropic
paramagnetic center, for example, Tm®*. A diamagnetically tagged complex, for
example, with Lu®*, serves a reference. In order to decrease signal overlap the
intermolecular and intra-molecular are determined independently from different
samples in which either one of the proteins is isotope labeled (green dots). The intra-
molecular restraints are used to position the paramagnetic center and orient the
magnetic susceptibility tensor. A combination of ten 2D spectra (such as TROSY and
HSQC) is sufficient to obtain a complete set of intermolecular and intra-molecular PRE,
RDC, and PCS. Reprinted with permission from reference '’'. Copyright (2014) Elsevier.
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The electron transfer complex of yeast iso-1-cytochrome ¢ (Cc) and yeast
cytochrome ¢ peroxidase (CcP) is one of the comprehensively characterized electron
transfer complexes by paramagnetic NMR. Both proteins contain a paramagnetic heme
group, but the intermolecular PCS are too small to be suitable for structural studies (M.
Ubbink, personal communication). Thus, a paramagnetic tag, MSTL (Figure 1.3), was
linked at different locations on the CcP surface to record PRE for Cc. The observed PRE
restraints were utilized for docking of Cc on CcP, yielding a stereospecific complex similar
to the crystal structure. Furthermore, it was demonstrated that the encounter complex
represented no less than 30% of the complex and is localized close to the binding site
for the stereospecific complex."”%"74 Cytochrome P450cam (cytP450cam), which is
another well studied electron transfer protein, catalyzes the stereo- and regiospecific
hydroxylation of camphor to 5-exo-hydroxycamphor by two one-electron reduction steps,
in which putidaredoxin (Pdx) functions as the electron donor."7¢ Hiruma et al. applied
paramagnetic NMR to investigate the cytP450cam-Pdx complex structure using CLaNP7
(Figure 1.9, 25) loaded with Tb3" or Gd3* to obtain intermolecular PCS, RDC and PRE. A
well-defined putidaredoxin position was obtained, shown to be in good agreement with
crystal structures that were obtained independently.7¢"” The study emphasized the
need to combine the different types of paramagnetic information to get a good structure.
The NMR data also provided evidence for the presence of a lowly populated encounter
complex. Using additional paramagnetic restraints and the maximum occurrence of
regions methodology,'® it could be shown that in this encounter complex Pdx in fact

visits a large area of the surface of cytP450cam.

PCS based structure studies of protein-protein complexes have been performed
by using a two-point anchored LBP.® Two mutants of p62 PB1, dubbed as DR and KE,
were produced to form dimer. The LBP was only incorporated at DE N-terminal to
coordinate with lanthanoids. Using the observed PCS of the DE mutant, the lanthanoid
position that related to the DE mutant was calculated. Then a rigid body minimization
protocol in Xplor-NIH'2162163 was applied for docking of KE subunit. In this protocol, the
positions of the metal ion and DR mutant were fixed, and the KE mutant was allowed to
orient freely as a rigid body, with the measured PCS and contact-surface shifts of the KE
mutant as structural restrains. However, the Ay-tensor symmetry causes multiple solutions.
This degeneration could not be solved by adding other lanthanoid ions in the same
position, but could be resolved by adjusting the length of the LBP, which was reported

in later work."”?
4.4 Protein ligand binding

NMR spectroscopy is very suited to study protein-ligand interactions for drug design
because NMR can provide atomic level information about the binding site and ligand

orientation. Paramagnetic NMR provides a new approach for such studies.
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Fragment-based ligand screening, a method that searches for very small
molecules binding weakly to proteins, was explored by paramagnetic NMR with a two-
anchoring lanthanide-binding peptide tag (LBT)."® Binding of the ligand was monitored
with PRE caused by Gd®" in the LBT by studying line broadening of the H signals in 1D
spectra of the ligand with Ti, relaxation experiments. Provided the ligand exchanges
between free and bound state faster than the transverse relation rate, the line
broadening due to the proximity of the paramagnetic center in the bound state is
transferred to the spectrum of the free ligand, causing a transferred PRE (tPRE),
analogous to the transferred NOE and saturation transfer. The size of the tPRE reflects
the distance between the ligand nucleus in the bound state and the paramagnetic center.
Analogously, also transferred PCS (tPCS) can be used for the characterization of protein-
ligand complexes. These were obtained for the same system by loading the LBT with
Tbh3*, Tm3* and Dy*". Another example of the use of tPCS was provided by the work of
Guan et al.’® The drug target protein FKBP12 was used as a model to demonstrate that
the location and orientation of a ligand could be determined solely using tPCS, provided
that the ligand is in fast exchange between bound and free states relative to the size of
the PCS (expressed in rad/s). In such experiments, the free ligand is in excess, so only a
small fraction of the ligand is bound. By placing the paramagnetic center, Ln(lll)-CLaNP5
(Figure 1.9 24), at three positions, one at a time, on the target protein surface (Figure
1.12) a PCS based triangulation approach can be used to capture the ligand site of
binding and its orientation relative to the protein. The structure of the complex was also
determined independently using assignment of all 'H resonances and NOE analysis,
which verified the structure obtained via tPCS. The full structure analysis is much more
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Figure 1.12 Left: A model of a protein (P)-ligand (L) complex tagged at several sites with
a paramagnetic center; Middle: 'H 1D NMR spectra of ligand that experiences
transferred PCS during the time of the small fraction bound to the protein. The ligand is
in fast exchange between the free and bound states; Right: Model of the structure of
three paramagnetic centers (show in sticks) linked to FKBP12 (show in ribbon
representation) and a bound ligand (show in yellow sticks). Reprinted (adapted) with
permission from reference '®'. Copyright (2013) American Chemical Society.
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laborious because it requires elaborate assignment work. However, using the tPCS, a
second site was found that fitted the PCS data but left the ligand suspended “in mid air”,
i.e. not bound to the protein. This “ghost” site is a consequence of the degeneracy of
the PCS. A PCS does not uniquely define a place in tensor space and even with
triangulation using three probes, two sites can be found that fit the data. The ghost site

can be discarded as it is non-physiological and clearly an artefact of the method.

It can also be of interest to study whether the weak interaction with a ligand
causes changes in the structure of the protein. In general, such binding will has little or
no effect on the backbone, but side chains in the active site may adjust their position to
accommodate the ligand, representing a modest form of induced fit. A recent study
investigated methyl group reorientation in a protein upon ligand binding by observing
the PCS of the methyl groups.’®? The targeted protein was labeled with Ln(lll)-CLaNP5
(Figure 1.9, 24) at three positions and selectively isotope labeled with Leu-81-82/Val-y1-
y2-["*CHs] residues. Significant PCS differences between free protein and ligand-protein
complex were found for the residues that were located at the binding sites, proving the
sensitivity of PCS to movements of the methyl group in the range of 1-5 A. This work
presents a new strategy for protein-ligand interaction research by paramagnetic NMR
spectroscopy.

4.5 Protein dynamics

Protein folding, enzyme catalysis and other functions require conformational exchange,
involving excited-states with low populations and short lifetimes (microseconds to
milliseconds). The structures of these lowly populated states can usually not be solved by
X-ray crystallography. Carr-Purcell-Meiboom-Gill sequence (CPMG) and T, relaxation
dispersion experiments as well as chemical exchange saturation transfer (CEST)
experiments are uniquely suitable NMR methods for the study of such high-energy states

of proteins.'83-185

Relaxation dispersion experiments can yield the absolute chemical shift
difference for a nucleus between the minor and major states. In combination with RDC
restraints, obtained in an external alignment medium, the structure of a minor state can
be determined in favorable cases.'®¢'®” However, it is still difficult to convert the limited
information into a 3D structure. It would be beneficial if PCS of minor states could be
determined because they would provide powerful structural restraints that could help to
determine the structure of the minor state. PCS show a gradient across the protein so,
for example, if an a-helix moves between major and minor states, all nuclei in the helix
would display a change in PCS consistent with such a move. The PCS change is equivalent
to a chemical shift change, so a relaxation dispersion experiment will yield the sum of
both, whereas the diamagnetic control sample would only produce the chemical shift

change.”™ For this application, the rigidity of the paramagnetic center is absolutely
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essential to obtain accurate structural restraints. The relaxation dispersion studies of
cardiac troponin C substituted with lanthanoids (Ce3* or Pr3*) indicated that the motions
of the paramagnetic center are very likely modulating the observed PCS."® One can
avoid this problem by anchoring the probe at a rigid segment, provided also the probe
itself is rigid on millisecond timescale. CLaNP5 was the first probe for which its rigidity
was tested by relaxation dispersion experiments. CLaNP5 was loaded with Tm®*, Yb%*, or
Lu** and linked to two well-known rigid proteins, Paz and Cc. The probe was linked to
Paz in a loop region, and to Cc on a short B-strand. 'H CPMG relaxation dispersion
experiment showed that dispersion effects were observed, but it turned out that these
effects were caused by the movement of the tag rather than protein.'® This was further
investigated with CLaNP5 linked to adenylate kinase. Similarly, it was found that the
probe caused relaxation dispersion and it could be deduced that a minor state of the
probe exists in which the Ay tensor is rotated by 20° relative to the one from the major
state. This work showed simultaneously the great power of paramagnetic NMR for the
study of minor states and the significant problem of finding a probe that has no exchange
ongoing in the millisecond timescale whatsoever. In particular, the ring flips of the cyclen

ring are hard to suppress.'®

Alternatively, the protein structure of minor state can be derived from chemical
exchange saturation transfer (CEST) experiments. A recently proposed method, PCS-
CEST, demonstrated the study of a minor conformation of a slow-exchange system,
Abp1p SH3-Ark1p, with a paramagnetic center.'’® 4AMMPyMTA (Figure 1.7, 19) bounded
Tb3* was attached to a SH3 domain. Several >N PCS of the exited states, which were
obtained by adding 3% Ark1p peptide, were measured from CEST experiments and
shown to be in agreement with the 100% Abp1p SH3-Ark1p complex. This approach,
with the same paramagnetic center, was utilized to study the pre-existing folding
transitional conformations of HYPA/FBP11 FF domain. In comparison with the ground
state, smaller PCS magnitudes were found by the PCS-CEST experiment for the minor
state, indicating the domain is in exchange with a small population of less ordered

protein.
5 Conclusions

The development and improvement of paramagnetic probes, especially site-specific
paramagnetic probes, open a wide range of protein structure investigation methods. By
engineering a LBT, His residue pairs or UAA, a metal binding motif or a radical can be
introduced. Alternatively, chemical probes can be attached to the protein surface. A
double-anchoring strategy provides the least flexible paramagnetic centers. While the
current probes are excellent for the study of ground state structures, for the study of
minor state structures the development of completely rigid probes, or probes that at
least are not mobile on the millisecond timescale, remains a challenge.? Rigid and non-

reducible attachment allow the probes to be used under reducing conditions, for
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instance for studies in-cells. Avoiding disulphide chemistry is not straightforward,
because for many other attachment methods, hydrolysis competes with cysteine
attachment. In comparison with lanthanoid probes, 3d-block metal ion based probes
have not been developed extensively. These could find application in the study of local
effects, such as changes in an active site. Therefore, finding new rigid chelators remains

an important goal for the future.

Recently, the study of conformations of carbohydrates by paramagnetic NMR
was reported.'”'" Here, representing the paramagnetic center was engineered on the
oligosaccharide, dedicating a new, alternative way for paramagnetic NMR to study

protein-ligand interactions.'??

Furthermore, paramagnetic probes are becoming
increasingly used in EPR spectroscopy in which distances can be measured between two
unpaired-electron spin labels, for example Mn2?* and Gd**, by DEER (double electron—
electron resonance) experiments.*'%® Both NMR and EPR are based on spin interactions
and it is only logical that paramagnetic systems bring these two fields closer together.
The combination of these spectroscopies can provide a more complete picture of the

world of proteins.
6 Thesis outline

The aim of this thesis was to design and synthesize new paramagnetic complexes as
probes for protein structure studies. Chapter | presents a general overview of
paramagnetic NMR, sources of paramagnetism, published paramagnetic probes and
examples of applications for protein structural studies. Chapter Il describes the synthesis
of several new probes for 3d-block ions, referred to as TraNPs. The magnetic properties
of these probes were investigated by linking the probes to three proteins. Chapter IlI
describes the synthesis and characterization of a cyclen derivative as ligand for 3d-block
jons and lanthanoid ions. Chapter IV describes the synthesis of rigidified DOTA
analogues and the study of the conformational exchange of its lanthanoid complexes.
Chapter V describes a rigid Gd(lll) probe for measuring protein distances by EPR in vitro
and in-cells. Chapter VI provides a general discussion, conclusions and some

perspectives in relation to the work described in this thesis.
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Chapter 11

Abstract

Synthetic metal complexes find use as paramagnetic probes for the study of proteins and
protein complexes. Here, the synthesis and characterization of two transition metal NMR
probes (TraNPs), TraNP1-RR and TraNP1-SS, are reported. TraNPs are attached via two
arms to engineered cysteine residues on the surface of a protein to generate
pseudocontact shift (PCS) using cobalt (ll), or paramagnetic relaxation enhancement (PRE)
with manganese (ll). The zero net charge and good solubility make the TraNPs
compatible with proteins. The PCS analysis of TraNPs attached to three different proteins
shows that the size of the anisotropic component of the magnetic susceptibility depends
on the probe surroundings at the surface of the protein, contrary to what is observed for
lanthanoid based probes. The observed PCSs are relatively smaller than for most
lanthanoid probes, making cobalt-based probes suitable for localized studies, such as of
an active site. The obtained PREs are stronger than obtained with nitroxide spin labels
and the possibility to generate both PCS and PRE with the same probe offers advantages.
The properties of TraNPs in comparison with other cobalt based paramagnetic probes

are discussed.
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Introduction

Ever since the determination of first metalloprotein structures using paramagnetic NMR
restraints,’> it has been acknowledged that paramagnetism is a powerful tool for the
study of biomolecules. The interactions of unpaired electrons with nuclei generate
paramagnetic effects that contain structural information.®” Pseudocontact shift (PCS) and
paramagnetic relaxation enhancement (PRE) are the paramagnetic effects that most
frequently find application. PCS offer long-range distance and conformational
information and can be easily measured with high precision. PRE only yield distance
information but are strongly distance dependent, making exquisitely sensitive to minor
states in which the nuclear-electron distance is reduced.®'° In proteins that bind metals
naturally, a paramagnetic center is already present or can be introduced by replacing a
diamagnetic metal ion, like Ca(ll) or Mg(ll), with a paramagnetic ion, such as Co(ll), Mn(ll),
or a lanthanoid, Ln(lll).""" For other proteins, the introduction of a paramagnetic center
is required, either via genetic means or through chemical attachment. To limit the effects
on the protein and obtain a single set of paramagnetic effects, the ideal probe has no
net charge and is hydrophilic, positioned rigidly relative to the protein and of high
symmetry. Over the past years, many paramagnetic NMR probes were designed and
synthesized.'®"? Ln(lll) has been the paramagnetic center of choice in many cases because
of the range of anisotropic components of the magnetic susceptibilities (described by
the Ay-tensor) that these ions display, with sizes of 2x10-32 m?3 for Eu(lll), 8x1032 m3 for
Yb(lll) and up to 50-84x1032 m3 for Tm(lll), Tb(lll) and Dy(ll).?2>2* The similarity in
coordination chemistry makes it possible to use the same probe with different Ln(lll) ions.
Fewer probes for transition metals have been reported. Of the transition metal ions, high-
spin Co(ll) yields among the largest PCS, with tensor sizes in the order of 2-7x1032 m33
and displays weak PRE, whereas Mn(ll) causes strong PRE due to the presence of five
unpaired electrons and a long electronic relaxation time.? The use of transition metal
jons as paramagnetic centers for protein structural studies has already a long history.?-32
However, only few site-specific transition metal probes have been designed for protein
NMR studies. S-(2-pyridylthio)-cysteaminyl-EDTA is a commercially available (TRC,
Toronto, Canada) transition metal probe. However, it yields multiple PCS for a nucleus
due to the presence of stereoisomers of the complex.3* Some other probes are attached
to the protein via a single arm and require additional coordination by a residue of the
protein near the attachment site.3*3* Recently, two-point attachment was introduced for
Co(ll) probes to ensure that the metal ion is rigid relative to the protein.3¢%” For one of
these probes, metal ion exchange between solvent and probe was observed.* This
prompted us to develop a double-armed transition metal ion probe that could tightly
bind the metal ion and generate a single set of paramagnetic effects. Cyclen (1,4,7,10-
tetraazacyclododecane) is a widely used building block for metal ligand design due to its
high metal binding affinity. A large number of cyclen derivatives have been developed
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for metal ions for the application in biomedicine®3? and magnetic resonance imaging
(MRI),%41 for which high thermodynamic stability and kinetic inertness are required.
Among these reported cyclen based complexes, there are, however, few successful Co(ll)
and Mn(ll) complexes, in particular for Mn(ll), which can easily be oxidized by air.*?

Here, we report the design and synthesis of several Cz-symmetric cyclen
derivatives, which can tightly bind the transition metal ions Co(ll) and Mn(ll) and are stable
in air and buffers. These Transition metal NMR Probes (TraNPs) were tested using three
proteins. The TraNPs are linked to the proteins via two disulfide bonds at a specific
location on protein surface, yielding single sets of paramagnetic effects in NMR spectra.
Interestingly, the size of the Ay-tensor of Co-TraNP ranges from 2 — 5 x103 m?3 for
different proteins, indicating that the protein environment has an indirect effect on the
Co(ll) coordination that influences the Ay-tensor. We discuss the TraNP properties and
compare them with other reported Co(ll) tags.
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Figure 2.1 Structures of TraNP1-SS/RR, TraNP3-S, TraNP5, and N-(carboxymethyl)-S-
(pyridin-2-ylthio) cysteine (tag 1). The asterisks in the structures of TraNP1-SS/RR indicate

the asymmetric carbons.

Results

Synthesis of TraNPs. Derivatives of 1,4,7,10-tetraazacyclododecane (cyclen) have been
used extensively for metal binding because of their favorable metal coordination
properties.*** For a two-armed transition metal probe, C2-symmetric derivatives that
allow attachment to two cysteine residues are required.?’ Selective protection and/or
alkylation at the opposing positions of the nitrogens of the cyclen ring can be
accomplished because the protonation states of neighboring nitrogens are strongly
interdependent, with pKa values around 1 and 10.4% As judged from the cyclen crystal
structure, two opposing nitrogens point outward from the center of the ring, whereas

the two others point inward.*” Here, a selective partial protection and alkylation strategy
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Scheme 2.1 a) acetyl bromide, K2COs, H20, 0 °C; b) Methyl (2S)-glycidate, MeOH r.t., 48
h; c) i) TFA: DCM (v/v) 4:1, r.t., 16 h; ii) compound 1, K2COs, ACN, r.t., 12 h; d) T M HCI,
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was used to synthesize the novel C2 symmetric metal binding ligands TraNP1-SS and
TraNP1-RR, as well as the control compounds TraNP3-S and TraNP5 (Figure 2.1). In
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addition, N-(carboxymethyl)-S-(pyridine-2-ylthio)cysteine was synthesized (Figure 2.1, tag
7). This compound has been described before for the purpose of tagging proteins with
Co(ll) and was used here for comparison with TraNPs.* The synthesis of TraNP1-SS/RR
is shown in Scheme 2.1. Cyclen was protected with tert-butoxycarbonyl (Boc) group at
positions 1 and 7,2" %% and functionalized via a double epoxide ring opening, using the
commercially available methyl (S) or (R)-oxirane-2-carboxylate to give compound 3(RR)
and compound 3(SS) in 61% and 63% yield, respectively. Compound 4(RR) was obtained
by removal of the Boc-groups of compound 3(RR) with trifluoroacetic acid in
dichloromethane, followed by bi-alkylation with compound 1 in the presence of K2CO3.%
Analogously, compound 4(SS) was obtained. Deprotection of the methyl esters with 1 M
HCl solution at 50 °C, rather than classical basic solution deprotection, was used because
of the lability of the mesityl-groups, and produced TraNP1-SS and TraNP1-RR in 65% and
67% yield, respectively. TraNP3-S and TraNP5 were synthesized using similar approaches,
see Scheme 2.2. For the introduction of the metal ions, 1.1 equiv. of Co(ll), Mn(ll) or Zn(ll))
was add to TraNPs ACN solution, followed by stirring at room temperature for 3 h.

Except for TraNP5, the metal ion complexes were stable under atmospheric conditions.

TraNPs attachment. Three proteins were used to characterize the paramagnetic
properties of the TraNP molecules, T4 Lysozyme (T4lLys) with the mutations
K147C/T151C, Bacillus circulans xylanase (BCX) with mutations E78Q/T109C/T111C and
ubiquitin with the mutations E24C/A28C. The mutation E78Q in BCX abolishes catalytic
activity but is otherwise irrelevant for this study. These three proteins contain no cysteines
apart from the pair introduced for probe attachment. In T4Lys and ubiquitin, the two
cysteines are located in an a-helix, whereas in BCX, the cysteines are in a B-strand. The
uniformly >N enriched proteins were treated with DTT to reduce possible intermolecular
disulfide bonds, the DTT was removed and the proteins were incubated with
Co(I)/Zn(l)/Mn(ll)-TraNPs. The tagged proteins were purified using size exclusion
chromatography and the tagging efficiency was determined by MS and NMR. Mass
spectrometry results of Co(ll)-TraNP1 T4Lys (19333 + 2 Da), Co(ll)-TraNP1 BCX (21337 +
2 Da) and Co(ll)-TraNP1 ubiquitin (9309 + 2 Da) agreed with the theoretical values of
19334 Da, 21339 Da and 9311 Da for 98% enrichment of '°N, respectively, indicating that
the probes were attached via two arms (App. Figures A2.1-2.3). No untagged protein
was found by MS, suggesting that more than 95% of the protein was tagged. Similar
results were found for the complexes containing Zn(ll) and Mn(ll). These results were
confirmed by "H-">"N HSQC spectra of samples of Co(ll)-TraNP tagged proteins, which
showed no peaks for untagged protein. An overlay of the NMR spectra of the proteins
tagged with Zn(ll) and Co(ll) loaded TraNP1-RR or TraNP1-SS shows the presence of PCS
in the latter spectra (Figure 2.2 and App. Figure A2.4).

Analysis of the paramagnetic spectra. The PCS caused by Co(ll) on the amides in the
proteins were obtained by taking the difference of the "HN chemical shifts in the spectra
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Figure 2.2. Overlay of 'H-">"N HSQC spectra of Co(ll) (red) and Zn(ll) (blue) loaded
TraNP1-RR attached to T4Lys K147C/T151C (A) and BCX E78Q/T109C/T111C (B).
Several PCS are indicated with solid lines and residue numbers. The NMR spectra were
recorded at 14.1 T (600 MHz)

of the Co(ll) and Zn(ll) tagged proteins. The PCS was fitted to equation 1.1 chapter | to
obtain the two components of the anisotropic part of the magnetic susceptibility, Ayax
and Ay, the orientation of the Ay tensor and the position of the paramagnetic center
relative to the protein structure. For TraNP1 T4Lys (K147C/T151C), BCX (E78Q/T109C/
T111C) and ubiquitin (E24C/A28C) more than 80, 100 and 40 PCSs were measured,
respectively, and fitted against published crystal structures. The results are presented in
Tables 2.1 and App. Table A2.1-2.3. A good correlation was found between the
experimental and back-calculated PCS (Figure A2.5). The quality of the correlation is
expressed with an adjusted Q-value (Q.), defined in eq. 2.1. Only the PCS of the amide
of T4Lys residue 163 deviates strongly from the observed value. This residue is located
at the C-terminus and its location in the structure may be ill-defined. It was excluded from
the calculations. The results for for different crystal structures of the same protein were
essentially the same (App. Table A2.1-A2.3). The iso-surfaces of the Ay-tensors, plotted
on T4lys, BCX and ubiquitin, are shown in Figure 2.3 and Figure A2.6. The probes are
mostly axial, with only a minor rhombic component. The iso-surfaces of the two
enantiomers are very similar. The Co(ll) ions are located between the cysteine residues,
as expected for a two armed probe, and in line with results obtained for our lanthanoid
probes, CLaNP5 and CLaNP7.2" 8 The distances between the Co(ll) and the cysteine C,
atoms are between 7.6 and 9.8 A (Table 2.1). The distance between Co(ll) ions in TraNP1-
RR and TraNP1-SS bound to T4Lys is only 1.4 A and the Ay-tensor orientations are similar
(Figure 2.3). However, the Ay« of TraNP1-SS is 12% smaller than that of TraNP1-RR (Table
2.1). Also on BCX, TraNP1-RR and TraNP1-SS position the Co(ll) in similar locations and
the Ay-tensor frame orient in the same way. In this case, Ayax of TraNP1-SS is even 32%
smaller than for TraNP1-RR. Interestingly, the Ayax of TraNP1-RR (SS) attached to BCX is
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27% (44%) smaller than for this probe attached to T4Lys Table 2.1). For ubiquitin, the Ay-
tensor of Co-TraNP1-SS labeled on ubiquitin was even smaller than for the other two
proteins (Table 2.1). These differences will be discussed later.

Table 2.1 PCS-based Ay-tensor parameters of Co(ll)-TraNP1 attached to T4Lys
K147C/T151C, BCX E78Q/T109C/ T111C and ubiquitin E24C/A28C.

Protein T4Lys BCX Ubiquitin
Probes RR SS RR SS SS
Axax? 5.2+0.1 4.6+0.1 3.840.2 2.6+0.1 2.0+0.1
Aypn® 1.240.1 0.9+0.1 0.5+0.1 0.6+0.1 0.4+0.1
Restraints 81 89 105 100 45
Q. 0.04 0.04 0.05 0.06 0.04

Co(ll)-Cys Ca 7.6 (C147) 7.9 (C147) 9.8 (C109) 9.8 (C109) 8.9 (C24)
distance (A) 8.4 (C151) 8.3 (C151) 7.9 (C111) 8.0 (C111) 9.3 (C28)
PDB entry 2lzm® 2lzm>° 2bwv® 2bw®! 2mijb>?

2in 1032 m3

Paramagnetic relaxation enhancements. To investigate whether TraNP1 can also be
used to generate PREs with a transition metal, TraNP1-SS was loaded with Mn(ll) and
linked to T4Lys K147C/T151C. PRE was obtained by comparing the intensities of amide
resonances in HSQC spectra of Mn(ll) and Zn(ll) tagged T4Lysles (App. Figure A2.7).
Figure 2.4A shows the intensity ratios. From these, the PREs and Mn(Il)-"HN distances
were derived (see Materials and Methods, eq. 2.2 and 2.3). These distances were
compared with those obtained from the PCS-based Co(ll) position, assuming that Mn(ll)
and Co(ll) in TraNP1-SS sit in the same position relative to T4lys. A good correlation,
with a margin of +3A, for distances between 19 and 31 A was found (Figure 2.4 B). For
peaks that broadened beyond detection, the observed distance was set to 19 A and for
the amides with unaffected peak intensities the distance was set to 31 A, explaining the
points on these two horizontal distance lines in Figure 2.4B. Three clear outliers were
observed (residues 10, 31 and 32, App. Figure A2.8). It is not clear why these amides give
deviating results. The assignments appear correct and the structure is well-defined for
these residues. The position of the Mn(ll) was also determined by fitting it to the
experimental distances (see Material and Methods for details). These calculations place
the Mn(ll) between the cysteine residues, with distances to the C, atoms of 7.1 A (C147)
and 8.2 A (C151). Itis 2.5 A away from the Co(ll) position based on the PCS data (App.
Figure A2.8A, purple sphere). The experimental and back-calculated distances correlate
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Figure 2.3 Ay-tensors of TraNP1. A, B) The +0.2 ppm PCS iso-surfaces of TraNP1-RR are
plotted for T4Lys K147C/T151C (PDB entry 2lzm) (A) and BCX E78Q/ T109C/T111C (PDB
entry 2bwv) (B). The backbones of the proteins are drawn in ribbon representation.
Positive and negative PCS are indicated by blue and red iso-surfaces, respectively. C, D)
Co(ll) positions and tensor orientations of TraNP1-RR and TraNP1-SS are shown for T4Lys
K147C/T151C (C) and BCX E78Q/T109C/T111C (D). The Cys residues used for
attachment have been modelled in the structure and are shown in sticks. Also the
sidechain of Tyr113 in BCX is shown in sticks. 3

within the =3 A range for most residues, except for residues 10, 31 and 32, which deviate
4-5 A (App. Figure A2.8B). Exclusion of these three residues yielded a better fit (App.
Figure A2.8C). These and other calculations showed that the exact calculated position of
the Mn(ll) is strongly dependent on the input data set. Even a single violated distance
restraint tended to affect the position of the metal (App. Figure A2.8A). It is estimated
that the PRE-based position of the metal has a precision of 2-3 A and is less precise than
the location based on the PCS data. However, the metal positions obtained via both

approaches are consistent, being in between the two cysteine residues.

TraNP coordination properties. To determine which of the pending arms coordinate
the metal in TraNP1, TraNP3-S and TraNP5 were synthesized, lacking one or both
hydroxy-propionic acid groups, respectively. TraNP5 failed to bind metals, whereas
TraNP3-S was capable of coordinating Co(ll). When this complex was linked to T4Lys,
two sets of PCS were observed for each amide and the PCS was smaller than those
observed for TraNP1 (App. Figure A2.9A). As compared to TraNP1, the Ca-symmetry is
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broken in TraNP3, resulting in two isomers upon attachment to the protein, which could
be the cause of the double resonances. It suggests that the amide groups in the other
two pending arms are incapable of coordinating the Co(ll), so these arms have additional
rotational freedom compared to the eight coordination arms of the lanthanoids binding
counterparts, CLaNP5 and CLaNP7.%":%® Lanthanoids require eight or nine ligands, so all
pending arms are involved in metal coordination. We also tested lanthanoids binding to
TraNP1. The affinity for these metals is poor. TraNP1 forms six membered rings upon
coordination of the metal to the carboxy, whereas in DOTA or the DOTA based

CLaNP3,% a five membered ring is formed between metal and carboxy group.

Table 2.2 PCS-based Ay-tensor parameters of tag 1 and TraNP1-SS attached to ubiquitin
E24C/A28C (PDB entry 2mjb)>2 and T4Lys K147C/T151C (PDB entry 2lzm)%.

Protein Ubiquitin T4Lys
Probes tag 1° tag 1° TraNP1-SS tag 1 TraNP1-SS
Ayax? -7.4+£0.04 -7.24£0.1 2.240.1 -6.8+0.2 4.6+0.1
Ayen ® -1.44£0.04 -1.31£0.1 0.2+0.1 -0.46+0.1 0.9+0.1
Restraints 66 45 43 53 89
Q. 0.02 0.02 0.04 0.04 0.04
Co(ll)-Cys Ca 7.0 (C24) 8.0 (C24) 9.0 (C24) 8.0 (C147) 7.9 (C147)8.3
distance (A) 7.4 (C28) 7.4 (C28) 8.8 (C28) 7.0 (C151) (C1517)

2in 103 m?, ® Tensor parameters based on PCSs reported in %; ¢ Tensor parameters based on work

performed in this study.

Comparison with ‘tagging agent 1'. To compare TraNP1 with another two armed Co(ll)-
tag, we synthesized the published Co(ll) probe named tagging agent 1 (tag 1), (S)-2-
((pyridin-2-yldisulfaneyl)methyl)succinic acid, Figure 2.1. In this case, the two cysteines on
the protein each react with one probe molecule and the Cof(ll) ion is sandwiched in
between the two attached groups. Swarbrick et al.% attached this probe to ubiquitin
E24C/A28C and reported a remarkably large Ay-tensor (-7.4 x 10-32m?3). We repeated the
experiment with the same ubiquitin variant and also attached tag 1 to T4lys
K147C/T151C. Labeling was checked with mass spectrometry (App. Figure A2.10 and
A2.12). For all the samples linked to either tag 1, Co(ll)-tag 1 or Zn(ll)-tag 1, the same
mass was observed, of the free protein plus 409 Da (App. Figure A2.10 and A2.11). This
mass difference equals the mass of two attached tag 1 molecule (354 Da) plus an
additional 55 Da. As this extra mass was present independent of the presence of either
Colll) or Zn(ll) in the sample, we assume that tag 1 loses these metal ions and picks up
another mass in the process of the mass spectroscopy measurement, e.g. Fe(lll) or Mn(ll)
jons. "H-"N HSQC spectra of the Co(ll) and Zn(ll) tagged ubiquitin and T4Lys were
recorded and the PCS measured. The size and orientation of the Ay-tensor of tag 1
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Figure 2.4 Paramagnetic relaxation enhancement. A) lparo/ldia ratios of amide resonances
in "H-"*N HSQC spectra of T4Lys K147C/T151C tagged with Mn(ll)/Zn(Il)-TraNP1-SS. B)
PRE-derived Mn(ll)-"HN distances plotted vs. the Co(ll)-'HN distances with the Co(ll)
position derived from PCS data. No fitting was performed. The solid red line represents
a perfect correlation and the dotted lines show =3 A margin.

derived from the experimental PCS analysis of the ubiquitin NMR spectra were the same
as those obtained using the published PCS values (App. Figure 2.7A, Figure A2.12, Table
2.2). In our spectra, some of the residues showed more than a single paramagnetic peak,
such as residues K6, T7, L50, Q62, L67 and H68 (App. Figure A2.12). Also, Co(ll) loading
appeared to be incomplete. In the NMR spectra of ubiquitin tagged with Co(ll) loaded
tag1 spectra, diamagnetic peaks were present (App. Figure A2.12B), even if 1.2 equiv.
of Co(ll) was added, rather than the reported 0.6 equiv.. The tagged, metal-free ubiquitin
also behaved curiously, showing many double peaks in the HSQC spectrum, compared
to untagged ubiquitin (App. Figure A2.12C). Upon addition of Zn(ll), single peaks remain
in the HSQC spectrum (App. Figure A2.12C). Thus, the metal free tag 1 caused the
presence of two forms of the protein. Also for T4Lys K147C/T151C, tag 1 showed partial
loading with Co(ll) or Zn(ll), even with 10 equiv. of the metal ion added. Again, more than
one peak with PCS was observed for some of the residues (App. Figure A2.13). From the
tag 1-T4Lys HSQC spectrum (App. Figure A2.13), around 50 PCSs were measured and
used for Co(ll) positioning and Ay tensor calculation. The Co(ll) is located between the
two cysteine and the distances to the two cysteine Co. atoms are around 7 A (Figure 2.7B),
which is similar to the results for the ubiquitin variant. As observed with TraNP1, the size
of the tensor was affected by the protein, because the Aya.x component of Co(ll)-tag 1
was, though still quite large, somewhat smaller than for the ubiquitin variant, and the Aym

component was more than three times smaller (Table 2.2).
Discussion

Metal coordination and tensor parameters. The synthesis and characterization of a new
two-armed transition metal binding NMR probe, TraNP1, is reported. Loaded with Co(ll)
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A

Figure 2.5 Model of Co-TraNP1-SS attached to BCX E78Q/T109C/T111C. The protein is
shown in cartoon representation and the two cysteines and the tag were modelled into
the structure (PDB entry 2bwv).5! The oxygen of Tyr113 (in cyan sticks) can readily be
brought into hydrogen bond distance of one of the hydroxy groups of TraNP1-SS. The
cysteines and the probe are shown in sticks, with carbons in yellow and the nitrogen,
oxygen and sulfurs in blue, red and dark yellow, respectively. The Co(ll) ion is shown as a

sphere.

and attached to the proteins T4Lys, BCX and ubiquitin via two disulfide bridges, it causes
PCS of the resonances of amide nuclei. The PCS can be fitted well and yield the position
of the metal relative to the protein as well as the orientation and size of the Ay-tensor.
Whereas metal position and tensor orientation are similar, interesting differences are
observed in the sizes of the Ay.x and Ay between the RR and SS enantiomers, as well as
between T4Lys, BCX and ubiquitin. We are puzzled by the large variation in these tensor
sizes for Co ions that are expected to have the same coordination environments. We
attribute these effects are attributed to slight differences in coordination of the cobalt
ion. The binding of the probe to the protein and interactions with protein side-chains
may introduce slight strain on the Co(ll) ligands, leading to changes in the electron
distribution and thus in the paramagnetic effect. It is likely that the Co(ll) is coordinated
by the four ring nitrogens and two carboxy-oxygens in a pseudo-octahedral conformation.
Based on the crystal structure of a similar compound,® the structure of TraNP1 was
modelled using Spartan’14 & Spartan’14 Parallel Suite (www.wavefun.com). The two

enantiomers indeed show slight differences (Figure A2.14). The linkage of TraNP1 to the
proteins was also modelled, using XPLOR-NIH.>>%¢ [n this model, the coordination
obtained in the Spartan model was constrained and the arms for attachment were free
to rotate. The protein backbone was fixed, side chains were allowed to rotate. The
position of Co(ll) ion was restrained to the experimental position. An acceptable model
was obtained in which the plane of the cyclen ring is roughly perpendicular to the surface
of the protein and the arms for attachment point away from the ring, relative to the
hydroxy-propionic acid groups (Figure 2.5). In the BCX-TraNP1-SS model, Tyr113 is
located within hydrogen bonding distance of one of the hydroxy groups. We speculate
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Figure 2.6 Comparison of Co(ll)-TraNP1-SS and Yb(lll)-CLaNP5 attached to T4lys
K147C/T151C. A) Metal positions and tensor rotations; B) PCS iso-surfaces (0.4 ppm for
Yb(lll)-CLaNP5, 0.2 ppm for Co(ll)-TraNP1-SS); C) Models of the protein-probe
structures. The protein is shown in ribbon representation, the probes and cysteines are

shown in sticks. The metals are shown as spheres.

that such an interaction with a side chain could affect the ligand coordination of cobalt
ion and influence the size of the Ay-tensor. It is concluded that the paramagnetic
properties of Co(ll) are very sensitive to the environment of the ligands, strongly affecting
the size of the anisotropic component of the magnetic susceptibility, in line with the large

differences reported for the size of paramagnetic effects in other Co(ll)-compounds.'" 34

57

Comparison between TraNP and CLaNP. These observations are strikingly different
from lanthanoid probes. For rigidly attached probes, such as CLaNP-5 and CLaNP-7,
usually similar sizes for Ay ax and Ay are found, independent of site of attachment.?' 48
As a consequence, the Ay.x and Ay need to be determined for TraNP1 in each system,
whereas for CLaNP, the sizes can, to first approximation, be estimated on the basis of
literature values. Figure 2.6 presents a comparison of the results for Co(ll)-TraNP1-SS and
Yb(Il)-CLaNP5 attached to T4Lys at residues 147 and 151.58 The positions of the metal
are different, with a distance of 2.6 A between them, although both are located between
the two Cys residues. Also, the direction of the main tensor component (z-axis) and the
degree of rhombicity differ considerably. Panel C of Figure 2.6 shows the models of the
probes attached to T4Lys. In CLaNP, all the four pending arms are involved in the
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coordination of the metal and thus are oriented in the same direction, placing them in
such a way that the cyclen ring is roughly parallel to the protein surface and the metal in
between the cyclen ring and the protein. In TraNP, the cyclen ring is perpendicular to
the surface and the metal is thus on one side of the ring, relative to the protein.

Comparison between TraNP1, tag 1 and other Co(ll) binding motifs. The comparison
of TraNP1 and tag 1 confirmed that the coordination of the Co(ll) has a large effect on
the size of the Ay-tensor. For tag 1, four carboxyl groups and two secondary amines are
likely involved in the coordination, whereas TraNP1 has two carboxyl groups and four
tertiary amines contributing to the coordination. However, both tags are likely to provide
a distorted octahedral environment, so it is unclear whether the different type of ligands
are the cause of the large Ay-tensor of tag 1, yielding larger PCS than obtained with for
TraNP1, approaching those obtained with Yb(lll) probes. The metal is roughly located at
the same position in both probes, in between the cysteines and 7-8 A away from the Ca
atoms. However, the tensor axes are oriented very differently (Figure 2.7). A
disadvantage of tag 1 is that some amides show more than one resonance in the
spectrum of the paramagnetic sample. Furthermore, the metal affinity appears to be
relatively low, leading to the presence of peaks of metal-free tagged protein in the
spectra of the paramagnetic sample, increasing spectral crowding that could be
problematic for larger proteins. Next to the doubly anchored tag 1, several tags with a
single attachment point were reported, like (2-pyridylthio)-cysteamine-EDTA, 2-vinyl-8-
hydroxyquinoline (2V-8HQ)3* and 3-mercapto-2,6-pyridinedicarboxylic acid (3MDPA)%®.
As a commercially available probe, (2-pyridylthio)-cysteamine-EDTA is widely used in
protein paramagnetic NMR after it was first reported with Fe(lll) as the paramagnetic
center.% Further research found that the Co(ll) loaded (2-pyridylthio)-cysteamine-EDTA

Co-TraNP1-SS

Figure 2. 7 Metal positions and tensor orientations of Co(ll)-TraNP1-SS and Co(ll)-tag
1 (attached to ubiquitin E24C/A28C (A) and T4Lys K147C/T151C (B). In (A) the left
tensor of tag 1 is based on fitting the PCS reported in %; the right one is based on
the PCS observed in the current work. The proteins are shown in ribbons, the
cysteines were modelled into the structure and are shown as sticks.

68



Chapter 11

generated two sets of PCS, in one case® but not in other®®, due to the presence of
stereoisomers of the complex. The 2V-8HQ is a rigid and small probe for the Co(ll) and
requires additional ligands from a protein side-chains, making the metal location less
predictable than for a two-armed probe. Slow exchange of Co(ll) ions between the
solvent and the 2V-8HQ (chapter |, Figure 1.10) tag on ubiquitin was reported. The
affinity and exchange rate depend on the coordinating side chain. For 3MDPA, which
can bind Ln(lll) and Co(ll), the tensor orientations for all the metal ions are similar but the

metal affinity is very weak.

To reduce the probe attachment flexibility, genetic incorporation of natural or
unnatural amino acids in the protein sequence has been proposed. The unnatural amino
acid of bipyridylalanine (BpyAla, chapter 1, Figure 1.4)" and 2-amino-3-(8-
hydroxyquinolin-3-yl)propanoic acid dihydrochloride (HQA, chapter 1, Figure 1.4)%? that
both side chain strongly chelates transition metal ions were successfully introduced into
West Nile virus NS2B-NS3 protease (WNVpro) and membrane proteins (1TM-CXCR1 and
p7), respectively. Similar to 2V-8HQ, both require additional ligands provide by protein
side chains. HQA was used for not for Co(ll) but Mn(ll) to measure PRE. Recently, it was
reported that also a dihistidine (diHis) motif can be used to bind Co(ll).3” The motif was
introduced to ubiquitin at two positions on an a-helix, mutant E24H/A28H and
A28H/D32H, as well as a B-strand of GB1, mutant E15H/T17H. Also in this study, the dHis
motif generated different Ay-tensor values and orientations for the different protein

variants.

Conclusion. TraNP1 adds a new probe to the range of paramagnetic probes available
for NMR on biomolecules.' '8 Co(ll) has a smaller anisotropic magnetic susceptibility than
most lanthanides, placing it close to Pr(lll). Its application can lie in studying small and
local structural changes in proteins and protein complexes, such as can occur in enzyme
active sites during catalysis or in protein pockets upon ligand binding. The stronger
effects of lanthanoids are less suitable for studying such small structural changes. The
reason is that such probes cannot detect changes close to the probe due to PRE effect
and events further away require larger structural changes to cause significant PCS
changes. A 1 A change at a large distance from a paramagnetic metal leads to a small
relative change in angle and distance and thus a small change in PCS, both in absolute
and relative terms, even for strongly paramagnetic ions. This point is illustrated with an
example in App. Table A 2.4. Thus, Yb(Ill) and the stronger Ho(lll), Dy(lll), Tm(lll) and Th(lll)
are suited for studying domain motions and determination of structures of complexes,'®
whereas probes with smaller Ay-tensors are suitable for detection of nearby, small
structural changes. The relatively low paramagnetic anisotropy of Co-probes makes the
measurement of paramagnetically induced RDC inconvenient at routine fields, such as
14 T (600 MHz), with maximal predicted values for "H-*N of 1.7 and 4 Hz for TraNP1 and
tag 1, respectively. At the highest fields achievable, obtaining these RDC becomes
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realistic (7 and 16 Hz, respectively, at 28 T, 1200 MHz), offering possibilities for the study
of protein mobility. Finally, the fact that TraNP1 can also bind Mn(ll) to measure PREs is
convenient, because PRE derived distances complement the restraints obtained from

PCS.
Materials and Methods

General: cyclen, 2-(aminoethyl)methanethiosulfonate hydrobromide, methyl (S)-oxirane-
2-carboxylate, N-(tert-Butoxycarbonyloxy)succinimide, Ln(OAc)3, CoCly6H:0, Znls,
MnClz4H,0Q, methyl (R)-oxirane-2-carboxylate and all other chemicals were purchased
and used without further purification. Solvents were purchased from Honeywell,
BIOSOLVE or Aldrich and directly used for synthesis. Superdex 75 columns and Sephadex
G-25 PD10 desalting columns were purchased from GE Healthcare. Reactions were
followed by TLC analysis on silica gel (F 1500 LS 254 Schleicher and Schuell, Dassel,
Germany) and visualized by UV and/or ninhydrin, KMNOa. Flash chromatography was
performed with Screening Devices silica gel 60 (0.04-0.063 mm). A Waters preparative
RP-HPLC system, equipped with a Waters C18-Xbridge 5 pm OBD (30 x 150 mm) column
and Akta Basic FPLC (GE Healthcare Inc.) system were used for purification. NMR spectra
were recorded on a Bruker AV-400 (400/100 MHz), AV-500 (500/125 MHz) or AV-600
(600/150 MHz) spectrometer. A LCQ liquid chromatography mass spectrometry system
and a Finnigan LTQ Orbitrap system were used for high-resolution mass spectrometry
and protein conjugation analysis. A Thermo Finnigan LCQ Advantage MAX was used for
liquid chromatography (LC) mass spectrometry (MS) analysis. A Thermo Scientific™

NanoDrop 2000 spectrophotometer was used for protein concentration measurement.

Protein labeling: To link TraNPs to >N labelled T4Lys, BCX or ubiquitin, produced as
described previously,%*¢ the protein sample (1 mL, 200-400 uM) was treated with DTT
(final concentration 10 mM) at 0 °C. After 1 h, the protein solution was loaded on a PD-
10 column (GE Healthcare), pre-equilibrated with labeling buffer (20 mM sodium
phosphate, 150 mM NaCl, pH 7.0, argon degassed) to remove DTT. The eluted protein
was added to a solution of labeling buffer containing TraNP (6 equiv.) under an argon
atmosphere. The mixture was stirred at 4 °C for 8 h. Then, the mixture was concentrated
to 500 pL and purified by using a Superdex 75 gel filtration column. Tag 1 attachment to
ubiquitin and T4Lys followed the procedure described before.3¢ Briefly, the protein
solution (200 pM) was incubated with 10 mM of DTT at 4 °C for 1 h. The PD10 column
was equilibrated with labelling buffer (50 mM HEPES pH 7.5 for ubiquitin, 20 mM sodium
phosphate, 150 mM NaCl pH 7.5 for T4Lys, argon degassed) and the protein solution
was loaded to remove the DTT and the eluate was added to 10 equiv. tag 1 solution in
labelling buffer to react at r.t. for 2 h. The labeled proteins were concentrated to 500 pL
and purified by using a Superdex 75 gel filtration column. The yield of labeling estimated
from the LC/MS and NMR, was more than 95%. The purified tag 1-ubiquitin and tag 1-
T4Lys (120 pM) were treated with 1 mM EDTA and purified by PD10 column, before
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incubate with CoCl26H20 (1.2 equiv. or 10 equiv.) and Znlz (1.2 equiv.) at 4 °C pH 7.5,
for 12 h, respectively. The stock solutions containing 10 mM of the metal salts in the same

buffer as the protein solution.

Protein NMR spectroscopy: The NMR samples of T4Lys-TraNP (100-200 uM) were
prepared in 30 mM sodium phosphate pH 5.5 buffer containg 100 mM NaCl and 6% (v/v)
D20. The NMR samples of BCX-TraNP (100—-200 pM) contained 25 mM sodium acetate
buffer pH 5.5, 6% (v/v) D20. For ubiquitin NMR samples, a buffer of 50 mM HEPES pH
7.5, 6% (v/v) D20 was used. All "H-">N HSQC were recorded on a Bruker Avance Ill 600
MHz (14 T) spectrometer, at 298 K for T4Lys/ubiquitin-TraNP/tag 1 samples and 293 K
for BCX-TraNP samples. Data were processed with Topspin 3.5 and analyzed with
CcpNmr Analysis version 2.4.0.4” T4lLys and BCX resonance assignments were kindly
provided by Simon P. Skinner and Fredj Ben Bdira, respectively, based on previous
work®®¢?. Ubiquitin resonance assignments were kindly provided by Carlos A. Castafieda

and David Fushman.

PCS data analysis: The Ay-tensors were calculated using Numbat software.”® Crystal
structures of T4Lys, BCX and ubiquitin (PDB entries 2lzm, 2bvv and 2mijb)**52, to which
hydrogens had been added, were used. The experimental PCS were fitted to equation
1.1, chapter I. The Q. factor provides a normalized measure for the agreement between

a set of observed and calculated data according to equation 2.1:"

1 exp
_ Y(65¢s,~Opcs)’ 21
Qa - exp .

T 18585, 1+ 18575, N?

5exp

pcs,; are the back-calculated and experimentally observed PCS for each

where 852 ; and

residue.

PRE Data Analysis: The intensity ratio of amide resonances in the paramagnetic sample
spectra (Mn(ll)-TraNP1-T4Lys, lpars) and diamagnetic sample spectra (Zn(ll)-TraNP1-T4Lys,
lsis) was determined and normalized, as described previously.”?’® The Rzpaa was
calculated using equation 2.2, where the Rz4i was obtained from the width at half-height
in Hz (Avi2) of a Lorentzian fit in the proton dimension by using Rz = nAvizz in the
diamagnetic spectra, and t is the total INEPT evolution time of the HSQC (9 ms).”2 The
standard deviation of the spectrum noise level was determined by CcpNmr.¢” The error
of Rzparawas calculated as described.” The HN-to-metal distance (r) was calculated with

equation 2.37" (see list of symbols at beginning of thesis for all symbol descriptions)

R, diae(_Rz,paraf)

I
para _ 2.2
ldia Rz,diatRzpara
6 1 vigiBu§(s+1)s 37,
M = 47, + - 2.3
Rpara 24072 1+wfté
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The observed PREs were sorted into three classes of distance restraints. The first class
(16 restraints) were those residues with an intensity ratio < 0.2. These residues were
considered to be too close to Mn(ll) for accurate distance determination and to this class
an upper limit of 19 A was assigned. The second class (39 restraints) was formed by
residues with a ratio > 0.87, which were considered to be too far from Mn(ll) to yield
significant PREs and to these was assigned a lower distance limit of 31 A. The third class
(62 restraints) contained the residues with an intensity ratio between 0.20 and 0.87, and
the distances were determined using equation 2.3. All bounds were allowed an additional
error margin of 3 A. The three classes of distance restraints were employed to position
the Mn-ion relative to the protein, by using restrained energy minimization protocol in
the program X-PLOR-NIH version 2.9.9,% in which the NOE term (used for the PRE
distances) was the only applied energy term. The protein was fixed and transparent for
the metal ion (no van der Waals forces were used). In this way, the metal position is solely

determined by the experimental distances. All the parameters are shown in App..

Synthesis:

Br/\n'n\/\s’g\ S-(2-(2-bromoacetamido)ethyl) methanesulfonothioate, 1

° To a solution of S-(2-aminoethyl) methanesulfonothioate-HBr salt (0.5 g,
2.13 mmol) in H20 (20 mL) KoCOs (0.59g, 4.26 mmol) was added. While stirring was
continued, the reaction mixture was cooled (0°C) and a solution of acetyl bromide (0.3
mL, 4.26 mmol) in DCM (20 mL) was added drop-wised. The resulting two layers were
separated and the water layer was extracted with ethyl acetate (3 x 20 mL). The organic
layer (combination of the DCM layer and extracted ethyl acetate layer) was dried
(Na2SQu4), concentrated under reduced pressure and purified by silica flash column
chromatography (25% of ethyl acetate in pentane), giving compound 1 as a white solid
(19, 72% yield). '"H NMR (400 MHz, CDCls, 293K): & = 3.31-3.34 (t, 2H, J= 4 Hz), 3.36 (s,
3H), 3.62-3.67 (q, 2H, J=8 Hz), 3.86 (s, 2H), 7.10 (b, 1H). *C NMR (400 MHz, CDCls, 293K):
8 =28.89 (CH3Br), 35.38 (CH2S0z), 37.33 (CH2 CH2S03), 39.87 (CH2Br), 50.67 (CH3SSOz),
166.56 (CONH). HR-MS: m/z 297.9175 [M+Nal*, calcd. [CsH10BrOsSz] 297.9183. FTIR v
(cm™): 1652.7, 1539.7, 1666.4, 1309.3, 1127.6, 957.3, 745.5. mp: 53.2-53.6 °C.

Di-tert-butyl4,10-bis((R)-2-hydroxy-3-methoxy-3-oxopropyl)-
0.0 1,4,7,10-tetraazacyclododecane-1,7-dicarboxylate, 3RR

~o»*gH—\_NJN o~ To a solution of compound 22" % (1 g, 2.69 mmol) in methanol (30 mL)
oo methyl (R)-oxirane-2-carboxylate (1.4 mL, 16.14 mmol) was added, and
stirring was continued for 36 h at room temperature (r.t.), then the
product was concentrated under reduced pressure and purified by silica flash column
chromatography (40% of ethyl acetate in pentane) to give compound 3 (RR) as an
amorphous white solid (1 g, 61% yield). An analogous procedure was used for synthesis

of RR-isomer, 2 g (5.4 mmol) of compound 2 and 2.8 mL (16.14 mmol) of (R)-oxirane-2-
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carboxylate, with a yield of 63% (1.87 g) of compound 3 (SS). RR-isomer "H NMR (500
MHz, CDCls, 298 K): & = 1.44 (s, 18H), 2.68-2.67 (br, 6H), 2.85 (br, 2H), 2.99 (br, 4H), 3.32-
3.33 (br, 8H), 3.75 (s, 6H) 4.34 (br, 2H). "*C NMR (500 MHz, CDCl;, 298K): & = 28.57
((CH3)3C), 48.73 (CH2N), 52.47 (CHsOOC), 55.10 (CH2N), 58.69 (CH.CHOH), 68.92
(CHOH), 80.26 (C (CHsa)s), 156.47 (COOtBu). The spectroscopic data of the RR-isomer
are in accordance with its enantiomer. SS-isomer HR-MS: m/z 577.3450 [M+H]*, calcd.
[C26HasN4O10] 577.3404. RR-isomer HR-MS: m/z 577.3455 [M+H]*, calcd. [C26HasN4O1o]
577.3404. SS-isomer [a]3°= -17.5 (C= 2 mg/mL, methanol), RR-isomer[a]3’= 16.5 (C = 10
mg/mL, methanol). FTIR v (cm™) SS-isomer: 2923.4, 1734.4, 1054.6, 1033.1, 1013.1.

) Dimethyl3,3'-(4,10-bis(2-((2-((methylsulfonyl)thio)ethyl)amino)-
HOO =0 o, 2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)(2S,2'S)-
-(N(‘ "N 3&" °  bis(2-hydroxypropanoate), 4RR
o N
,'S-és/_l i‘DH Compound 3 (RR) (0.5 g, 0.87 mmol) was dissolved in a mixture of
° dichloromethane and TFA (2.5 mL, 2:3 v/v) and stirred for 16 h at

room temperature. The reaction mixture was concentrated under reduced pressure and

o
1

co-evaporated with toluene to remove the TFA. The crude mixture was dissolved in
acetonitrile (9 mL), and S-(2-(2-bromoacetamido)ethyl) methanesulfonothioate (0.61 g,
2.61 mmol), K2COs (0.48 g, 3.48 mmol) and a catalytic amount of tetrabutylammonium
iodide (TBAI) were added. After stirring for 48 h at r.t., the reaction mixture was filtered
and the solid was washed with acetonitrile (50 mL). The filtrate was concentrated under
reduced pressure to give a yellow oil which was purified by reverse phase HPLC (0.2%
TFA and a 10-20% acetonitrile gradient on a C18 preparative column) obtaining
compound 4 (RR) (0.42 g, 63%). A similar procedure was used for the synthesis of the
SS-isomer, 1g (1.74 mmol) of compound 3 (SS) and 1.22 g (5.22 mmol), with a yield of
60% (0.8 g) of compound 4 (SS). RR-isomer "H NMR (500 MHz, CDsOD, 333K): & = 3.13
(br, 8H), 3.36-3.39 (t, 4H, J= 5 Hz), 3.43 (s, 8H), 3.47-3.55 (br, 12H), 3.56-3.63 (m, 10H),
3.80 (s, 6H), 4.77-4.81 (dd, 2H, J= 5 Hz). 13C NMR (500 MHz, CDsOD, 333K): & = 36.44
(CH2SO2), 40.37 (CH2 CH2SO2), 50.65 (CH:N), 52.51 (CH2N), 53.35 (CHsS), 55.94
(CH2CONH), 56.97 (CH.CHOH), 67.47 (CHOH), 172.74 (COOCH;3). The spectroscopic
data of the SS-isomer are in agreement with its enantiomer. HR-MS SS-isomer: m/z
767.2468 [M+H]*, calcd. [CasHs0NeO12S4] 767.2403; RR-isomer: m/z 767.2466 [M+H]*,
caled. [CaeHsoNsO12S4] 767.2403. SS-isomer [a]3’= -17.4 (C= 5 mg/mL, Methnol), RR-
isomer [a]3’= 16.3 (C= 10 mg/mL, Methnol). FTIR (cm™) SS-isomer: 1748.6, 1669.9,
1313.6, 1200.6, 1177.7, 1129.0, 960.2, 831.4, 801.3, 748.4, 719.8.

Di-tert-butyl4,10-bis(2-((2-((methylsulfonyl)thio)ethyl)amino)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,7-dicarboxylate, 5
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Boo ’_/S‘.?;g To a solution of compound 2% ¢3(1 g, 2.69 mmol) in acetonitril (30
HN{EN}}NH mL), compound 1 (3 g, 10.76 mmol) and K2CO3 (1.5 g, 10.76 mmol)

o, o =N
o were added. The reaction mixture was stirred at r.t. for 48 h, then

Sr Boc
A8

filtered and concentrated under reduced pressure and purified by silica flash column
chromatography (3% of MeOH in DCM) to give an oily product (1.1 g, 54% yield). 'H
NMR (500 MHz, CDCls, 298K): & = 1.45 (s, 18H), 2.84 (s, 8H), 3.23 (s, 4H, CH.CONH),
3.34(t, 4H), 3.37 (s, 6H), 3.37-3.38 (br, 8H), 3.60-3.64 (dd, 4H); *C NMR (500 MHz, CDCls,
298K): & = 28.71 (CCHj3)3C), 35.86 (CH2SO»S), 39.03 (CH2CH2SOsS), 80.59 (C(CHa)s),
156.70 (COOtBu). HR-MS: m/z 763.2850 [M+H]*, calcd. [C2sHssNeO10S4] 763.2862. FTIR
(em™): 2973.5, 2933.4, 1684.2, 1319.3, 1156.2, 1053.2, 1033.1, 960.2, 831.2, 799.2, 748.4,
721.2.

HO,

HO—E’O & (2S,2'S)-3,3'-(4,10-bis(2-((2-((methylsulfonyl)thio)ethyl)amino)-
. {EN}'}N’“_J ° 2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)bis(2-
% P :i‘m. hydroxypropanoic acid), TraNP1

o

Compound 4 (RR) (0.2 g, 0.26 mmol) was dissolved in 1 M HCI (6
mL) and heated to 50°C for 8 h. The pH of the reaction mixture was adjusted to 6 by
using a solution of sat. NaHCOs at 0 °C. The solution was concentrated in vacuo to give
a yellow oil and the crude compound purified by reverse phase HPLC (0.2% TFA and a
11-16% acetonitrile gradient on C18 preparative column), yielding 67% TraNP1-SS (white
solid). The synthesis of the TraNP1-SS isomer followed a similar procedure, 6 mL of 1 M
HCI solution containing 0.2 g (0.26 mmol) of compound 4 (SS) was heated up to 50 °C
for 8 h to yield 0.12 g of TraNP1-SS (yield 62%). TraNP1-RR 'H NMR (500 MHz, CDsOD,
333 K): & = 3.09-3.19 (br, 8H, CHz2N), 3.37-3.38 (t, 4H, J= 5 Hz), 3.42 (s, 6H), 3.50-3.55
(br, 14H), 3.58-3.65 (br, 8H), 4.69-4.72 (dd, 2H, J= 5 Hz). *C NMR (500 MHz, CDsOD,
333K): & = 36.45 (CH2S0»), 40.37 (CH2CH2S02) 50.74 (CH2N), 52.90 (CH2N), 50.97 (CHsS),
56.09 (CH2CONH), 57.64 (CH.CHO) 67.30 (CHOH) 172.53 (COOH), 173.92 (CONH). The
spectroscopic data of TraNP1-SS are in agreement with its enantiomer. SS isomer HR-
MS: m/z 739.2154 [M+H]*, calcd. [C2aHasNsO12S4] 739.2050. RR isomer HR-MS: m/z
739.2141 [M+HJ*, calcd. [C24HasNsO1254] 739.2050. SS-isomer [a]3°=-17.8 (C = 10 mg/mL,
methanol), RR-isomer [a]’= 16.6 (C= 5 mg/mL, methanol). FTIR (cm™) SS-isomer: 1659.9,
1559.7,1312.2, 1196.3, 1126.2, 1033.1, 958.7, 831.4, 799.9, 747.0, 719.8.
Qv S$,5'-(((2,2'-(1,4,7.1 O-tetraazacyclododecane-1,7

\N’"HH'B S diyl)bis(acetyl))bis(azanediyl))bis(ethane-2,1-

gé.és’jN o N/ diyl))dimethanesulfonothioate, TraNP5
Compound 5 (0.5 g, 0.66 mmol) was deprotected with a mixture of DCM:TFA (v:v, 2:3)
for 6 h atr.t., then concentrated under reduced pressure and co-evaporated with toluene.
"H NMR (500 MHz, CD30D, 298 K): & = 2.99-3.01 (br, 8H), 3.16-3.18 (t, 8H, J=5 Hz), 3.35-
3.38 (t, 4H, J= 5 Hz), 3.45-3.46 (s, 10H) 3.58-3.61 (t, 4H, J= 5 Hz). 3C NMR (500 MHz,
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CDsOD, 298K): & = 36.42 (CH2S0:S), 40.28 (CH2CH2SO2S), 44.57 (CH2N), 50.71 (CH2N),
51.47 (CHsS), 57.03 (CH2CONH), 173.60 (CONH). HR-MS SS-isomer: m/z 563.1805
[M+H]*, caled. [CisH3sNe¢OeSa] 563.1814. FTIR (cm™): 1671.3, 1319.6, 1199.13, 1177.7,
1127.6, 958.7, 831.4,798.5, 748.4, 721.2.

R o (S)-3-(4,10-bis(2-((2-((methylsulfonyl)thio)ethyl)amino)-2-
Ho{(s o,
S }NQ—'S'% oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)-2-
Qg.S/jN{WJ hydroxypropanoic acid, TraNP3-S

A
To a solution of TraNP5 (0.2 g, 0.36 mmol) in methanol (3 mL), methyl (S)-oxirane-2-
carboxylate (31 pL, 0.36 mmol) was added, the mixture stirred at r.t. for 36 h, and
concentrated under reduced pressure. Without purification, the crude mixture was
deprotected with a 1 M HCI (2 mL) solution at 50 °C and purified by reverse phase HPLC
(0.2% TFA and a 15-20% acetonitrile gradient on C18 preparative column). '"H NMR (500
MHz, CDsOD, 333 K): & = 3.03 (t, 4H, J= 5Hz), 3.11 (t, 4H, J= 5 Hz), 3.22 (t, 4H, J= 5 Hz),
3.38 (t, 4H, J= 10 Hz), 3.43 (s, 6H), 3.43-3.45 (br, 4H), 3.47 (d, 4H), 3.51-3.56 (m, 2H),
3.59-3.62 (t, 4H, J= 5Hz), 4.53 (m, 1H). *C NMR (500 MHz, CDsOD, 343K): & = 36.47
(CH2S0-S), 40.30 (CH2CH2SO:S), 44.65 (CH:N), 50.85 (CH2N), 50.16 (CH:N), 56.96
(CH2NH), 50.89 (CHsS), 53.73 (CH2CONH), 58.03 (CH2CHOH), 67.73 (CHOHCH_2), 173.30
(COOH), 174.87 (CONH). HR-MS: m/z 651.1973 [M+HT", calcd. [C,,H,,N,O,S,] 651.1896.
[a]3’=-9.1 (C = 2 mg/mL, methanol). FTIR (cm™): 1677.7, 1558.3, 1456.7, 1418.1, 1313.6,
1200.6, 1130.5, 958.7, 832.8, 799.9, 748.4, 712.2.

Metal complex: To a solution of TraNP1-SS (20.7 mg, 28 pmol) in 280 pL ACN, 1.1 equiv.
CoCl26H20 was added. The mixture was stirred at rt for 3 h and the formation of metal
complex was checked by LC/MS. Without further purification, Co-TraNP1-SS was used
to protein sample labeling. The other metal ions Zn(ll) and Mn(ll) were chelated to TraNPs
following the same procedure. Co-TraNP1-SS HR-MS: m/z 796.1319 [M+HJ*, calcd.
[C24H44CoN6O12S4] 796.1232; Zn-TraNP1-SS HR-MS: m/z 401.0667 [M+H}**, calcd.
[C24H4sZnNgO12S4] 401.0596; Mn-TraNP1-SS HR-MS: m/z 792.1354 [M+H]*, calcd.
[C24HasMNnNeO12Ss] 791.1282; Co-TraNP1-RR HR-MS: m/z 796.1317 [M+H]*, calcd.
[C24H1aCoNeO12S4] 796.1232; Zn-TraNP1-RR HR-MS: m/z 401.0687 [M+2HP* calcd.
[C24H4sZnNgO12S4] 401.0669. Co-TraNP3-S HR-MS: m/z 708.1149 [M+H]", calcd.
[C24H24CoNsO12S4] 708.1150.

References

(1) Banci, L.; Bertini, |.; Eltis, L. D.; Felli, I. C.; Kastrau, D. H. W.; Luchinat, C.; Piccioli, M;
Pierattelli, R.; Smith, M. The Three-Dimensional Structure in Solution of the Paramagnetic High-
Potential Iron-Sulfur Protein | from Ectothiorhodospira Halophila through Nuclear Magnetic
Resonance. Eur. J. Biochem. 1994, 225, 715-725.

(2) Bertini, I.; Luchinat, C.; Parigi, G.; Pierattelli, R. NMR Spectroscopy of Paramagnetic
Metalloproteins. ChemBioChem 2005, 6, 1536-1549.

75



Chapter 11

(3) Arnesano, F.; Banci, L.; Piccioli, M. NMR Structures of Paramagnetic Metalloproteins. Q.
Rev. Biophys. 2005, 38, 167-219.
(4) Bertini, I.; Ciurli, S.; Dikiy, A.; Gasanov, R.; Luchinat, C.; Martini, G.; Safarov, N. High-Field

NMR Studies of Oxidized Blue Copper Proteins: The Case of Spinach Plastocyanin. J. Am. Chem.
Soc. 1999, 121, 2037-2046.

(5) Banci, L.; Bertini, I.; Bren, K. L.; Gray, H. B.; Sompornpisut, P.; Turano, P. Solution Structure
of Oxidized Saccharomyces Cerevisiae Iso-1-Cytochrome c. Biochemistry 1997, 36, 8992-9001.
(6) Koehler, J.; Meiler, J. Expanding the Utility of NMR Restraints with Paramagnetic

Compounds: Background and Practical Aspects. Prog. Nucl. Magn. Reson. Spectrosc. 2011, 59, 360-
389.

(7) Hass, M. A. S.; Ubbink, M. Structure Determination of Protein-Protein Complexes with
Long-Range Anisotropic Paramagnetic NMR Restraints. Curr. Opin. Struct. Biol. 2014, 24, 45-53.
(8) Volkov, A. N.; Worrall, J. A. R.; Holtzmann, E.; Ubbink, M. Solution Structure and Dynamics

of the Complex between Cytochrome c and Cytochrome ¢ Peroxidase Determined by Paramagnetic
NMR. Proc. Natl. Acad. Sci. 2006, 103, 18945-18950.

9) Scanu, S.; Foerster, J. M.; Ullmann, G. M.; Ubbink, M. Role of Hydrophobic Interactions in
the Encounter Complex Formation of the Plastocyanin and Cytochrome f Complex Revealed by
Paramagnetic NMR Spectroscopy. J. Am. Chem. Soc. 2013, 135, 7681-7692.

(10) Schilder, J.; Liu, W. M.; Kumar, P., Wei-Min; Overhand, M.; Huber, M.; Ubbink, M. Protein
Docking Using an Ensemble of Spin Labels Optimized by Intra-Molecular Paramagnetic Relaxation
Enhancement. Phys. Chem. Chem. Phys. 2016, 18, 5729-5742.

(11) Cerofolini, L.; Staderini, T.; Giuntini, S.; Ravera, E.; Fragai, M.; Parigi, G.; Pierattelli, R.;
Luchinat, C. Long-Range Paramagnetic NMR Data Can Provide a Closer Look on Metal Coordination
in Metalloproteins. J. Biol. Inorg. Chem. 2018, 23, 71-80.

(12) Piccioli, M.; Turano, P. Transient Iron Coordination Sites in Proteins: Exploiting the Dual
Nature of Paramagnetic NMR. Coord. Chem. Rev. 2015, 284, 313-328.

(13) Harper, L. V.; Amann, B. T.; Vinson, V. K.; Berg, J. M. NMR Studies of a Cobalt-Substituted
Zinc Finger Peptide. J. Am. Chem. Soc. 1993, 115, 2577-2580.

(14) Barthelmes, K.; Reynolds, A. M.; Peisach, E.; Jonker, H. R. A.; DeNunzio, N. J.; Allen, K.
N.; Imperiali, B.; Schwalbe, H. Engineering Encodable Lanthanide-Binding Tags into Loop Regions
of Proteins. J. Am. Chem. Soc. 2011, 133, 808-819.

(15) Barthelmes, D.; Barthelmes, K.; Schnorr, K.; Jonker, H. R. A.; Bodmer, B.; Allen, K. N.;
Imperiali, B.; Schwalbe, H. Conformational Dynamics and Alignment Properties of Loop Lanthanide-
Binding-Tags (LBTs) Studied in Interleukin-1B. J. Biomol. NMR 2017, 68, 187-194.

(16) Liu, W.-M.; Overhand, M.; Ubbink, M. The Application of Paramagnetic Lanthanoid lons
in NMR Spectroscopy on Proteins. Coord. Chem. Rev. 2014, 273-274, 2-12.

(17) Keizers, P. H. J.; Ubbink, M. Paramagnetic Tagging for Protein Structure and Dynamics
Analysis. Prog. Nucl. Magn. Reson. Spectrosc. 2011, 58, 88-96.

(18) Nitsche, C.; Otting, G. Pseudocontact Shifts in Biomolecular NMR Using Paramagnetic
Metal Tags. Prog. Nucl. Magn. Reson. Spectrosc. 2017, 98-99, 20-49.

(19) Nitsche, C.; Otting, G., Chapter 2 Intrinsic and Extrinsic Paramagnetic Probes. In

Paramagnetism in Experimental Biomolecular NMR, The Royal Society of Chemistry: 2018; pp 42-84.
(20) Yang, F.; Wang, X.; Pan, B.-B.; Su, X.-C. Single-armed Phenylsulfonated Pyridine
Derivative of DOTA is Rigid and Stable Paramagnetic Tag in Protein Analysis. Chem. Commun. 2016,
52, 11535-11538.

76



Chapter 11

(21) Keizers, P. H. J.; Saragliadis, A.; Hiruma, Y.; Overhand, M.; Ubbink, M. Design, Synthesis,
and Evaluation of a Lanthanide Chelating Protein Probe: ClaNP-5 Yields Predictable Paramagnetic
Effects Independent of Environment. J. Am. Chem. Soc. 2008, 130, 14802-14812.

(22) Muntener, T.; Kottelat, J.; Huber, A.; Haussinger, D. New Lanthanide Chelating Tags for
PCS NMR Spectroscopy with Reduction Stable, Rigid Linkers for Fast and Irreversible Conjugation
to Proteins. Bioconjugate Chem. 2018, 29, 3344-3351.

(23) Loh, C.-T.; Graham, B.; Abdelkader, E. H.; Tuck, K. L.; Otting, G. Generation of
Pseudocontact Shifts in Proteins with Lanthanides Using Small “Clickable” Nitrilotriacetic Acid and
Iminodiacetic Acid Tags. Chem. Eur. J. 2015, 21, 5084-5092.

(24) Lescanne, M.; Ahuja, P.; Blok, A.; Timmer, M.; Akerud, T.; Ubbink, M. Methyl Group
Reorientation under Ligand Binding Probed by Pseudocontact Shifts. J. Biomol. NMR 2018, 71, 275-
285.

(25) Guan, J.-Y.; Keizers, P. H. J.; Liu, W.-M.; Léhr, F.; Skinner, S. P.; Heeneman, E. A.; Schwalbe,
H.; Ubbink, M.; Siegal, G. Small-Molecule Binding Sites on Proteins Established by Paramagnetic
NMR Spectroscopy. J. Am. Chem. Soc. 2013, 135, 5859-5868.

(26) Dorazio, S. J.; Olatunde, A. O.; Tsitovich, P. B.; Morrow, J. R. Comparison of Divalent
Transition Metal lon Paracest MRI Contrast Agents. J. Biol. Inorg. Chem. 2014, 19, 191-205.
(27) Epperson, J. D.; Ming, L.-J.; Baker, G. R.; Newkome, G. R. Paramagnetic Cobalt(ll) as an

NMR Probe of Dendrimer Structure: Mobility and Cooperativity of Dendritic Arms. J. Am. Chem.
Soc. 2001, 123, 8583-8592.

(28) Gochin, M. A High-Resolution Structure of a DNA-Chromomycin-Co(ll) Complex
Determined from Pseudocontact Shifts in Nuclear Magnetic Resonance. Structure 2000, 8, 441-452.
(29) Bertini, |.; Fragai, M.; Lee, Y.-M.; Luchinat, C.; Terni, B. Paramagnetic Metal lons in Ligand
Screening: The Co" Matrix Metalloproteinase 12. Angew. Chem. Int. Ed. 2004, 43, 2254-2256.

(30) Tu, K.; Gochin, M. Structure Determination by Restrained Molecular Dynamics Using NMR
Pseudocontact Shifts as Experimentally Determined Constraints. J. Am. Chem. Soc. 1999, 121,
9276-9285.

(31) Balayssac, S.; Bertini, |.; Bhaumik, A.; Lelli, M.; Luchinat, C. Paramagnetic Shifts in Solid-
State NMR of Proteins to Elicit Structural Information. Proc. Natl. Acad. Sci. 2008, 105, 17284.
(32) Nadaud, P. S.; Helmus, J. J.; Kall, S. L.; Jaroniec, C. P. Paramagnetic lons Enable Tuning

of Nuclear Relaxation Rates and Provide Long-Range Structural Restraints in Solid-State NMR of
Proteins. J. Am. Chem. Soc. 2009, 131, 8108-8120.

(33) Pintacuda, G.; Moshref, A.; Leonchiks, A.; Sharipo, A.; Otting, G. Site-specific Labelling
with a Metal Chelator for Protein-Structure Refinement. J. Biomol. NMR 2004, 29, 351-361.

(34) Yang, Y.; Huang, F.; Huber, T. Site-Specific Tagging Proteins with a Rigid, Small and Stable
Transition Metal Chelator, 8-Hydroxyquinoline, for Paramagnetic NMR Analysis. J. Biomol. NMR
2016, 64, 103-113.

(35) Man, B.; Su, X.-C.; Liang, H.; Simonsen, S.; Huber, T.; Messerle, B. A.; Otting, G. 3-
Mercapto-2,6-Pyridinedicarboxylic Acid: A Small Lanthanide-Binding Tag for Protein Studies by
NMR Spectroscopy. Chem. Eur. J. 2010, 16, 3827-3832.

(36) Swarbrick, J. D.; Ung, P.; Dennis, M. L.; Lee, M. D.; Chhabra, S.; Graham, B. Installation of
a Rigid EDTA-like Motif into a Protein a-Helix for Paramagnetic NMR Spectroscopy with Cobalt(ll)
lons. Chem. Eur. J. 2015, 22, 1228-1232.

(37) Bahramzadeh, A.; Jiang, H.; Huber, T.; Otting, G. Two Histidines in an a -Helix : A Rigid
Co?* -Binding Motif for PCS Measurements by NMR Spectroscopy. Angew. Chem. Int. Ed. 2018,
6226-6229.

77



Chapter 11

(38) Drewry, J. A.; Gunning, P. T. Recent Advances in Biosensory and Medicinal Therapeutic
Applications of Zinc(ll) and Copper(ll) Coordination Complexes. Coord. Chem. Rev. 2011, 255, 459-
472.

(39) Renfrew, A. K.; O'Neill, E. S.; Hambley, T. W.; New, E. J. Harnessing the Properties of
Cobalt Coordination Complexes for Biological Application. Coord. Chem. Rev. 2018, 375, 221-233.
(40) Wahsner, J.; Gale, E. M.; Rodriguez-Rodriguez, A.; Caravan, P. Chemistry of MRI Contrast
Agents: Current Challenges and New Frontiers. Chem. Rev. 2019, 119, 957-1057.

(41) Woods, M.; Kovacs, Z.; Zhang, S.; Sherry, A. D. Towards the Rational Design of Magnetic
Resonance Imaging Contrast Agents: Isolation of the Two Coordination Isomers of Lanthanide
DOTA-type Complexes. Angew. Chem. Int. Ed. 2003, 42, 5889-5892.

(42) Wang, S.; Westmoreland, T. D. Correlation of Relaxivity with Coordination Number in Six-,
Seven-, and Eight-coordinate Mn(ll) Complexes of Pendant-arm Cyclen Derivatives. Inorg. Chem.
2009, 48, 719-727.

(43) Meyer, M.; Dahaoui-Gindrey, V.; Lecomte, C.; Guilard, R. Conformations and
Coordination Schemes of Carboxylate and Carbamoyl Derivatives of the Tetraazamacrocycles
Cyclen and Cyclam, and the Relation to Their Protonation States. Coord. Chem. Rev. 1998, 178-180,
1313-1405.

(44) Alexander, V. Design and Synthesis of Macrocyclic Ligands and Their Complexes of
Lanthanides and Actinides. Chem. Rev. 1995, 95, 273-342.
(45) Rohovec, J.; Gyepes, R.; Cisafova, |.; Rudovsky, J.; Lukes, I. Nucleophilic Reactivity of

Perhydro-3,6,9,12-Tetraazacyclopenteno[1,3-f,glAcenaphthylene. A Unified Approach to N-
Monosubstituted and N,N"-Disubstituted Cyclene Derivatives. Tetrahedron Lett. 2000, 41, 1249-
1253.

(46) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R. L. Thermodynamic and Kinetic Data
for Macrocycle Interactions with Cations and Anions. Chem. Rev. 1991, 91, 1721-2085.

(47) Reibenspies, J. Structure of 1,4,7,10-Tetraazacyclododecane Trihydrate. Acta Crystallogr
C1992, 48,1717-1718.

(48) 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, 17306-17313.

(49) Leonov, A.; Voigt, B.; Rodriguez-Castafeda, F.; Sakhaii, P.; Griesinger, C. Convenient
Synthesis of Multifunctional EDTA-Based Chiral Metal Chelates Substituted with an S-Mesylcysteine.
Chem. Eur. J. 2005, 11, 3342-3348.

(50) Weaver, L. H.; Matthews, B. W. Structure of Bacteriophage T4 Lysozyme Refined at 1.7 A
Resolution. J. Mol. Biol. 1987, 193, 189-199.
(51) Sidhu, G.; Withers, S. G.; Nguyen, N. T.; MclIntosh, L. P.; Ziser, L.; Brayer, G. D. Sugar Ring

Distortion in the Glycosyl-Enzyme Intermediate of a Family G/11 Xylanase. Biochemistry 1999, 38,
5346-5354.

(52) Maltsev, A. S.; Grishaev, A.; Roche, J.; Zasloff, M.; Bax, A. Improved Cross Validation of a
Static Ubiquitin Structure Derived from High Precision Residual Dipolar Couplings Measured in a
Drug-Based Liquid Crystalline Phase. J. Am. Chem. Soc. 2014, 136, 3752-3755.

(53) Vlasie, M. D.; Comuzzi, C.; van den Nieuwendijk, A. M. C. H.; Prudéncio, M.; Overhand,
M.; Ubbink, M. Long-Range-Distance NMR Effects in a Protein Labeled with a Lanthanide-DOTA
Chelate. Chem. Eur. J. 2007, 13, 1715-1723.

(54) Esteves, C. V.; Lima, L. M. P.; Mateus, P.; Delgado, R.; Branddo, P.; Félix, V. Cyclen
Derivatives with Two Trans-Methylnitrophenolic Pendant Arms: A Structural Study of Their Copper(ll)
and Zinc(ll) Complexes. Dalton Trans. 2013, 42, 6149-6160.

78



Chapter 11

(55) Schwieters, C. D.; Kuszewski, J. J.; Tjandra, N.; Marius Clore, G. The Xplor-NIH NMR
Molecular Structure Determination Package. J. Magn. Reson. 2003, 160, 65-73.

(56) Schwieters, C. D.; Kuszewski, J. J.; Marius Clore, G. Using Xplor-NIH for NMR Molecular
Structure Determination. Prog. Nucl. Magn. Reson. Spectrosc. 2006, 48, 47-62.

(57) Ostrovsky, S. M.; Falk, K.; Pelikan, J.; Brown, D. A.; Tomkowicz, Z.; Haase, W. Orbital
Angular Momentum Contribution to the Magneto-Optical Behavior of a Binuclear Cobalt(ll)
Complex. Inorg. Chem. 2006, 45, 688-694.

(58) Skinner, S. P. Classical and Paramagnetic NMR Spectroscopy Techniques Applied to
Different Protein Systems. Doctoral Thesis, Leiden University, Leiden, Netherlands, 2013.

(59) Ebright, Y. W.; Chen, Y.; Pendergrast, P. S.; Ebright, R. H. Incorporation of an EDTA-Metal
Complex at a Rationally Selected Site within a Protein: Application to EDTA-Iron DNA Affinity
Cleaving with Catabolite Gene Activator Protein (CAP) and Cro. Biochemistry 1992, 31, 10664-
10670.

(60) Gaponenko, V.; Altieri, A. S.; Li, J.; Byrd, R. A. Breaking Symmetry in the Structure
Determination of (Large) Symmetric Protein Dimers. J. Biomol. NMR 2002, 24, 143-148.
(61) Nguyen, T. H. D.; Ozawa, K.; Stanton-Cook, M.; Barrow, R.; Huber, T.; Otting, G.

Generation of Pseudocontact Shifts in Protein NMR Spectra with a Genetically Encoded Cobalt(ll)-
Binding Amino Acid. Angew. Chem. Int. Ed. 2011, 50, 692-694.

(62) Park, S. H.; Wang, V. S.; Radoicic, J.; De Angelis, A. A.; Berkamp, S.; Opella, S. J.
Paramagnetic Relaxation Enhancement of Membrane Proteins by Incorporation of the Metal-
Chelating Unnatural Amino Acid 2-Amino-3-(8-Hydroxyquinolin-3-yl)Propanoic Acid (HQA). J.
Biomol. NMR 2015, 61, 185-196.

(63) Keizers, P. H. J.; Desreux, J. F.; Overhand, M.; Ubbink, M. Increased Paramagnetic Effect
of a Lanthanide Protein Probe by Two-Point Attachment. J. Am. Chem. Soc. 2007, 30, 9292-9293.
(64) Castafieda, C. A.; Spasser, L.; Bavikar, S. N.; Brik, A.; Fushman, D. Segmental Isotopic

Labeling of Ubiquitin Chains to Unravel Monomer-Specific Molecular Behavior. Angew. Chem. Int.
Ed. 2011, 50, 11210-11214.

(65) Liu, W.-M.; Skinner, S. P.; Timmer, M.; Blok, A.; Hass, M. A. S.; Filippov, D. V.; Overhand,
M.; Ubbink, M. A Two-Armed Lanthanoid-Chelating Paramagnetic NMR Probe Linked to Proteins
via Thioether Linkages. Chem. Eur. J. 2014, 20, 6256-6258.

(66) Ludwiczek, M. L.; Heller, M.; Kantner, T.; Mclntosh, L. P. A Secondary Xylan-Binding Site
Enhances the Catalytic Activity of a Single-Domain Family 11 Glycoside Hydrolase. J. Mol. Biol. 2007,
373, 337-354.

(67) Vranken, W. F.; Boucher, W.; Stevens, T. J.; Fogh, R. H.; Pajon, A,; Llinas, M.; Ulrich, E. L.;
Markley, J. L.; lonides, J.; Laue, E. D. The CCPN Data Model for NMR Spectroscopy: Development
of a Software Pipeline. Proteins: Struct., Funct., Bioinf. 2005, 59, 687-696.

(68) Meclntosh, L. P.; Wand, A. J.; Lowry, D. F.; Redfield, A. G.; Dahlquist, F. W. Assignment of
the Backbone Proton and Nitrogen-15 NMR Resonances of Bacteriophage T4 Lysozyme.
Biochemistry 1990, 29, 6341-6362.

(69) Plesniak, L. A.; Mclntosh, L. P.; Wakarchuk, W. W. Secondary Structure and Nmr
Assignments of Bacillus Circulans Xylanase. Protein Sci. 1996, 5, 1118-1135.
(70) Schmitz, C.; Stanton-Cook, M. J.; Su, X.-C.; Otting, G.; Huber, T. Numbat: An Interactive

Software Tool for Fitting Ay-Tensors to Molecular Coordinates Using Pseudocontact Shifts. J.
Biomol. NMR 2008, 41, 179-189.

(71) Bashir, Q.; Volkov, A. N.; Ullmann, G. M.; Ubbink, M. Visualization of the Encounter
Ensemble of the Transient Electron Transfer Complex of Cytochrome c¢ and Cytochrome c¢
Peroxidase. J. Am. Chem. Soc. 2010, 132, 241-247.

79



Chapter 11

(72) Battiste, J. L.; Wagner, G. Utilization of Site-Directed Spin Labeling and High-Resolution
Heteronuclear Nuclear Magnetic Resonance for Global Fold Determination of Large Proteins with
Limited Nuclear Overhauser Effect Data. Biochemistry 2000, 39, 5355-5365.

(73) Schilder, J.; Lohr, F.; Schwalbe, H.; Ubbink, M. The Cytochrome c Peroxidase and
Cytochrome c Encounter Complex: The Other Side of the Story. FEBS Lett. 2014, 588, 1873-1878.
(74) Garcia de la Torre, J.; Huertas, M. L.; Carrasco, B. HydroNMR: Prediction of NMR

Relaxation of Globular Proteins from Atomic-Level Structures and Hydrodynamic Calculations. J.
Magn. Reson. 2000, 147, 138-146.

80



Chapter Il

A hydrophilic paramagnetic NMR
probe for lanthanoid ions and 3d-
block ions



Chapter 111

Abstract

A new DOTA based transition metal ion paramagnetic NMR probe (TraNP2) was
designed and synthesized. TraNP2 can tightly chelate both lanthanoids and 3d-block
metal ions. Its paramagnetic properties were studied after attachment to T4 Lysozyme
mutant K147C/T151C. NMR spectra of the amide groups of T4Lys tagged with Yb(lll)-
TraNP2 showed two sets of PCS, suggesting presence of at least two conformers.
Surprisingly, Co(ll) loaded TraNP2 linked to the T4Lys mutant induces only very small PCS.
The paramagnetic properties of Co(ll)-TraNP2 complex were studied by measuring the
effective magnetic moment (us, ). The results showed that Co(ll)-TraNP2 is indeed

paramagnetic. The reason why the PCS are so small remains unclear.
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Introduction

The use of small ligands able to bind paramagnetic metal ions that can be applied as
probes in paramagnetic NMR is becoming an important strategy to study protein
dynamics.’ With different metal ions, various paramagnetic effects can be obtained.
Lanthanoids are the common metal ions used for paramagnetic NMR, due to their similar
chemical properties and variable paramagnetic effects.** 3d-Block metal ions can also be
used to generate somewhat weaker paramagnetic effects. For example, cobalt (I)
generates an anisotropic magnetic tensor from 2 to 10 x 1032 m3 with a weak PRE effect,
which is suitable to study small proteins or localized effects in bigger systems.?
Manganese (Il) does not induce PCS but can produce a strong PRE effect, due to five
unpaired electrons and a long electronic relaxation time.”'%"" The coordination
requirements in terms of numbers and geometry differ considerably between these two

groups of ions.

According to Werner's coordination theory,'? two types of valence contribute
to metal ion coordination, one related to the oxidation state of the ion and another
related to its coordination numbers. Satisfying both valences leads to the lowest energy
structure. Commonly, 3d-block ions have various oxidation states and require four to six
coordination donors.’® Their geometries, which are well explained by crystal field
theory''5, are tetrahedral, square pyramidal and octahedral (Figure 1.4, Chapter ).
Lanthanoid ions are stable in +3 oxidation state and need seven to nine coordination
sites.’® Different from 3d-block ions, the coordination geometries of Ln(lll) are less
studied.” Few reported paramagnetic NMR probes are able to coordinate both Ln(lll)
and 3d-block ions. Among these probes, multiple sets of PCS were detected or
additional coordination from a protein side chain was required.'®'® As described in
chapter |, sections 3.3.4.1 and 3.3.4.2, probe 46 and probe 51 (Figure 1.10, Chapter I)
are the only two that can chelate both group ions. Probe 46 needs additional
coordination of a protein side chain, and Co(ll) loaded probe 51 generated two sets of

PCS. Also, the metal ion binding affinity was poor.

Here, we describe a probe that is able to bind to both 3d-block ions and
lanthanoid ions. In Leiden, several successful Ln(lll) based probes, such as CLaNP5" and
CLaNP7%, were designed and synthesized. However, these probes are not suitable for
3d-blok ions, like Co(ll) and Mn (). In chapter Il, the design and synthesis of TraNP1
(transition metal NMR probe # 1) was described. It coordinates Co(ll) and generates a
single set of paramagnetic effects in a tagged protein, but it is not a good chelator for
Ln(lll). As part of that effort, we also designed an isomer of TraNP1 with different
coordination arms (Figure 3.1). The effect of the branching of the carbons of two
opposing arms is anticipated to reduce the number of conformers. Previously, branched
side-arms having methyl-groups have been reported.?’?2 We introduced methylene
hydroxyl groups to ensure a more hydrophilic probe, to avoid precipitation of the tagged
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proteins. According to the NMR spectra, TraNP2 is a good ligand for both Co(ll) and
Yb(lll). However, multiple PCS were observed for Yb(lll)-TraNP2 attached protein,
whereas small PCS were detected for a protein tagged with Co(ll)-TraNP2.
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Figure 3.1 Structure of TraNP1, TraNP2 and CLaNP3
Results and Discussion

Design and synthesis of TraNP2. The most used and well-studied cyclen based chelator
is DOTA (chapter 1, Figure 1.8), which has high metal binding affinity to form
thermodynamically stable complexes.??* Instead of using acetate groups as coordination
arms, a pair of methyl hydroxyl groups substituted analogous was used as coordination
arms for TraNP2 with the aim to reduce the number of conformers (Figure 3.1). These
two chiral groups were incorporated at the opposing nitrogens to ensure a C2 symmetry.
A frequently applied strategy to synthesize a C2 symmetric cyclen derivative is via a
selective protection and alkylation strategy. However, this strategy proved unsuccessful
for the synthesis of TraNP2. The synthetic route of TraNP2 is shown in Scheme 3.1. Cyclen
was first alkylated with two equiv. of 1, readily obtained from the amino acid serine via
its diazonium salt®, in the presence of DIPEA. LC-MS, showed that after 48 h at rt, no
starting compound was detected and that the main product was the desired di-alkylated
compound (only small amounts of mono and tri-alkylated products were observed). The

obtained crude product was used to react with excess S-(2-(2-bromoacetamido)ethyl)

0 OH , 0 oK
Ho' ——— i)
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1
;// HO,
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Co-TraNP2
Scheme 3.1 Synthesis route of TraNP2 a). i) D-Serine, KBr, HBr, NaNOz, H20, -15 °C,
16 h; ii) p-toluenesulfonic acid monohydrate, 2-methylprop-1-ene, rt, 72 h; b) i)
compound 1, DIPEA, ACN, rt, 48 h; i) S-(2-(2-bromoacetamido)ethyl)
methanesulfonothioate, K2COs, ACN, rt, 48 h; c) TFA: DCM (2:3, v:v), rt, 10 h; d) ACN,
rt, 3 h.
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methanesulfonothioate in the presence of K2COs to give 2 in 55% yield after purification.
For the deprotection of all the tBu groups, a mixture of TFA:DCM (2:3, v:v) was used and
the crude product was purified by HPLC with 0.2% TFA and a 15-20% acetonitrile
gradient on C18 preparative column, yielding 63% of TraNP2.

A . B o zn

- free protein - B
110 M Yb = LRy 110 M Co

&, (*N) / (ppm)

&, ("*N) / (ppm)

85 80
5, ("H) / (ppm) 5, ("H) / (ppm)

Figure 3.2 Overlay of "H-">*N HSQC spectra of T4Lys K147C/T151C (blue) linked to Yb(lll)
(red) loaded TraNP2 ((A), full spectrum (top), zoom in spectrum (bottom)), or Co(ll)
(magenta) and Zn(ll) (sky blue) loaded TraNP2 (B), full spectrum (top), zoom in spectrum
(bottom)). The NMR spectra were recorded at 14.1 T (600 MHz).

Protein labeling and NMR spectroscopy. The uniformly N enriched T4lys
K147C/T151C were treated with DTT to reduce possible intermolecular disulfide bonds,
the DTT was removed and the proteins were incubated with Co(ll)/Zn(11)/Yb(Ill)-TraNP2.
The tagged proteins were purified using size exclusion chromatography and the tagging
efficiency was determined by MS and NMR. Mass spectrometry results of Co(ll)-TraNP2
T4Lys (19333 + 2 Da) and Yb(lll)-TraNP2 T4Lys (19445 + 2 Da) agreed with the theoretical
values of 19334 Da and 19446 Da, respectively, for 98% enrichment of "N, suggesting
that the probes were attached via two arms and the metal ion was tightly bound and
more than 95% of the protein was labeled (App. Figure A3.1). The labeled proteins were
used for NMR measurements at a concentration of 100-200 pM. Figure 3.2 shows the
overlay HSQC spectra of two pairs samples. For Yb(lll)-TraNP2 labeled and free T4Lys,
two sets of PCS were detected for most cross peaks in the spectra (Figure 3.2 A). This
indicates that at least two conformers of Yb(lll)-TraNP2 were present with a different Ay-
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tensor, causing double resonances for an amide spin. Similar results were reported for a
published probe-CLaNP3 (Caged Lanthanoid NMR Probe # 3, Figure 3.1).2¢ Thus, two
chiral branched side-arms cannot effectively reduce the number of conformers of DOTA
based complexes. In the spectra of T4Lys tagged with Co(ll)/Zn(ll)-TraNP2 (Figure 3.2 B),
small PCS were observed.

D,0 tButanol

Co(ll)-TraNP2 A5

Co(ll)-TraNP1

A 1

95 90 85 80 75 70 65 60 55 50

45 40 35 30 25 20 15 10 05 00 95
1 (pem)

Figure 3.3 '"H NMR spectra of Co(ll)- TraNP2 and Co(ll)-TraNP1 measured by Evans'
method. The NMR spectra were recorded at 9.4 T (400 MHz) and 293K.

Evans’' method. It is surprising that the Co(ll) sample showed so few paramagnetic
effects. We tested how paramagnetic the sample actually was. In 1953, D. F. Evans
proposed a method to determine magnetic susceptibility of paramagnetic molecules in
solution using a NMR approach.? It is based on bulk magnetic susceptibility shifts
(BMS)%22? of an inert compound caused by the presence of the paramagnetic molecule.
This method has frequently been applied in coordination chemistry to detect the spin-

30-33 Here, we use this method to investigate the

states and effective magnetic moments.
paramagnetic properties of Co(ll)-TraNP1 and Co(ll)-TraNP2. Both of the complexes
generated BMS for the inert compound tertiary butanol, 720 Hz for TraNP1 and 352 Hz
for TraNP2, respectively, indicating the Co(ll) ions in both complexes are paramagnetic
(Figure 3.3). Using equation 3.1 to 3.3 (Materials and Methods), the effective magnetic

moment in Bohr magnetons (us, <) of TraNP2 is 5.05. For TraNP1, it is 3.31.

It is remarkable that the Co(ll)-TraNP2 probe does not cause significant PCS,
despite having a large magnetic moment. The results suggest that the coordination is
such that the magnetic susceptibility is isotropic, effectively cancelling the pseudocontact
effect. Note that Evans’ method measure the total magnetic susceptibility y, whereas the
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PCS is a result of the anisotropy of y. As was reported in chapter Il, the size of the
anisotropy varies widely for different Co(ll) complexes and can even be different between

enantiomers and for one and the same probe tagged to different proteins.

In conclusion, modification of DOTA coordination arms with chiral carbons with
methylene hydroxy groups as substituents can modulate the coordination properties to
make them suitable for binding to both Ln(lll) and 3d-block ions. Unfortunately, TraNP2
is not suitable as a probe for protein NMR because the Yb(lll) complex yields double

resonances, whereas the Co(ll) complex displays an isotropic magnetic susceptibility.
Materials and Methods

General: cyclen, 2-(aminoethyl)methanethiosulfonate hydrobromide, methyl (S)-oxirane-
2-carboxylate, N-(tert-Butoxycarbonyloxy)succinimide, Ln(OAc);, CoCl26H.0, Znls,
MnClz4H,0Q, methyl (R)-oxirane-2-carboxylate and all other chemicals were purchased
and used without further purification. Solvents were purchased from Honeywell,
BIOSOLVE or Aldrich and directly use for synthesis. Superdex 75 columns and Sephadex
G-25 PD10 desalting columns were purchased from GE Healthcare. Reactions were
followed by TLC analysis on silica gel (F 1500 LS 254 Schleicher and Schuell, Dassel,
Germany); visualized by UV and/or ninhydrin, KMNOs. Flash chromatography was
performed with Screening Devices silica gel 60 (0.04-0.063 mm). A Waters preparative
HPLC system, equipped with a Waters C18-Xbridge 5 pm OBD (30 x 150 mm) column
and Akta Basic FPLC (GE Healthcare Inc.) system were used for purification. NMR spectra
were recorded on a Bruker AV-400 (400/100 MHz), AV-500 (500/125 MHz) or AV-600
(600/150 MHz) spectrometer. A LCQ liquid chromatography mass spectrometry system
and a Finnigan LTQ Orbitrap system were used for high-resolution mass spectrometry
and protein conjugation analysis. Thermo Finnigan LCQ Advantage MAX used for liquid
chromatography (LC)-mass spectrometry (MS) analysis. Thermo Scientific™ NanoDrop

2000 spectrophotometers were used for protein concentration measurement.

Protein labeling: To link M-TraNP2 to "N labelled T4lLys produced as described in
chapter Il. The yield of labeling estimated from the LC-MS and NMR, was more than 95%.

Protein NMR spectroscopy: The NMR samples of T4lys-Metal-TraNP2 (100—-200 pM)
were prepared in 30 mM sodium phosphate pH 5.5 buffer containg 100 mM NaCl, and
6% (v/v) D20O. All 'H->"N HSQC were recorded on a Bruker AV-600 (600 MHz)
spectrometer, at 298 K. Data were processed with Topspin 3.5 and analyzed with
CcpNmr Analysis version 2.4.0. T4Lys resonances assignments were provided by Dr.

Simon P. Skinner based on previous work.

Evans’' method: A pair of coaxial NMR tubes with different diameter was required for
this method. A melting point capillary was used as inter tube and a 5 mm NMR tube was
used as an outer tube. Co(ll)-TraNP2 (2.5 mg, 3.15 umol) was dissolved in D-O (157 pL,

87



Chapter 111

containing 2% (v/v) tertiary butanol). This solution (100 uL) was carefully transferred into
a melting point capillary (inter tube) before it was zipped. The 5 mm NMR tube contained
500 pL of D20 with 2% (v/v) tertiary butanol. The above zipped melting point capillary
was transferred into the 5 mm NMR tube at the bottom. The spectra were acquired at
9.4 T (400 MHz) on a Bruker NMR spectrometer. For Co(ll)-TraNP1 the sample contained
13.5 umol in 116 pL D20 with 2% (v/v) tertiary butanol. By measuring the chemical shifts
difference of an inert compound, the tertiary butanol, in the presence and absence of a
paramagnetic compound, the effective magnetic moment in Bohr magnetons (uef) of the

paramagnetic compound can be calculated with equation 3.1 to 3.3.77:31:3234

3X103Af
Xp = —:nfmc —Xp 3.2
Xp = —% x 1076 33

%e (in emu/mol) is the corrected paramagnetic molar susceptibility defined by equation
3.2; T (in K) is the absolute temperature for the measurement. Af (in Hz) is the chemical
shift difference of the inert compound in the presence and absence of the paramagnetic
compound; fn (in Hz) is external magnetic field, C (in mole/L) is the concentration of the
paramagnetic compound; ypo (in emu/mol) is the diamagnetic susceptibility and M (in

g/mol) is the molecular mass.
Synthesis

)(fl\‘)ok Tert-butyl (R)-2-bromo-3-(tert-butoxy) propanoate, compound 1
0

Br To a three necked flask equipped with a magnetic stirring bar and gas
inlet tube, KBr (11.4 g, 96.9 mmol) and D-Serine (3 g, 28.5 mmol) were dissolved in H:O
(50 mL), and cooled to -15 °C. A wash bottle containing 1 M KOH solution connected to
the flask and N2 gas pass through it. Then HBr solution (48%, 7 mL) was added to the
reaction mixture, followed by six portions of NaNO2 (2.4 g, 34.8 mmol) added (~0.4 g
every 20 mins). The reaction mixture was allowed to warm to 0 °C and stirring was
continued for 16 h. The reaction mixture was flushed with N2 and extracted with diethyl
ether (3 x 20 ml), dried (Na2SQs) and concentrated under reduced pressure. Without
further purification, 1 g (~6.57 mmol) of the crude compound was dissolved in DCM (50
mL) in a DURAN bottle and at 0 °C treated with p-toluenesulfonic acid monohydrate (1.25
g, 6.57 mmol) and with 2-methylprop-1-ene (10 mL). After 72 h at rt, the reaction mixture
was washed with sat. NaHCO;3 solution (25 mL) and water (25 mL), dried (NazSQO4) and
concentrated. The residue was purified with silica flash column chromatography (10% of
diethyl ether in pentane) to give 1.62 g (88 %) compound 1 as a slightly yellow oil. The
spectroscopic data were in agreement with those reported in the literature: '"H NMR (400
MHz, CDCls, 293K): & = 1.16 (s, 9H), 1.46 (s, 9H), 3.57-3.60 (d, 1H), 3.75-3.79 (t, TH), 4.05-
4.09 (d, TH). C NMR (400 MHz, CDCls, 293K): 8 = 27.41 (CHsC), 27.74 (CHsC), 63.69
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(CH2OtBu) 74.00 (C(CHs)s), 82.23 (C(CHs)s), 167.83 (COOtBU). [a]X= -3.1 (C= 10 mg/mL,
Methanol). FTIR (cm): 2982.1, 2923.4, 2844.7, 1054.6, 1033.1, 1010.3.

://O Di-tert-butyl2,2'-(4,10-bis(2-((2-
>LO‘<(/VS) . /_/59‘%{ ((methylsulfonyl)thio)ethyl)amino)-2-oxoethyl)-1,4,7,10-
" {ENB} NH tetraazacyclododecane-1,7-diyl)(2S,2'S)-bis(3-(tert-
O/"s‘gs/—/ o giThA— butoxy)propanoate), compound 2

< Cyclen (0.5 g, 2.9 mmol) in acetonitrile (30 mL) was mixed with

compound 1 (1.65 g, 5.8 mmol) and DIPEA (1.5 mL, 8.7 mmol) and stirring was continued
at rt for 48 h. Without purification, the resulting mixture was mixed with S-(2-(2-
bromoacetamido)ethyl) methanesulfonothioate (3.22 g, 11.6 mmol) and K2COs (1.6 g,
11.6 mmol). After stirring at rt for 48 h, K2CO3s was removed by filtration, the mixture
concentrated and the residue purified by silica gel flash column chromatography (7% of
MeOH in DCM) to give the title compound as a white solid, 0.79 g (31% yield). '"H NMR
(500 MHz, MeOD, 298K): 8 = 1.20-1.21 (d, 18H), 1.52-1.54 (d, 18H), 1.99-2.09 (m, 4H),
2.26-2.34 (d, 2H), 2.48-2.56 (d, 2H), 2.62-2.77 (m, 4H), 3.34-3.39 (m, 2H), 3.41-3.42 (q,
6H), 3.50-3.57 (m, 3H), 3.60-3.72 (m, 4.5H), 3.75-3.89 (m, 5.5 H), 3.34-3.39 (m, 2H). °C
NMR (500 MHz, MeOD, 298 K): & = 27.76, 28.56, 37.07, 39.78, 47.06, 50.93, 57.49, 82.55,
200.77. HR-MS: m/z 963.4626 [M+HT, calcd. [CaoH7sN6O12S4] 963.4639. [a]3’= 8.1 (C= 1
mg/mL, methanol). FTIR (cm™): 1682.8, 1204.9, 1186.3, 1136.2, 1033.1, 844.3, 802.8,
724.1.

HO__o

Ho_ e o (25.2'5)-2,2'(4,10-bis(2-((2-
&Y
(~N—5_°>_Nﬁ—’ ©  ((methylsulfonyl)thio)ethyl)amino)-2-oxoethyl)-1,4,7,10-
N N
%« ,_*}N‘\{)—\(_STJ tetraazacyclododecane-1,7-diyl)bis(3-hydroxypropanoic
7o oA, .M acid), TraNP2

Compound 2 (0.1 g, 0.11 mmol) was dissolved in TFA:DCM (2:3, v:v) while stirring at rt
for 10 h. The reaction mixture was concentrated and the residue purified by reverse
phase HPLC (0.2% TFA and a 10-15% acetonitrile gradient on C18 preparative column),
yielding 0.05 g (63% yield) TraNP2. '"H NMR (500 MHz, MeOD, 343 K): & = 3.22 (br, 6H),
3.38 (m, 4H), 3.36-3.43 (br, 2H), 3.54-3.64 (m, 8H), 3.43 (s, 6H), 3.41-3.56 (br, 8H), 3.69-
3.87 (dd, 4H), 4.12-4.16 (m, 4H). 3*C NMR (500 MHz, MeOD, 343 K): & = 36.45 (CH2SO>),
40.29 (CH2CH2S02) 51.83 (CH2N), 50.96 (CHsS), 56.19 (CH2.CONH), 60.05 (CH20H), 64.63
(CHCH2OH). [a]3°= 8.0 (C= 2 mg/mL, methanol). HR-MS: m/z 739.2145 [M+HJ", calcd.
[C2aHasNsO12S4] 739.2050. FTIR (v em™™): 1684.2, 1203.4, 1130.5, 1054.6, 1033.1, 1013.11,
835.7,801.3, 748.3, 721.2.

Metal complexes: To a solution of TraNP2 (20.7 mg, 28 pmol) in 280 uL ACN, 1.1 equiv.
CoCl26H20 or Znly6H20 or Yb(CH3COO)34H20 was added. The mixture stirred at rt for
3 h and the formation of metal complex was checked by LC/MS. Without further

purification, Co-TraNP2 was used to protein sample labeling. The other metal ions Zn2*
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and Yb** were chelated to TraNP2 following the same procedure. Co-TraNP2 HR-MS:
m/z 796.1319 [M+H]*, calcd. [C2sHaaCoNsO12S4] 796.1232; Zn-TraNP2 HR-MS: m/z
401.0667 [M+2HP*, calcd. [C2sHasZnNsO12S4] 401.0596; Yb-TraNP2-SS HR-MS: m/z
913.1520 [M+H]*, calcd. [C2aHaaYbNsO12S4] 913.1523.
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Chapter IV

Abstract

In this chapter, two enantiomeric hydrophilic rigid DOTA-like lanthanoid complexes were
designed and synthesized, following a strategy that allows the incorporation of two sets
of two adjacent substituents. Via this strategy we obtained a more hydrophilic and rigid
macrocyclic ring, featuring four chiral hydroxyl-methylene substituents. EXSY NMR
spectroscopy was used to investigate the conformational behavior of the novel
macrocycles as compared to DOTA and DOTA derivatives. One dimensional '"H NMR
spectra of these novel macrocyclic ring based lanthanoid complexes indicate that TSAP
and SAP conformers coexist, but they favor TSAP geometry, which is different from
DOTA. According to the 2D 'H EXSY spectra of Eu(lll) loaded complexes, ring flipping of
the cyclen-ring was completely suppressed by the presence of the four chiral hydroxyl-
methylene substituents at proximate positions. These results are in agreement with
conformational modelling. The reorientation of the pendent arms still causes
conformational exchange, giving rise to only two conformers. This indicates that these
novel complexes are suitable scaffolds to develop rigid probes for paramagnetic NMR
of proteins. Due to their hydrophilic nature, it is anticipated that they are less likely to

cause protein precipitation than their more hydrophobic counterparts.
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Introduction

Due to their physical and chemical properties, trivalent lanthanoid ion complexes are
widely used in MRI as contrast agents, in NMR as resonance shift or line-broadening
agents, and in luminescence.”* DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) and DOTA derivatives are one of the most applied lanthanoids chelators,
valued for their high metal binding affinity and the stability of the formed complexes.**

As it was discovered from DOTA lanthanoid complex crystal structures, four
nitrogen atoms of the cyclen ring and four oxygen atoms of the pendent arms are
involved in the metal ion coordination to form a nearly perfect square antiprism.®® The
coordinating nitrogen- and oxygen atoms are defined as the N- and O- plane,
respectively. In DOTA lanthanoid complexes, the metal ion is sandwiched between these
two planes. It was demonstrated that the relative torsion of the two planes yields two
distinct coordination geometries of the complexes, referred to as square antiprismatic
(SAP) and twisted square antiprismatic (TSAP) (Figure 1.8, Chapter 1).6-% Contrary to the
TSAP, which has a torsion angle between the two planes of about 25°, the SAP geometry
features a torsion angle of about 39°, and thus, forms a smaller metal coordination cavity
and a more compact structure.®"" As was determined by NMR, the ratio of these two
conformers of DOTA and DOTA derivatives is dependent on the nature of the lanthanoid

jon and the structure of the ligands.’2'3

Furthermore, complexes of lanthanoids having a large radius, such as Gd(lll) and
Eu(lll), can coordinate water at a ninth coordination site. In MRI, the exchange rate of the
coordinated water is one of the important factors to evaluate the efficiency of a contrast
agent.” A number of studies illustrated that the water exchange rate of the TSAP
conformer is about two orders of magnitude faster than that of SAP, thus providing
evidence that these geometries exhibit quite different properties.”" The complexes
have four states, two SAP enantiomers and two TSAP enantiomers. These conformers
show chemical exchange, indicating that they can interconvert on a timescale of 10 - 100
ms.’%8 In 'TH NMR spectra the pairs of enantiomers have identical resonance positions,
but the SAP and TSAP conformers have very distinct spectra. The presence of the TSAP
and SAP conformers hampers the application of lanthanoid complexes based on DOTA-
like ligands in many fields. For example, protein structure determination and dynamics
characterization by using paramagnetic probes in NMR can give rise to multiple sets of
resonances'’ or exchange between the resonances of the conformers,?® as described in
chapter |. This drawback of DOTA and DOTA derivatives can also not be ignored in other

applications, such as MRI,?"?2 lJuminescence?*2?* and dynamic nuclear polarization.?

Many efforts have been reported to decrease the number of preferred
conformers of DOTA-like complexes, rigidification being the most efficient and

frequently employed way. Incorporation of bulky groups or chiral carbons, on the
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pendent arms, on the macrocyclic ring or both, have been reported in the literature.2¢-%

It should be noted that with the introduction of more bulk on the ligand metal ions
coordination of the lanthanoid becomes more difficult. In comparison with the
modification or replacement of the acetate arms, substitution of specific protons on the
tetraaza ring to force a ring flip are rare. Most of the reported examples of chiral cyclen
placed chiral carbons on each of the four ethylenediamines, resulting in a complex with
Ca symmetry.¥%3 Among them, tetramethylated cyclen (AMDOTA, Chart 4.1) was the
most studied and provided increased rigidity,* while, even with additional chiral methyl
modifications on the arms (AMDOTMA, chart 4.1), both isomers are still observed.?’:3 In
a recent work, the methyl substituents on the ring were replaced with various other alkyl
groups (such as ethyl, benzyl, isobutyl and butylamine), but no groups on the pendent
arms were added.®" According to the reported results, the substituted groups could
occupy either at the corner or side positions on the ring, yielding two conformers, and it
was shown that the ratio of the two conformers depends on the size of the substituens.®'
It should be pointed out that the incorporation of methyl and related substituents such
as described above makes the DOTA derivatives more hydrophobic, which enhances the

chance of protein precipitation once used them as a probe to study paramagnetic NMR.

o o o R P o o R
HO»\\ /—l | “oH HOR»\\N/—U OH R-Et Ho}\\\N,_\ | “ou Ho}\\\ /—l j/,
\[" N \E N l Reiso-Bu Ho’\E N ]:OH \E NN
] - . OH L
N N N N7TR RBn HOSv NN N

“ _N N
HO OH HO )_/ \‘(OH R=CH;(CH,);NHBoc  HO, — \‘(OH y )_/ \(OH
} )I‘ R )] HO
o o o o o (o} o (o}

4MDOTA L HMDOTA 4MDOTMA

Chart 4.1 Structures of DOTA-like rigid ligands.

Here, we report the design, synthesis and conformational analysis using NMR
and modeling of several novel DOTA-derivatives. We designed a Cz2 symmetric chiral
cyclen-like ring with two pairs of hydroxyl-methylene substituents. For the hydroxy-
methylene substituted ligands (Chart 4.1), both enantiomers were prepared. To
investigate only the influence of the substituents on the ring flip, the regular pendent
arms were used. Two sets of chemical shifts were observed in the 1D 'H spectrum of
these new DOTA-like lanthanoid complexes, which were identified as the SAP and TSAP
conformers. The main species for these complexes is the TSAP conformer. The 2D EXSY
NMR results indicated that in these complexes ring flipping is not observable at a rate
matching the NMR time scale. Exchange is only observed due to reorientation of the

pendent arms.
Results and Discussion

HMDOTA design and synthesis. In our design, we anticipated that the introduction of

two substituents on adjacent carbons of the cyclen-ring system with the appropriate
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stereochemistry relative to each other would position them both “equatorial”. To ensure
C2symmetry (see Chapter |, section 3), a second set of substituents on the opposite site
of the cyclen-ring system was incorporated. We selected hydroxyl-methylene groups to
render the resulting complex more hydrophilic. This novel cyclen derivative is referred to
as cyclenol, compound 9. (Scheme 4.1). To investigate the effects of a larger substituent
on the conformational exchange we also prepared the O-benzyl derivative (BhnMDOTA).
A previously reported cyclization method was applied with improvements.®*%* Both
enantiomers of tartaric acid as the starting compounds were modified to obtain the
precursors 6 and 7, amenable to cyclization (Scheme 4.1). To decrease side products
formed due to intermolecular reactions, the base, concentration and temperature of the

cyclization reaction were optimized.

The chance of intermolecular reactions was reduced by performing the
cyclization at a low concentration. It was found that concentrations below 0.03 mol/L did
not result in a further increase of the yield of the desired cyclized product. According to
the LC-MS, the main side product was the intermolecular N-alkylation product formed
between cyclized compound 8 and compound 7 (Scheme 4.3). The effects of
temperature and acid scavenger were evaluated as shown in Table 4.1. When the

reaction was performed at room temperature, with NaHCO:s as base, the lowest yield for

o o
Ho o o HO MsO
j)kw L)X o— _b)>< j/\(;.H _c or 4 OR
.., ~OH ., .., _OH . .. _OR
"o ’8/ o O~ 07 s Ho” v OR Ms0” "
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e
o
I\
. HN o N3
Esno’\ENH HNJ:OBn i Bno’\[NH HN];toan j‘\/OR f 5" Nor
. — . 0B, -~
N T BnO " “NH HN " HoN OR N, OR
— \_<
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Scheme 4.1 a) ) SOClz, MeOH, reflex; Il) p-TsOHeH.O, DMP, DCM, 50 °C, 6 h; b) NaHBs4,
MeOH, rt, o/n; c) I) BnBr, NaH, DMF, 0 °C, 16 h; II) 1 mol/L HCI in EtOH, 80 °C, 6 h, 80
°C, d) MsCl, EtsN, DCM, rt, 3 h; e) NaNs, DMSO, 80 °C, 24 h; f) Pd/C, H2, MeOH, 24 h; g)
2-bromoacetyl bromide, K2COs, DCM/H2O (1:1), 0 °C, 10 h; h) NaHCOs, ACN, 80 °C, 24
h; i) Red-Al, toluene, 80 °C, 24 h; j). Pd/C, Hz, EtOH, 24 h.
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both products was obtained, while at 80 °C, most cyclized compound was produced. In
comparison with the other acid scavengers, NaHCOs is a weak base and it may be that
both alkylation reactions are slow at rt, whereas at high temperature, the intramolecular
N-alkylation is preferred over the intermolecular alkylation of the secondary amine group.
Therefore, the cyclization was performed at a concentration of 0.03 mol/L, a temperature
of 80 °C and using NaHCOs as base. The TBS or benzyl protective groups did not affect

the cyclization outcome in any way.

Before deprotection of the benzyl or TBS groups, the acquired 8 was treated
with the reagent Red-Al to reduce the two amide groups to amines. The TBS protection
groups were lost at this step to directly give cyclenol. The benzyl groups remained
attached, yielding 9. Both products, with or without protection of the hydroxyls, were
alkylated with tert-butyl bromoacetate in the present of K2COs at room temperature.
Under this condition, the cyclenol formed a side product in which one of the hydroxyls
had also reacted. Both purified products 10 and 11 were deprotected to give the final
ligands. Compound 10a afforded BhnMDOTA in one step with a yield 69% or in two steps

OH

A S T iy
L o = e o e el s e ]Vz::
= S l P W\E lw »J \«

L-10a BnMDOTA Ln-BnMDOTA

lf
0 _0 0y 0 HO_o o0y OH
NH AN >,/,,\Enl_\nj/ \6 \E /_\N g »\\ /'J<
Subs- B Suib s AR - N Rl e A
cyclenol-RR >Lo/£ou 0]\0J< HO/EO J\OH »—J \(

D-11b HMDOTA-SS Ln-] HMDOTA SS
HMDOTA-RR Ln-HMDOTA-RR

Scheme 4.2 a) tert-butyl 2-bromoacetate, K2COs, ACN, rt, 16 h; b) TFA/DCM (4:1), rt, 16
h; c) LnCls, DMSO, 80 °C, pH=8; d) tert-butyl 2-bromoacetate, DIPEA, ACN, rt, 16 h; e)
TFA/DCM (4:1), rt, 16 h; f) Pd/C, EtOH, Hz, rt, 72 h; g) LnCls, D2O, pH=8, rt.

0

Br 0

o~
Bno’\(NH HNJ\/OBn HN 3 \OR " BnO/\[ j\/c;Bn

OB Bn
BnO NH HN n OR : HN

Scheme 4.3 The intermolecular side reaction discussed in the text.
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given HMDOTA (SS enantiomer) with a yield of 60 %. After deprotection of the tert-butyl
groups of 11b, the RR enantiomer of HMDOTA was produced.

Table 4.1 Yield of cyclization under different conditions

K2CO:s Cez2COs Na:COs3 NaHCO:s
a b a b a b a b
rt (72 h) 15% 30% 14% 30% 16% 30% 10% 8%
50°C(24h) | 13% 32% 12% 28% 15% 30% 16% 14%
80°C (24 h) | 14% 40% 15% 35% 23% 35% 30% 15%

Temp./base

a aimed cyclized product, b detected side product.

Preparation and stability of metal complexes. Chlorate salts of lanthanoids were used
for preparation of all metal complexes. For HMDOTA, the formation of the complexes
was performed in D20 at pH 8 under rt for 12 h. Harsher condition were necessary to
obtain complexes of the BnDOTA ligand, the metal complexes being formed in DMSO
at pH 8 and 80 °C for 10 h. The stability of Eu(lll) loaded HMDOTA was investigated at
different temperatures and pD values (pD=pH+0.4), as shown in Figure 4.1A and B. For
comparison, lanthanoids complexes of DOTA (commercially purchased) and another
reported rigid DOTA derivate (referred to as PyDOTA, synthetical details see chapter V,
Materials and Methods) were prepared as well. Figure 4.2 shows the structures of the

four complexes.

1D 'H spectra. The relative torsion of the two N- and O-planes as discussed above causes
conformational exchange of the complex, represented as reorientations of the pendent
arms and the flip of the cyclen ring. The coordination of the carboxylic pendent arms can
rotate either in clockwise (A) or anticlockwise (A), and the tetra-aza macrocyclic ring can
adopt ANAA or 8888 conformations. This results in four conformations present as two
enantiomeric pairs, A(NMNAA) and A(8888) in one, A(NAAA) and A(88838) in another (Figure
4.3 A). The A(ANNAN) or A(8888) are the SAP conformers, whereas the A(NNAN) and A(5888)
are the TSAP conformers.’®'" These two geometries generate different magnetic
properties if the bound metal ion is paramagnetic (Figure 4.3B), enabling the isomers to
be distinguished by NMR spectroscopy.

The 1D "H spectra of the four ligands shown in Figure 4.1, loaded with Eu(lll) or
Yb(lll) were recorded at 20 °C and 14.1 T. The spectra of Eu(lll)-DOTA and Yb(lll)-DOTA
was in agreement with previously reported results (Figure 4.1 C and D)."° Two sets of
six peaks with different intensity were observed for both samples, corresponding to the
resonance shifts of the two diastereoisomers, SAP and TSAP. The peak set with higher
intensity and larger resonance shift rang are assigned as SAP. The assignment of the

peaks is shown in Figure 4.3B
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A ; | Figure 4.1 1D "H spectra
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Chapter IV

The introduction of pyridine-N-oxide arms, in PyDOTA, reduces number of
observable conformers.24! This was demonstrated by the 1D 'H spectra in this work as
well. In the spectra (Figure 4.1 C and D), 12 peaks (exclude the peaks of the pyridine-N-
oxide ring) are expected per conformer for this C2 symmetric compound. Twelve are
observed (the peak at & ("H)=14.85 ppm show no cross peaks in COSY and EXSY with
other peaks), both in the spectra of Eu(lll)-Py-DOTA and Yb(lll)-PyDOTA, indicating that
only one conformation is present, which was reported as SAP,® was present. The
increased linewidths indicate that a chemical exchange process is occurring, reflecting
the conversion of one SAP enantiomer into another, which consists of a correlated ring

flip and arm rotation.

S o s S AU & R
'\(ﬁL, 2:2“(&]3:: [mj (ﬁ]
PN P o Y

Ln-HMDOTA-SS Ln-BnMDOTA Ln-PyDOTA Ln-DOTA

Figure 4.2 Structures of lanthanoid complexes of HMDOTA, BnMDOTA, PyDOTA and
DOTA.

The HMDOTA features four hydroxyl-methyl substituents on the tetraaza ring in
the SSSS or RRRR configurations. The two pairs of substituents are located at the
opposite ethylenic groups and the pairs are next to each other, resulting in a C2 symmetry.
The main set of chemical shifts of fourteen peaks was assigned to the TSAP conformer,
based on the positions of the peaks in comparison to those of Eu(lll)-DOTA. The
assignment of other peaks was carried out based on 2D EXSY and COSY spectra (Figure
4.4 and App. Figure A4.1). Furthermore, both Eu(lll) loaded chiral complexes (SSSS/RRRR)
generated exactly the same chemical shifts in 1D "H spectra (Figure 4.5), as expected. A
very obvious difference between Eu(lll)-DOTA and Eu(lll)-HMDOTA is that in the former
SAP is the favorable conformer, whereas in the latter, it is TSAP. Similar results were
found for Yb(lll) loaded DOTA and HMDOTA. The ratio was determined by taking the
ratio of integrals of protons resonances at the lowest field in SAP and TSAP conformers
(Figure 4.1C and D). A comparison of the ratios for the Yb(lll) and Eu(lll) compounds
indicates that the population of the minor isomer depends on the ionic radius, as well as

on the compound.

BnMDOTA has larger and more hydrophobic groups at the four substituent
positions and its complexes may be expected to be more rigid. It was found that there
still were two sets of peaks in the 1D 'H spectra of both Eu(lll) and Yb(lll) loaded
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BnMDOTA complexes (Figure 4.1 C and D) but the TSAP conformer is even more
favorable than in HMDOTA.
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Figure 4.3 A) Schematic representation of DOTA lanthanoid complex conformational
exchange (left) (see also Chapter 1, Figure 1.8) and the effect of the two exchange
processes on the different protons (right). B) 2D 1H EXSY spectrum of Eu(ll)-DOTA,
peaks in red and green indicate the conformational exchange of ring flip and arm
reorientation, respectively; peaks in orange and grey indicate the two-step

conformational exchange between enantiomers. Peak assignments were shown in H
(SAP) and h (TSAP).
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2D "H EXSY spectra. To study the exchange process between the conformers
in the different compounds, EXSY experiments were recorded with a mixing time of 8
ms. It is known that exchange occurs in DOTA with rates of about 100 s '8 and with
this mixing time, such exchange processes can be detected, while minimizing NOE build-
up. In the spectra of the paramagnetic Eu(lll) and Yb(lll) compounds, the dispersion of
the resonances is so large that for most of the peaks exchange will be in the slow regime.
The conformational exchange process of the DOTA conformers is illustrated in Figure
4.3. The inversion of the cyclen ring generates the exchange between the axial protons
of SAP1(SAP4) and equatorial protons of TSAP3(TSAP2). The reorientation of the
pendent arms causes the exchange between axial protons of SAP1(SAP4) and axial
protons TSAP2(TSAP3J). It is also possible that during the mixing both ring flip and arm
rotation occur, causing exchange between enantiomers, for example, between the axial
proton of SAP1 and the equatorial proton of SAP4. Similarly, exchange between TSAP2
and TSAP3 can occur. Thus, the appearance of the various cross-peaks in the EXSY
spectrum is indicative for presence or absence of exchange on the millisecond time scale
between conformers. This conformational exchange was investigated for the four Eu(lll)
complexes by 2D "H EXSY. The results are shown in Figure 4.3 and 4.4.

Four sets of exchanging cross peaks were observed in the Eu(ll)-DOTA
spectrum, demonstrating the exchange between the four isomers (Figure 4.3B). For the
other three complexes, only one set of exchange cross peaks was found. Although the
spectrum of Eu(lll)-PyDOTA, shows only the presence of the SAP conformers,
conformational exchange between two SAP enantiomers is still detected. This result
indicates that reorientation of the pendent arms and flipping of the cyclen ring occurs in
a correlated fashion, with the intermediate TSAP form being very lowly populated, similar
to what was reported for CLaNP5.2°

Interestingly, in the Eu(lll)-HMDOTA and Eu(lll)-BnMDOTA EXSY spectra, only
exchange due to arm rotation was detected. Ring flipping does not occur on the time
scale of the EXSY experiment, so the rate must be much less than 100 s™. Clearly, the
substituents hinder the ring flipping process significantly.

Molecule conformational modulation. It was reported that the substituents on the
cyclen ring prefer to adopt an equatorial position.3 As shown in Figure 4.3 A, there are
two equatorial positions relative to the macrocyclic ring, referred to as “eq, up” or “eq,
down”. In the case of HMDOTA and BnMDOTA, the substituents are located at adjacent
positions and both of them will prefer to adopt equatorial positions, as was supported
by lack of exchange in the EXSY experiments. To further understand the arrangement of
these substituents relative to the tetraaza ring, conformer distributions of Ln(lll)-
HMDOTA were calculated wusing Spartan’14 & Spartan’14 Parallel Suite

(www.wavefun.com).
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o o
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Ln-HMDOTA-§$

3
1 (ppm)

45 40 35 30 25 20 15 10
12 (ppm)

Figure 4.4 Peak assignments of Eu(lll) loaded HMDOTA (A),
BnMDOTA (B) and PyDOTA (C). Dash lines indicate the exchange
between correlated peaks. Capital H in black are the CH: protons
on the tetra-aza ring for SAP, h are the CH2 protons on the tetra-
aza ring for TSAP, H and h are the protons of CH on the tetra-aza
ring for SAP and TSAP, respectively, ax, up; ax, d; eq, up and eq, d
stand for protons located at axial (equatorial) up and down
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positions, ac and py are the protons of the acetic acid and pyridine

arms, respectively.
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Eu-HMDOTA-RR

Eu-HMDOTA-SS

U L

40 35 30 25 20 15 0 5 -5 -10 -15 -20 -25
f1 (ppm)

Figure 4.5 1D 'H spectra of Eu(ll)-HMDOTA-SS/RR.

Figure 4.6 Models of the most stable coordination of Eu(ll)-HMDOTA-SS/RR, as
deduced from NMR studies and molecular conformational distribution calculations.
Carbons are shown in cyan (S configuration) and green (R configuration), and the
nitrogen, oxygen and proton in blue, red and light grey, respectively.

A crystal structure of Gd(lll)-DOTA’ was modified with four hydroxyl-methyl
groups on the cyclen ring and used for molecular structure modeling. The substituents
of Eu(lll)-HMDOTA were located at equatorial positions for both configurations and
adopted TSAP geometry (Figure 4.6), in agreement with the NMR results. It is interesting
that for both configurations, the substituents on the corner carbons always adopt the ‘eq
up’ geometry whereas on the side carbons they take the ‘eq down’ position. Therefore,
the teraaza ring of Eu(ll)-HMDOTA-SSSS is in a AAN conformation, while 8888
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conformation is found for Eu(lll)-HMDOTA-RRRR. The arm rotation of Eu(lll)-HMDOTA-
SSSSis A, but R configuration is A.

In conclusion, a synthetic strategy was described that allows the synthesis of
novel functionalized DOTA derivatives with substituents on the tetraaza ring at adjacent
positions. Using this method, two DOTA-like C2-symmetric enantiomers were obtained.
With the substituents, these novel ligands are more hydrophilic and rigid. Both SAP and
TSAP conformers exist but with a higher abundance of TSAP after ligation to medium-
or small size lanthanoids. Calculations indicate that the most stable isomer is indeed TSAP.
EXSY experiments confirmed the rigidity of these ligands. Conformational exchange was
still observed but only due to rotation of the flexible acetate arms. Therefore, to further
reduce the number of isomers, modification on the pendent arms, such as replacement
of the acetic acid arms by pyridine or the introduction of chiral centers on the arms, is a
good option. It will be very interesting to link such compounds to proteins and test the
ability to detect protein dynamics.

Materials and methods

General: All the chemicals were purchased from Sigma-Aldrich, Merk, Fisher Scientific
and VWR and used as received. DOTA was purchased from Macrocyclics. Solvents were
purchased from Honeywell, BIOSOLVE or Aldrich and stored over 3 A molecular sieves
before use. Traces of water from reagents were removed by co-evaporation with toluene
in reactions that required anhydrous conditions. Flash chromatography was performed
on Screening Devices silica gel 60 (40-63 pm) and Cis-reversed phase silica gel (fully
endcapped, 40-63 pm). Liquid chromatography-mass spectrometry (LC-MS) analysis was
performed on a Surveyor HPLC system (Thermo Finnigan) equipped with a Cis column
(Gemini, 4.6 mm x 50 mm, 5 ym particle size, Phenomenex), coupled to a LCQ Adventage
Max (Thermo Finnigan) ion-trap spectrometer (ESI*). TLC analysis was performed on a
silica gel (F 1500 LS 254 Schleicher and Schuell, Dassel, Germany) in which visualized by
UV and/or ninhydrin, KMnOa. Reaction was monitored by LC-MS analysis and TLC
analysis. Waters preparative HPLC system, equipped with a Waters C18-Xbridge 5 pm
OBD (30 x 150 mm) column, was used for purification and the applied buffers were H.O
(2% TFA) and ACN. High-resolution mass spectrometry (HRMS) analysis was performed
with an LTQ Orbitrap mass spectrometer (Thermo Finnigan), equipped with an
electronspray ion source in positive mode (source voltage 3.5 kV, sheath gas flow 10
mL/min, capillary temperature 250 °C) with resolution R = 60000 at m/z 400 (mass range
m/z = 150-2000) and dioctyl phthalate (m/z = 391.28428) as a “lock mass”. NMR spectra
were recorded on a Bruker AV-400 (400/100 MHz), AV-500 (500/125 MHz) or AV-600
(600/150 MHz) spectrometer. Chemical shifts (8) are reported in ppm relative to the
residual signal of the deuterated solvent.
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Metal complex preparation: Compound HMDOTA-SS (3 mg, 5.7 umol) was dissolved in
D20 at rt and the pH was adjusted to around 8 by adding 1 mol/L NaOD. To this solution
was added equal amount of LnClzenH20 and the pH value adjust again to 8 by using 1
mol/L NaOD. After reacted at rt for 12 h, above solutions were directly used for NMR
measurements. Same procedure was used for Ln-DOTA and Ln-PyDOTA complexes

preparation.

Ln-BnMDOTA complexes were prepared in DMSO solution containing
BnMDOTA (3 mg, 3.4 umol) and equal amount of LnClzenH20. The pH value of this
solutions was adjust to around 8 by adding 1 mol/L NaOD and hearted up to 80 °C for
10 h. Before NMR measurement, DMSO was removed and the complexes were dissolved
in MeOD/D20 (v:v =4:1).

NMR spectroscopy: All EXSY experiment were recorded on a Bruker AV 600 MHz NMR
spectrometer at 293 K. The mixing time was 8 ms. Data were processed using Bruker

Topspin software.

Molecule conformational modulation: A 3D structure was obtained by conformational
distribution calculation with molecular mechanic of MMFF (Merck Molecular Force
Field).#?

Synthesis

Oj)ko/ Dimethyl (4R,55)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate,
>< o compound 1a and 1b

To L-(+)-Tartaric acid (15 g, 0.1 mole) in methanol (0.5 L) was added
SOCI2(14.6 mL, 0.2 mole) while cooling with an ice bath. After the addition, the ice bath
was removed and the reaction mixture heated under reflux and the reaction progress
monitored by TLC. After 16 h, the reaction mixture was treated by the addition of
trimethylamine (circa 40 mL) until the pH of the reaction mixture was around 6. The
reaction mixture was filtrated and concentrated under reduced pressure using a rotary
evaporator. The crude product was dissolved in DCM (1 L) and washed with water (2 x 1
L) and brine (1 L). The organic layer was dried with anhydrous Naz2SOs, filtrated and
concentrated under reduced pressure to give a colorless oily product. Without further
purification, above crude product was dissolved in DCM (0.5 L) followed by addition of
p-toluenesulfonic acid monohydrate (p-TsOHeH:O, 9.5 g, 0.05 mol) and 2,2-
dimethoxypropane (DMP, 15 mL, 0.2 mole), respectively. This mixture was hearted up to
50 °C and the reaction followed by TLC. The organic solvent was removed after 6 h and
the product was purified by flash silica gel column chromatography (6 % of ether in
pentane, R= 0.2) yielding 85% (18.5 g, 0.085 mole) of compound 1a as a white solid.
Similar procedure was applied for the synthesis of the compound 1b. D-(-)-Tartaric acid
(15 g, 0.1 mol) yield 80% (17.4 g, 0.080 mole) of Compound 1a. The spectroscopic data
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of 1a are in agreement with those reported in the literature: '"H NMR (400 MHz, CCIsD,
293K): 8 = 1.10 (s, 6H, 2CH3), 3.81 (s, 6H, 20CHs), 4.75 (s, 2H, 20CHCO). "*C NMR (400
MHz, CClsD, 293K): & = 27.12 (CHs), 52.85 (2CHCOOMe), 78.35 (20CHs), 110.52
(C(CH3)202), 170.56 (2COOMe). HR-MS compound 1a: m/z 219.0863 [M+H]*, calcd.
[C4aHeOs] 219.0869. FTIR (cm™): 1677.7, 1558.3, 1456.7, 1418.1, 1313.6, 1200.6, 1130.5,
958.7, 832.8, 799.9, 748.4, 712.2. NMR, HRMS and IR data of the compound 1b are in
agreement with compound 1a. Compound 1a [a]3’ =-17.7° (C= 1 mg/mL, CHCl).
Compound 1b [a]3?=13.3° (C = 1 mg/mL, CHCl).

Hoj/\OBn ((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethanol, compound
Ho” »~OB"  2aand 2b

A solution of compound 1a (10 g, 46 mmol) in methanol (460 mL) was cooled down to 0
°C and NaBHs (3.5 g, 92 mmol) was added in small portions. The reaction mixture was
allowed to warm to rt and stirring was continued for 16 h. The reaction solution was
quenched by adding H20 under ice bath condition and the solution was removed under
reduced pressure using a rotary evaporator. The crude product was dissolved in DCM
(0.5 L) and washed with water (2 x 0.5 L) and brine (0.5 L). The organic layer was dried
with anhydrous NazSOs, filtrated and concentrated under reduced pressure to give a
slight yellow oily product. This product was purified by flash silica gel column
chromatography with a gradient of 0-30% ethyl acetate in pentane to yield 91% (8.38 g,
41.9 mmol) compound 2a as a colorless liquid. Similar procedure was applied for the
synthesis of the compound 2b. Compound 1b (10 g, 46 mmol) yield 93% (8.56 g, 42.8
mmol) of compound 2b. The spectroscopic data of 2a are in agreement with those
reported in the literature: Compound 2a 'H NMR (400 MHz, CCl3D, 293K): & = 1.39 (s,
6H, 2CHs), 3.00 (b, 2H, 20H), 3.67-3.75 (q, 4H, 2J= 8 Hz, 2CH:OH), 3.94 (s, 2H
2CHOCCH3). *C NMR (400 MHz, CCIsD, 293K): & = 27.07 (2CH3), 62.19 (CH20H), 78.35
(CHCH?>), 109.38 (C(CH3)202). HR-MS: m/z 163.0978 [M+H]*, calcd. [C7H1404] 163.0970.
FTIR (cm™): 3281.2, 2934.9, 2883.4, 2368.2, 1654.2, 1423.8, 1319.3, 1223.5, 1074.6,
1038.9, 1008.8, 881.5. NMR, HRMS and IR data of compound 2b are in agreement with
compound 2a. Compound 2a [a]3’= -2.3° (C = 2.2 mg/mL, CHCls). Compound 2b [a]3’=
+1.1° (C = 1.2 mg/mL, CHCls).

>< j/\OH (2R,3R)-1,4-bis(benzyloxy)butane-2,3-diol, compound 3a and 3b

'

To a DMF solution (50 mL) of compound 2a (1.62 g, 10 mmol) was added
NaH (0.72 g, 30 mmol) in small portions at 0 °C. The mixture was stirred for 30 min, then
benzylbromide (2.6 mL, 22 mmol) was added at 0 °C. The reaction mixture was allowed
to warm to rt and stirring was continued for 16 h ensuing that no starting compound was
present and a double protected compound was formed as evidenced by TLC analysis.
Then H2O (10 mL) was added to quench the reaction at 0 °C. The reaction mixture was

partially concentrated under reduced pressure. Then the residual solvent was diluted with
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ethyl acetate (0.5 L) to extract with water (2 x 0.5 L) and brine (.0.5 L). The organic layer
was dried with anhydrous NazSOsa, filtrated and evaporated under reduced pressure.
Without further purification, the crude product was dissolved in ethanol (50 mL)
containing Tmol/L HCI (1.66 mL) and the reaction mixture was heated up to 80 °C under
continuous stirring. After 6 h, the reaction mixture was neutralized by adding saturated
aqueous NaHCO:s (circa 3 mL) and concentrated under reduced pressure. The crude
product was purified by flash silica gel column chromatography with a gradient of 0-20%
of ethyl acetate in pentane (ethyl acetate/pentane=1:1, R= 0.45) to yield 85% of
compound 3a (2.6 g, 8.5 mmol) as a white solid. Similar procedure was applied for the
synthesis of the compound 3b. Compound 2b (2.00 g, 12.3 mmol) yield 83% of
compound 3b (3.12 g, 10.2 mmol). The spectroscopic data of 3a are in agreement with
those reported in the literature: Compound 3a 'H NMR (400 MHz, CCI:D, 293K): & = 2.85
(s, 2H, 20H), 3.55-3.63 (m, 4H, 2CH2OBn), 3.86-3.88 (t, 2H, 3J= 4 Hz, 2CHOH), 4.50-4.58
(9, 4H, 3J=12 Hz, 2CH2Ph), 7.25-7.36 (m, 10H, 2(CH)sC). '*C NMR (400 MHz, CCl3D, 293K):
8 = 70.67 (2CHOH), 72.09 (2CH20Bn), 73.70 (CH2Ph), 127.91 ((CH)sC), 127.98 ((CH)sC),
128.60 ((CH)sC), 128.96 ((CH)sC), 137.82 (C(CH)s). HR-MS: m/z 303.1602 [M+H]J*, calcd.
[C18H2204] 303.1596. FTIR (cm™): 3371.3, 30.9.3, 2844.7, 2351.0, 2024.8, 1750.1, 1684.2,
1453.8, 1362.3, 1313.6, 1206.3, 1096.1, 1054.6, 1033.1, 950.2, 721.1, 696.9. NMR, HRMS
and IR data of compound 3b are in agreement with compound 3a. Compound 3a [a]3’=
-10.2° (C = 3.5 mg/mL, CHCls). Compound 3b [a]3’= 8.5° (C = 2 mg/mL, CHCls).

Hoj:ioﬂgs (2R,3R)-butane-1,2,3,4-tetraol, compound 3c
HO

OTBS
Compound 2b (2 g, 12 mmol) was dissolved in ethanol (50 mL)

containing 1mol/L HCI (1.66 mL) and the solution was heated up to 80 °C under
continuous stirring. After 6 h, the reaction mixture was neutralized by adding saturated
aqueous NaHCOs (3 mL) and concentrated under reduced pressure. Above crude
product was dissolved in DCM (100 mL) and washed with water (2 x 100 mL) and brine
(100 mL) and the organic layer was dried with anhydrous Na2SO4 and concentrated under
reduced pressure. Without further purification, the crude product was dissolved in DMF
(60 mL). To this solution was added imidazole (1.85 g, 27 mmol) under continuous stirring,
cooled down to 0 °C and slowly added TBDMCI (0.38 mL, 27 mmol). After the addition,
the reaction was allowed to warm up to rt and stirring was continued for 16 h. The
reaction mixture was diluted with DCM (500 mL) and washed with saturated aqueous
NaHCOs (500 mL), water (2 x 500 mL), brine (500 mL) and the organic layer dried with
anhydrous NazSOq, filtrated and concentrated under reduce pressure. The crude product
was purified by flash silica gel column chromatography with a gradient of 0-20% of ether
in pentane (ether/pentane=10:1, R= 0.35) to give compound 3c as a light yellow colored
liquid. The spectroscopic data of 3c are in agreement with those reported in the literature:
"H NMR (300 MHz, CDCls) 8= 0.02 (s, 12H, 2CHsSi), 0.90 (s, 18H, 2C(CHs)3), 2.8 (m, 2H,
CHCH2OTBS), 3.75 (m, 4H, 2CH2CH); *C NMR (300 MHz, CDCls) &= -5.47 (2CHsSi),
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(2(CHs)sC), 25.82 , 65.03 (2CH;OTBS), 71.45 (2CHCH:0). -5.41 (2CHsSi), -5.31 (2CHsSi),
25.90 (2(CH3)sC), 38.62 (2(CH3)SO2), 62.02 (2CH0TBS), 79.90 (2CHCH.0). HR-MS: m/z
351.2391 [M+HI", caled. [Cq4H3804Sio] 351.2387. [o]3°= +9.5° (C = 2.2 mg/mL, CHCl).

Msoj/\OBn (2R,3R)-1,4-bis(benzyloxy)butane-2,3-diyl dimethanesulfonate,

MsO” _OBn compound 4a and 4b/c
S 4

Compound 3a (1.5 g, 5 mmol) in DCM (50 mL), Hiinig base (2.08 mL,
15 mmol) was added in one portion at 0 °C to this solution. Followed by dropwise
addition of methanesulfonyl chloride (0.93 mL, 12 mmol) under continuous stirring. The
reaction mixture was allowed to warm to rt and stirring was continued for 3 h and the
reaction was quenched by adding H20 (15 mL) at 0 °C. The crude product was diluted
with DCM (100 mL) and washed with water (2 x 150 mL) and brine (150 mL). The organic
layer was dried with anhydrous Na2SOs, filtrated and concentrated under reduce
pressure. Flash silica gel column chromatography with a gradient of 0-20% of ethyl
acetate in pentane as eluent (ethyl acetate/pentane=1:2, R= 0.35) was applied to yield
91% of compound 4a (2.1 g, 4.6 mmol) as a white solid. Similar procedure was used for
compound 4b and 4c. Compound 3b (1.0 g, 3.3 mmol) yielding 88% of compound 4b
(1.3 9, 2.9 mmol). Compound 3c (2 g, 5.7 mmol) yielding 80% of compound 4c (2.31 g,
4.56 mmol). The spectroscopic data of 4a are in agreement with those reported in the
literature: Compound 4a 'H NMR (400 MHz, CClIsD, 293K) 4a: & = 3.04 (s, 6H, 2CHsSO>),
3.76-3.79 (t, 4H, 3J= 4 Hz, 2CH:0), 4.46-4.58 (t, 4H, 3J= 12 Hz, 2CH2Ph), 4.46-4.58 (m,
2H, 2CHCH:0), 7.26-7.37 (m, 10H, 2(CH)sC). *C NMR (400 MHz, CClsD, 293K): & = 38.83
(2CH3S03), 68.70 (2CH20), 73.69 (2CH2Ph) 78.80 (2CHCH-0), 128.10-130.16 (2(CH)sC),
136.99 (2C(CH)s). HR-MS: m/z 459.1145 [M+HT, calcd. [C20H260sS2] 459.1147. FTIR (cm
): 3853.5, 3734.8, 3676.1, 2973.5, 2937.7, 2866.2, 2844.7, 2352.5, 2329.6, 1362.3,
1174.8, 1116.1, 1054.6, 1033.1, 1013.1, 917.2, 824.2, 798.5, 738.4, 701.2. The NMR, IR
and HRMS date of the compound 4b are in agreement with compound 4a. Compound
4c "H NMR (400 MHz, CCIsD, 293K): & = 0.1 (s, 12H, 2CHsSi), 0.9 (s, 18H, 2C(CHs)3), 3.10
(s, 6H, 2(CH3)SOz), 3.92-3.94 (t, 4H, 3J= 4 Hz, 2CH:OTBS), 4.80-4.83 (m, 2H, 2CHCHO).
3C NMR (400 MHz, CCIsD, 293K): & = -5.41 (2CHsSi), -5.31(2CHsSi), 25.90 (2(CH3)sC),
38.62 (2(CH3)SO2), 62.02 (2CH.OTBS), 79.90 (2CHCH20). HR-MS: m/z 529.1747 [M+Nal*,
caled. [C18H4208S2Si2] 529.1757. FTIR (cm™): 3680.4, 2936.3, 2371.1, 2321.0, 1362.3,
1257.8, 1176.2, 1109.0, 1054.61, 1033.1, 1013.1, 917.2, 835.7, 779.9, 732.6, 668.3.
Compound 4a [a]3°= -6.8 (C = 6 mg/mL, CHzCls). Compound 4b [a]3°=13.6 (C = 5
mg/mL, CH2Cl2). Compound 4c [a]3’= 15.4 (C = 7.2 mg/mL, MeOH).
st/\OBn ((((2S,35)-2,3-diazidobutane-1,4-
Ng -, -0Bn diyl)bis(oxy))bis(methylene))dibenzene, compound 5a and 5b/c
Compound 4a (1 g, 2.2 mmol) was dissolved in DMSO (15 mL). To the reaction mixture
was added NaNs (1 g, 15.3 mmol) in portions and the reaction mixture was heated at 80
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°C for 24 h. The reaction mixture was diluted with DCM (100 mL) and washed with water
(2 x 100 mL) and brine (100 mL). The organic layer was dried with anhydrous Na>SOs,
filtrated and concentrated under reduced pressure. Further purification was acquired
with flash silica gel column chromatography with a gradient of 0-10% of ether in pentane
to yield 95 % of compound 5a (0.9 g, 2.7 mmol) as a slight yellow liquid. R= 0.35
(ester/pentane =1:12) A similar procedure was used to obtain compound 5b and 5c.
Compound 4b (1 g, 2.2 mmol) yielding 93% of compound 5b (0.7 g, 2.0 mmol).
Compound 4c (1.5 g, 3.0 mmol) yielding 95% of compound 5¢ (1.12 g, 2.81 mmol). The
spectroscopic data of 5a are in agreement with those reported in the literature: '"H NMR
(400 MHz, CClIsD, 293K) compound 5a: & = 3.68-3.70 (t, 4H, 3J= 2 Hz, 2CH:Ph), 3.75-3.79
(m, 2H, 2CHCH0), 4.57 (s, 4H, 2CH-0), 7.26-7.42 (m, 10H, 2(CH)sC). '*C NMR (400 MHz,
CCIsD, 293K): & = 61.00 (2CHCH:0O), 69.640 (2CH:0), 73.58 (2CH:Ph) 127.51-128.57
(2(CH)sC) 137.41 (2C(CH)s). HR-MS: m/z 353.1721 [M+H]J*, calcd. [C1sH20NsO2] 353.1726.
FTIR (cm™): 3853.3, 2955.5, 2100.1, 1357.2, 1180.5, 1116.2, 1054.1 1033.1, 1013.1, 824.2,
775.2. The NMR, IR and HRMS date of the compound 5b are in agreement with
compound 5a. Compound 5¢ 'H NMR (400 MHz, CClsD, 293K): & = 0.02 (s, 12H, 2CHsSi),
0.82 (s, 18H, 2C(CHa)s), 2.52 (s, 6H, 2(CH3)SO2), 3.46-3.49 (t, 2H, 3J= 4 Hz, 2CHCHO),
3.73-3.74 (d, 4H, 4H, 2)= 4 Hz, 2CH.QOTBS). *C NMR (400 MHz, CCl3D, 293K): § = -5.71
(2CHsSi), -5.64 (2CHsSi), 25.63 (2(CHs)3C), 62.24 (2CHCH:0), 63.14 (2CH.OTBS). HR-MS:
m/z 423.2331 [M+Nal*, calcd. [CisH3sNe¢O2Siz] 423.2336. FTIR (cm™): 2953.5, 2860.5,
2100.6, 1257.8, 1177.7, 1111.8, 1054.6, 1033.1, 1008.8, 837.1, 778.4. Compound 5a
[a]3= -4.9 (C=3 mg/mL, MeOH). Compound 5b [a]3’=10.3° (C=5 mg/mL, MeOH).
Compound 5¢ [a]3’= 9.8° (C=2 mg/mL, MeOH).

HZNj/\OBn (2R,3R)-1,4-bis(benzyloxy)butane-2,3-diamine, compound 6a and

H,N ",/OBn 6b/C

Compound 5a (1 g, 2.8 mmol) in methanol (30 mL) was treated with a catalytic amount
of Pd/C (10% palladium on carbon) (circa 10 mg) and stirred for 24 h under an hydrogen
atmosphere. The reaction mixture was filtered and concentrated in vacuo. A light yellow
colored oily of compound 6a was obtained and used for further reaction without
purification. Similar procedure was used to obtain compound 6éb and 6c. The
spectroscopic data of éa are in agreement with those reported in the literature:
Compound 6a 'H NMR (400 MHz, CCl3D, 293K): '"H NMR (400 MHz, CCI:D, 293K): & =
3.50-3.65 (g, 4 H, 3J= 7.2 Hz, 2CH:0), 3.63 (s, 2H, 2CHCH:0), 4.29-4.50 (q, 4H, 3J= 18
Hz, 2CH2Ph), 6.59 (s, NH), 7.20-7.33 (m, 10H, 5(CH)sC). *C NMR (400 MHz, CCl:D, 293K):
8 = 51.69 (2CHCH:0), 68.65 (2CH:0), 73.38 (2CH2Ph), 127.93-128.52 (5(CH)sC), 137.42
(C(CH)s). HR-MS: m/z 301.1922 [M+HT, calcd. [C18H2aN202] 301.1916. FTIR (cm™): 2949.2,
2864.8, 2368.2, 2322.4, 1456.7, 1362.3, 1054.6, 1033.1, 1013.1, 736.9, 696.9. The NMR,
IR and HRMS date of the compound 6b are in agreement with compound 6a. Compound
6c "H NMR (400 MHz, CClIsD, 293K): & = 0.04 (s, 12H, 2Si(CHz)2), 0.87 (s, 18H, 2C(CHa)3),
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2.82 (s, 2H, 2CHCH:0), 3.54-3.64 (m, 4H, 2CH>OTBS). '*C NMR (400 MHz, CCl3D, 293K):
8 =-5.33 (2CHsSi), -5.31 (2CHsSi), 25.99 (2(CHs)sC), 54.21 (2CHCH:0), 66.08 (2CH-OTBS).
HR-MS: m/z 349.2696 [M+H]*, calcd. [C16Ha0oN202Si2] 349.2707. FTIR (cm™): 2929.1,
2844.7, 2368.2, 2322.4, 36172.4, 1362.3, 1255.0, 1054.6, 1033.1, 1006.0, 835.7, 775.6,
668.3. Compound 6a [a]p = -18.5° (C = 4.2 mg/mL, MeOH). Compound 6b [a]3’=26.0
°(C = 4.8 mg/mL, MeOH). Compound 6c [a]3’= 17.2 (C = 9 mg/mL, MeOH).

NN N,N'-((2R,3R)-1,4-bis(benzyloxy)butane-2,3-diyl)bis(2-
HN o
o Soen bromoacetamide), compound 7a and 7b/c
Br\)J\N OBn
H Compound 6a (3 g, 10 mmol) in DCM (100 mL) was treated with

K2COs aqueous solution (0.4 mol/L, 50 mL). This mixture was cooled down to 0 °C and
bromoacetyl bromide (2.9 mL, 22 mmol) in DCM (20 mL) was added. After 10 h stirring
at 0°C, the two layers mixture were separated and the water layer was extracted with
DCM (3 x 50 mL). The combined organic layer was dried with anhydrous Naz2SOsq, filtrated
and concentrated under reduce pressure. The crude product was purified by flash silica
gel column chromatography with a gradient of 0-10% of ethyl acetate in DCM (ethyl
acetate/DCM=1:5, R= 0.42) to give compound 6a as white solid (3.8 g, 7 mmol) in 70 %
yield. A similar procedure was used to obtain compound 7b and 7c: Compound 6éb (3 g,
10 mmol) yielding 74% of compound 7b (4 g, 7.4 mmol). Compound éc (2 g, 5.7 mmol)
yielding 72% of compound 7c (2.4 g, 4.1 mmol), R= 0.3 (ethyl acetate/pentane =1:4).
Compound 7a 'H NMR (400 MHz, CCIsD, 293K): & = 3.46-3.55 (m, 4H, 2CH:0), 3.77 (s,
4H, 2CH:Br), 4.35-4.39 (m, 2H, 2CHCH:0O), 4.57 (s, 4H, 2CH2Ph), 6.59 (s, NH), 7.20-7.33
(m, 10H, 2(CH)sC). 3C NMR (400 MHz, CCIsD, 293K): & = 51.69 (2CHCH:0), 68.65
(2CH20), 73.38 (2CH2Ph), 127.93-128.52 (2(CH)sC), 137.42 (2C(CH)s), 166.06 (2CONH).
HR-MS: m/z 541.0322 [M+HJ*, calcd. [C22H2sBraN20O4] 541.0338. FTIR (cm™): 3711.9,
3279.7, 2982.1, 2864.8, 2844.7, 2826.1, 1652.7, 1559.7, 1054.6, 1033.1, 1013.1, 747.0,
698.3. The NMR, IR and HRMS date of the compound 7b are in agreement with
compound 7a. Compound 7¢ 'H NMR (500 MHz, CClIsD, 293K): & = 0.08 (s, 12H, 2CHsSi),
0.91 (s, 18H, 2C(CHa)s), 3.72-3.81 (d, 4H, 3J= 3 Hz, 2CH:OTBS), 3.83 (4H, 2CH2Br), 4.22-
4.24 (d, 2H, 3J= 2 Hz, 2CHCH:0), 7.71 (2H, 2NHCO). 3C NMR (500 MHz, CClsD, 293K):
8 =-5.37 (2CHsSi), 25.91 (2(CH3)3C), 29.05 (2CH2Br), 52.13 (2CHCH:0), 61.94(2CH-OTBS),
166.12 (2CONH). HR-MS: m/z 589.1118 [M+H*, calcd. [C22H2¢Br2N204Si>] 589.1128. FTIR
(cm™): 3751.9, 3689.0, 2950.6, 2894.8, 2827.6, 2378.2, 2312.4, 1647.0, 1559.7, 1254.9,
1116.1,1054.6, 1033.1, 1013.1, 835.7, 777.0. Compound 7a [a]3’= -42.27 (C = 7.5
mg/mL, CHzClz). Compound 7b [a]3°=25.3° (C = 7 mg/mL, CH:Cl2). Compound 7¢
[a]3’=35.9° (C = 4.5 mg/mL, MeOH).

NH pe (5R,6R,11R,12R)-5,6,11,12-tetrakis((benzyloxy)methyl)-1,4,7,10-
BnO\): )/\OBn tetraazacyclododecane-2,9-dione, compound 8a and 8b/c

NH HN
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Compound 5a (0.5 g, 1.67 mmol) and compound 7a (0.9 g, 1.67 mmol) were dissolved
in ACN (550 mL) containing NaHCO3 (1.4 g, 16.67 mmol). The mixture was heated at 80
°C and stirring was continued for 24 h. The reaction mixture was filtrated and
concentrated under reduced pressure. The crude product was purified with silica gel
column chromatography with a gradient of 0-3% of methanol in DCM to yield 30% of
compound 8a (0.26 g, 0.38 mmol) as a white solid. R= 0.45 (DCM/MeOH= 10:1). A
similar procedure was used to obtain compound 8b and 8c: Compound 5b (0.6 g, 1.85
mmol) and compound 7b (1.0 g, 1.85 mmol) yielding 27% of compound 8b (0.25 g, 0.37
mmol). Compound 5¢ (0.7 g, 1.7 mmol) and compound 7¢ (1.0 g, 1.7 mmol), yielding 29%
of compound 8¢ (0.26 g, 0.34 mmol), R= 0.3 (methanol/DCM =15:1). Compound 8a 'H
NMR (400 MHz, CD3OD, 293K): & = 3.34-3.54 (m, 6H, 2CH2NH, 2CHCH:0), 3.60-3.78 (m,
8H, 4CH20), 4.33-4.56 (m, 10H, 2CHCH:O, 4CH2Ph), 4.57 (s, 4H, 2CH20), 6.59 (S, 4NH),
7.28-7.38 (m, 20H, 4(CH)sC). 3*C NMR (400 MHz, CD3OD, 293K): & = 52.68 (2CH:0),
52.95 (2CHCH:0), 61.80 (2CHCH:0), 67.22 (2CH:0), 69.80 (2CH2NH), 74.35 (2CH2Ph),
74.68 (2CH2Ph), 128.99-129.62 (2(CH)sC), 138.34 (C(CH)s), 138.99 (C(CH)s), 168.79
(2CONH). HR-MS: m/z 681.3655 [M+HT*, calcd. [CaoHsNsOs] 681.3652. FTIR (cm™):
3650.3, 2982.1, 2844.7, 1652.7, 1054.6, 1033.1, 1013.1, 736.9, 696.9, 668.3. The NMR,
IR and HRMS date of the compound 8b are in agreement with compound 8a. Compound
8c: 'TH NMR (500 MHz, CD3OD, 293K): & = 0.10 (s, 12H, 2CHsSi), 0.11 (s, 12H, 2CHsSi),
0.93 (s, 18H, 2C(CHa)3), 0.94 (s, 18H, 2C(CHs)s), 2.71-2.73 (t, 2H, 3J=4 Hz, 2CHNH), 3.16-
3.27 (d, 4H, 3J=4 Hz, 2CH2CO), 3.76-3.86 (m, 4H, 2CH2CHNCO), 3.79 (s, 4H, 2CHCHNH),
4.14 (s, 2H, 2CHNCO). *C NMR (500 MHz, CDsOD, 293K): & = -5.31 (2CHsSi), -5.27
(2CHsSi), 26.44 (2(CH3)sC), 26.49 (2(CH3)3C), 53.16 (2CH2CO), 53.65 (2CHNH), 63.02
(CHNCO), 63.74 (2CH:CHNH), 64.14 (CH2CHNCO), 174.96 (2CONH). HR-MS: m/z
777.5221 [M+H]J*, caled. [Cs7HgoN4OeSia] 777.5233. FTIR (cm™): 3736.2, 2982.1, 1652.7,
1521.1, 1506.8, 1456.7, 1033.1, 1013.1. Compound 8a [a]Z’= -24.33° (C = 3 mg/mL,
MeOH). Compound 8b [a]3°=7.86 (C = 1.4 mg/mL, MeOH). Compound 8¢ [a]3’= 8.0°
(C = 2.3 mg/mL, MeOH).

(2R,3R,8R,9R)-2,3,8,9-tetrakis((benzyloxy)methyl)-1,4,7,10-

I\

BnO/\[NH HN o~

BrOL Ny pn-\-08n  tetraazacyclododecane, compound 9a
—

Compound 8a (0.1 g, 147 pmol) was co-evaporated with dried
toluene three times and dissolved in dried toluene (2 mL). Above mixture was cooled
down to 0 °C and Red-All (3.5 M in toluene, 0.42 mL) was dropwise added. After the
addition, the reaction mixture was allowed to warm to rt for 1 h, then heated at 80°C
under a N2 atmosphere. After 24 h, no starting compound was detected by the LC-MS.
Water (circa 5 mL) was slowly added to quench the reaction at 0°C. The reaction solution
was extracted with CHCls (3 x 50 mL) dried with anhydrous Na>SOs and the solution was
concentrated under reduce pressure. Further purification was done with self-packed Cis

revers phase silica gel column chromatography with a gradient of 10-30% of methanol in
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H20 (0.2 % of TFA) to give compound %a as white solid (69 mg, 106 ymol, 72% yield). "H
NMR (400 MHz, CD3OD, 293K): & = 2.90 (s, 8H, 4CH2NH), 3.23 (b, 4H, 4CHCH:0), 3.41-
3.67 (q, 8H, 4CH:0), 4.40-4.52 (q, 8H, 4CH:Ph), 7.30-7.37 (m, 20H, 4(CH)sC). *C NMR
(400 MHz, CD30D, 293K): & = 42.16 (4CH2NH), 65.68 (4CH20), 74.35 (4CH2Ph), 129.19-
129.59 (4(CH)sC), 138.63 (4C(CH)s). HR-MS: m/z 681.3655 [M+HJ*, calcd. [CaoHs2N4Oa]
681.3652. FTIR (cm™): 3853.5, 3736.2, 3628.9, 2982.1, 2923.4, 2376.8, 1496.8, 1339.4,
1202.0, 1123.3, 1054.6, 1033.1, 1013.1, 741.2. [a]&’= -9.09° (C = 2.2 mg/mL, CHzCl,).

I\
HO’\[NH HN SNoH
HO .- OH

SN HN Compound 9a (50 mg, 77 pmol) in ethanol (3 mL) was treated with
Pd/C (10%wt Pd on carbon, circa 20 mg) at rt. Then the reaction
flask was equipped with a Hz gas balloon and the reaction monitored by LC-MS. After 72

Cyclenol-RR and Cyclenol-SS

h, no starting material was detected by LC-MS. The mixture was filtrated through Celite
and concentrated. The crude product was purified by gel filtration to afford cyclenol (20
mg, 68 pmol, 88%) as a white solid. '"H NMR (500 MHz, D20, 293K): & = 2.92 (m, 8H,
4CH2NH), 3.03 (b, 4H, 4CHCH-0), 3.58-3.91 (q, 8H, 3J = 12.5 Hz, 4CH.OH). *C NMR
(400 MHz, D20, 293K): & = 40.85 (4CH2NH), 55.74 (ACHCH.OH), 57.39 (4CH:OH). HR-
MS: m/z 293.2188 [M+H]*, calcd. [C12H2sN4Oa] 293.2189. FTIR (cm™): 2982.1, 2844.7,
2378.2, 2351.0, 2313.4, 1054.6, 1033.1, 1013.1. Cyclenol-SS [a]3’= -17.9° (C = 2.3
mg/mL, MeOH), cyclenol-RR [a]3’= 27.0° (C = 2.0 mg/mL, MeOH).

%/O\Eo Oj/0\€ Tetra-tert-butyl 2,2',2",2'"'-((2S,3S,8S,95)-2,3,8,9-
BnO’\[N/_\N w~op,  tetrakis((benzyloxy)methyl)-1,4,7,10-tetraazacyclododecane-

BnO. 0Bn

SN N 1,4,7,10-tetrayl)tetraacetate, compound 10a
>LO/£O QJ\O)<

Compound 9a (50 mg, 77 pymol) and tert-butyl 2-bromoacetate (120
mg, 616 pmol) was dissolved in dried ACN (0.8 mL). To the stirred above mixture was
added K2CO3 (85 mg, 616 ymol) and stirring was continued for 16 h. Then the solution
was filtrated through Celite, concentrated and followed by purification of the crude
product on silica gel column chromatography to give compound 10 (60 mg, 54 pmol,
80%) as a white solid. '"H NMR (400 MHz, CD3OD, 293K): & = 1.48 (s, 18H, 2(CH3):C), 1.49
(s, 18H, 2(CHs)sC), 2.25-2.28 (d, 2H, 3J= 12 Hz, CH:N), 2.51-2.58 (t, 2H, 3J= 12 Hz, CH2N),
2.63-2.70 (t, 2H, 3J= 12 Hz, CH2N), 2.84-2.88 (q, 2H, 2CHCH0), 3.00-3.05 (d, 2H, 3J= 12
Hz, CH2COOtBu), 3.00-3.10 (2H, CH2N), 3.00-3.10 (2H, 2CHCH:0), 3.36-3.78 (m, 6H,
2CH2COOtBu, CH:0Bn), 3.52-3.56 (m, 2H, CH:0Bn), 3.62-3.65 (d, 2H, 3J= 12 Hg,
CH2COOtBu), 3.71-3.77 (t, 4H, 3J= 12 Hz, 2CH20Bn), 4.19-4.40 (m, 8H, 4CH2Ph). 3C
NMR (400 MHz, CD3OD, 293K): & = 28.34 (2C(CHs)), 28.40 (2C(CHs)), 45.84 (2CH2N),
50.52 (2CH2N), 54.14 (2CH2COO1tBu), 54.69 (2CH.COOtBu), 56.00 (CHCH20), 60.22
(CHCH20), 65.71 (2CH20Bn), 67.15 (2CH20Bn), 73.00 (CHzPh), 74.18 (CH2Ph), 82.75
(2C(CHs)3), 82.81 (2C(CHs)s), 128.90-129.47 (4(CH)sC), 139.11 (2C(CH)s), 139.15 (2C(CH)s),
174.68 (2COOtBu), 175.45 (2COOtBu). HR-MS: m/z 1109.6785 [M+HT*, calcd.
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[CeaH92N4O12] 1109.6790. FTIR (cm™): 3853.5, 3736.2, 3628.9, 2982.1, 2923.4, 2376.8,
1496.8, 1339.4, 1202.0, 1123.3, 1054.6, 1033.1, 1013.1, 741.2. [O(]%O= -8.1°(C=1mg/mL,
CHCLy).

00 0g0 Compound 11a
TCY - Come |

:g\IN N]/:g: Compound 10a (0.2 g, 0.18 mmol) in ethanol (3 mL) was added
>L L — l J< Pd/C (10%wt Pd on carbon, 20 mg) at rt. Then the reaction flask
oo e was equipped with a Hz gas balloon and the reaction monitored by
LC-MS. After 72 h, no starting material was detected by LC-MS. The mixture was filtrated
through Celite and concentrated. The crude product was purified by gel filtration to
afford compound 11b (0.13 mg, 0.14 mmol, 79%) as a white solid. '"H NMR (500 MHz,
D20, 293K): & =1.50 (s, 18H, 2(CH3)3C), 1.51 (s, 18H, 2(CH3);C) 2.31-2.34 (d, 2H, 3J=14.4
Hz, CH2N), 2.57-2.62 (t, 2H, 3J= 10 Hz, CH2N), 2.72-2.77 (m, 2H, CH2N), 2.72-2.77 (m, 2H,
2CHCH:0OH), 2.84-2.88 (q, 2H, 2CHCH:0), 3.01-3.04 (m, 2H, 2CHCH0O), 3.08-3.12 (d,
2H, 3J=20 Hz, CH20), 3.08-3.17 (m, 2H, CH:2N), 3.42-3.56 (q, 4H, CHzPh), 3.64-3.68 (d,
2H, 3J=20 Hz, CH:0), 3.70-3.72 (dd, 2H, 3J= 3 Hz, CH:0), 3.94-3.97 (dd, 2H, 3J= 3 Hz,
CH:0), 3.85-3.94 (m, 4H, CHzPh). *C NMR (500 MHz, CDsOD, 293K): & = 28.40
(2(CH3)3C), 28.41 (2(CHs):C), 45.39 (2CHzN), 50.33 (2CH:N), 53.92 (2CH2Ph), 54.31
(2CH20), 57.62 (2CH20), 57.83 (2CHCHz0), 58.97 (2CH:Ph), 62.20 (2CHCH.O), 82.82
(2C(CHza)3), 82.84 (2C(CHas)3), 174.66 (2COOtBu), 175.46 (2COOtBu). HR-MS: m/z
749.4921 [M+HT*, calcd. [C3sHesNaO12] 749.4912. FTIR (cm™): 2983.4, 2923.4, 2866.2,
2380.2, 2310.8, 1555.4, 1506.8, 1456.7, 1054.6, 1033.1, 1013.1. [a]¥’= -9.8° (C = 1

mg/mL, CH2Cl).

>ro ° O\é Compound 11b
HO\E j/\OH

\

Ho:[: : oH Cyclenol-RR (20 mg, 68 pmol) and tert-butyl 2-bromoacetate (53
>LO,£O\_/O)/\O)< mg, 272 pmol) were dissolved in dried ACN (1 mL). To the stirred
above mixture was added K2CO3 (38 mg, 272 pmol) and reacted for
72 h. Then the solution was filtrated through Celite and concentrated followed by
purification of the crude produce on C18 reverse phase silica gel column chromatography
to give compound 11b (27 mg, 36 umol, 53%) as a white solid. The NMR, IR and HRMS
date of the compound 11b are in agreement with compound 11a. [a]3°=21.4° (C = 2.4
mg/mL, MeOH). NMR, HRMS and FTIR analysis data are in agreement with compound

1a.

HO. OH

\EO,—\Oj/ 2,2',2",2'""-((2S,3S,8S,9S)-2,3,8,9-tetrakis((benzyloxy)methyl)-
BnO’\[N NJ:OBn 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid,

BnO_ " OBn

A BnMDOTA
HO [¢] olOH

Compound 10 (50 mg, 45 pmol) was dissolved in DCM/TFA (v:v =1:4,
1 mL) mixture at 0 °C under inert atmosphere and stirring was continued. After 1 h, the
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reaction mixture was allowed to warm to rt and traced by LC-MS. The reaction was
quenched after 16 h by adding toluene and concentrated after no starting and
intermediate compound was observed by LC-MS. Further purification of the crude
product was achieved by self-packed Cis reverse phase silica gel column chromatography
with a gradient of 10-35% of methanol in H20 (0.2 % of TFA) to afford BAMDOTA (27.5
mg, 31 pmol) as white solid. "H NMR (500 MHz, CDsOD, 293K): & = 3.045-3.07 (d, 2H,
3J= 14 Hz, CH:N), 3.21-3.23 (t, 2H, 3J= 5 Hz, CH2N), 3.38-3.49 (m, 6H, CH20, CH:N,
2CHCHz0), 3.54-3.64 (m, 6H, 2CHCH.O, CH20O, CH:N), 3.70-3.73 (m, 2H, CH20), 3.87-
3.92 (m, 4H, 2CH:0), 4.27-4.51 (m, 12H, 4CH:Ph, 2CH2COOH). *C NMR (500 MHz,
CDsOD, 293K): & = 50.38 (2CH:zN), 52.44 (2CH2N), 57.31 (CHCH:0), 73.15 (CHCH-0O),
64.39 (2CH20Bn), 65.53 (2CH20Bn), 52.40 (2CH2OBn), 53.13 (2CH2COOtBu), 74.32
(CH2Ph), 74.56 (CH2Ph), 128.90-129.47 (4(CH)sC), 138.01 (2C(CH)s), 138.57 (2C(CH)s). HR-
MS: m/z 885.4281 [M+H]*, calcd. [CasHsoNsO12] 885.4284. FTIR (cm™): 2982.1, 2973.5,
2967.8, 1830.2, 1559.7, 1506.8, 1456.7, 1339.4, 1054.6, 1033.1, 1013.1. [a]3°=-12.4° (C
= 2.5 mg/mL, MeOH).

HO OH
fo/_\oj/ Compound HMDOTA-SS

0 S G- . .

SONC N ompound 11a (30 mg, 40 pmol) was dissolved in 1 mol/L HCI (4 mL)
Ho/go Oj/\OH and heated at 50 °C under continuous stirring. After 5 h, the reaction
mixture was quenched by adding NaHCO:s (saturated aq., cirta 3 mL) to
adjust the pH to neutral once no staring and intermediate products was detected by LC-
MS. Followed purification by gel filtration to give compound HMDOTA-SS as a white
solid. Similar procedure was used for compound HMDOTA-RR. Compound 11b (0.6 g,
1.85 mmol) yield 75% of compound 8b (0.25 g, 0.37 mmol). '"H NMR (600 MHz, DO,
293K): 8 = 2.69-2.72 (d, 2H, 3J= 14 Hz, CH2NH), 2.94-2.96 (t, 2H, 3J= 11 Hz, CH2N), 3.07-
3.08 (b, 2H, 2CHCH20H), 3.22-3.36 (m, 8H, 2CH2N, 2CHCH>OH, CH.COOH), 3.56-3.59
(d, 3J= 16 Hz, CH2COOQH), 3.82-4.10 (m, 12H, 4CH20OH, 2CH>COOQOH). *C NMR (600 MHz,
D20, 293K): & = 45.47 (2CH2N), 51.16 (2CH2N), 57.22 (2CH.OH), 57.38 (2CH20OH), 57.89
(4CH2COOH), 58.50 (2CHCH20H), 64.15 (2CHCH20OH), 180.50 (COCH), 180.86 (COOH).
HR-MS: m/z 525.2406 [M+HJ, calcd. [CaoH3eNaO12] 525.2408. [o]20= -4.3° (C = 1 mg/mL,
MeOH). FTIR (cm™): 2983.5, 2923.3, 2866.2, 2380.2, 2310.8, 1555.4, 1506.8, 1456.7,
1054.6, 1033.1, 1013.1. The NMR, IR and HRMS date of the compound HMDOTA-RR are

in agreement with compound 8a. [a]3’= 5.12° (C = 1.6 mg/mL, MeOH).
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Abstract

The double electron-electron resonance (DEER) technique combined with site-directed
spin labeling (SDSL) is a popular method for bio-molecular structure studies. The
application of DEER to protein systems within living cells puts rigorous restraints on the
spin-label. The probe needs to be immobiled relative to the protein and both the linkage
and the paramagnetic state need to be stable under the reducing conditions inside the
cell. Here, three two-armed Gd(Ill) complexes, Gd(lll)-CLaNP13a/b/c, were synthesized
and applied as site-specific spin-labels for protein DEER measurements. The three probes
differ in the length of the arms that link the Gd(lll) chelating cage to the protein. Rather
than the disulphide linkage employed for protein attachment in other most CLaNP
molecules, carbon-sulfur bonds are used to link the probe to the protein. DEER
experiments for spin-labeled variants of T4 lysozyme were performed in vitro, in cell
lysate and in D. discoideum cells. A narrow distance distribution was detected for all the
spin-labels with the different linkers. The DEER derived distances are on the order of 4
nm and are in agreement with the expected values based on the metal positions derived
from paramagnetic NMR results. The results indicate that the probes are mostly rigid
relative to the protein due to the dual attachment sites. The carbon-sulfur linkages make
the probes suitable for in-cell protein studies.
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Introduction

Structural studies are generally performed in vitro, on isolated and purified protein
samples. However, protein functions in a complex environment, interacting with a range
of large and small molecules under conditions that differ strongly from a diluted aqueous
solution. Hence, it can be of relevance to study protein structures and interactions also
in cell lysates or within a cell. EPR spectroscopy offers a method to measure accurate
distances in biomolecular systems at relatively low sample concentrations, especially at
Q and W band frequencies."? The double electron—electron resonance (DEER, also
named PELDOR) technique measures the magntitude of the dipolar interaction between
two electron spins,®>® which is strongly distance-dependent and yields distance
information in the range of 2 - 8 nm.® However, unpaired electrons are rare in biological
systems and thus, for DEER experiments, spin-labels need to be introduced at specific
sites, using site-directed spin labeling (SDSL). Two probes need to be introduced in the
system at a distance suitable to obtain a DEER signal. The electron spins should have
minimal motional freedom relative to the protein to reduce the width of the distance
distribution obtained from the DEER experiment. In-cell measurements introduce further
requirements for the spin-label. The cellular environment is strongly reducing, so both
the spin-label itself and the bond linking the probe to the protein need to be resistant to

reduction.”®

Nitroxide compounds are the most commonly applied spin-labels in EPR
spectroscopy, for a large variety of distance measurements, due to their small size and
handling ease.?'® The first in-cell DEER measurement of a protein-protein distance was
obtained by injection of 3-maleimido-PROXYL labeled human ubiquitin into oocytes. The
maleimide functional group was conjugated to a cysteine residue.” Unlike a disulphide
bridge, the C-S bond between the cysteine and maleimide group is resistant to reduction,
but the unpaired electron of the nitroxide radical can readily react under reducing
conditions, making it less useful for in-cell studies.” Gd(lll), with a spin state of S=2/7,
shows both higher sensitivity and stability than a nitroxide compound and, especially at
high magnetic field, is a good candidate for in-cell DEER measurements.’>'* A DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) based Gd(lll) complex
functionalized with a maleimide group, was successfully used for in-cell DEER on a
protein, although a wide distance distribution (about 15 A at half-height) was found, due
to the flexibility of the linker.”™ Different strategies have been applied to reduce the
mobility of the tag. One is to employ tags with a rigid attachment group.® Alternatively,
the probe can be anchored via two arms to the protein.”"® To our best knowledge, no
probes have been reported that are equipped with two arms using the maleimide groups

for attachment for DEER measurement in vitro or in-cells.

Here, we report three two-armed Gd(lll) complexes, CLaNP13a/b/c, as spin

labels for EPR experiments in vitro, in cell lysate and in Dictyostelium discoideum cells.
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Narrow distance distributions are found and the distances are in good agreement with
distances derived from paramagnetic NMR experiments.

Results and Discussion

Design and synthesis of Gd(Ill)-CLaNP13. The caged lanthanoid NMR probe #5
(CLaNP5) is a well-studied two-armed Ln(lll) probe for paramagnetic NMR spectroscopy
on proteins. The cyclen based molecule is equipped with two pyridine N-oxide
coordination arms that reduce the arm rotation (Figure 5.1).": ' Using CLaNP5 as a
building block, Gd-CLaNP13 was designed, in which the arms for protein attachment
were functionalized with maleimide groups. The length of the spacer was varied from 2
to 4 methylene groups (Figure 5.1). Maleimide can readily and specifically react with the
thiolate group of a cysteine side chain, forming a carbon-sulfur bond, which is not prone
to reduction.™ Following the synthesis route of CLaNP5, the tetra-N-alkylated compound
3 was obtained with good yield (Scheme 5.1). The carboxy groups were coupled to amino
alkanes of different lengths, carrying the maleimide groups, to afford 4, which tightly
chelates Gd(lll), giving 5.

Ln-CLaNP5 Ln-CLaNP13a, n=1
Ln-CLaNP13b, n=2
Ln-CLaNP13c, n=3

Yb-CLaNP5

Figure 5.1 A) Structures of Ln(ll)-CLaNP5 and Ln(lll)-CLaNP13; B) Model of the structure
of T4Lys based on PDB entry 3dke?® with two Cys pairs for the attachment of two probes.
The positions of the metals are based on PCS analysis using Yb(ll)-CLaNP5 as a
paramagnetic probe. The backbone is drawn in ribbon representation. The Cys residues
used for attachment have been modelled into the structure and are shown in sticks. The

metal ions are shown as yellow spheres.
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19642, monohydrate 19670, monohydrate

Figure 5.2 ESI-TOF MS
spectra of CLaNP13a (A),
CLaNP13b (B) and
e CLaNP13c (C) linked to
/ N Talys
T147C/N151C mutant.
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Table 5.1 Mass spectrometry results (in Da).

CLaNP13ac CLaNP13bc CLaNP13c
Sample | Mutant 12 | Mutant 2°
Mutant 12 Mutant 2° Mutant 12 Mutant 2° Mutant 12 Mutant 2°
Calcd. 18697 18426 19600 20250¢ 196464 203064 196744 20344
Experm. 18697+4 18428+4 19598+4 202484 +4 196424+4 2030449 +4 196709+4 20341+4

3N enriched (96.5%) T4Lys K147C/N151C, ® TALys N55C/V57C/K147C/T151C (natural isotope abundance), < CLaNP13 linked to T4Lys

mutants, monohydrate results (+18).
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Figure 5.3 Overlay of 'H-">SN HSQC (detail) spectra of Lu(lll), Gd(lll) and Yb(lll) loaded
CLaNP13a (A, B), CLaNP13b (C, D), or CLaNP13c (E, F) attached to T4Lys K147C/T151C.
The NMR spectra were recorded at 14.1 T (600 MHz). Peaks of residues mentioned in the

text are labeled.

Protein labeling and paramagnetic NMR studies. A "N enriched variant of T4 lysozyme
(T4Lys) with the substitutions K147C/T151C was used to determine optimal conditions
for protein labeling on the basis of LC-MS and NMR results. The best result for double
maleimide reactions with the cysteines was using a buffer with pH 7.8, at 4 °C for 6 h. To
test whether free thiolates remained after the reaction, iodoacetamide was added. The
LC-MS results, obtained by Dr. Bogdan Florea, yielded masses that match those
expected for probes attached via two arms, assuming that one or two water molecules
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remained bound to the protein-probe complexes (Figure 5.2 and Table 5.1). No peaks
with additional mass of 58 Da were detected, which would be expected for protein with
one-arm attached probe and an additional acetamide group linked to the second
cysteine sulfur atom, and also no free protein was detected, suggesting that the protein
labelling efficiency was more than 95%. In the MS spectrum of the CLaNP13a, a very
small peak (20552 Da) is observed that represents T4Lys with two probes bound, each
via a single arm. After attachment of the first maleimide group, the reaction with the
second will generally be efficient because it is intramolecular. The limited length of the
linker in CLaNP13a may allow for some competition with the second-order reaction of
the protein-probe complex with a second probe molecule. However, according to the
MS spectrum, the fraction of this species is very small. Paramagnetic NMR spectra also
provide evidence for complete labeling. An overlay of 'H-">*N HSQC spectra of CLaNP13
loaded with Lu(lll) or Gd(lll) shows that in the spectrum of the latter sample some peaks
completely disappear, such as the resonances of the amides of 100, S117 and L121, due
to strong paramagnetic relaxation broadening. Figure 5.3 shows in detail, the full spectra
are shown in Appendix Figure 5.1. If untagged protein was present, residual intensities
would be expected. N enriched T4Lys K147C/T151C was also tagged with Yb(lll) loaded
CLaNP13 to generate pseudocontact shifts (PCS). As expected, in the "H-">"N HSQC
spectra more than one PCS was observed for many amide groups (Figure 5.3). The PCS
is dependent on the position of the nucleus within the frame of the tensor that describes

the anisotropic components of the magnetic susceptibility (Ay tensor), which is
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v NN HO. N _)“OH " —(‘N
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Gd-CLaNP13a, n=1
Gd-CLaNP13b, n=2
Gd-CLaNP13c, n=3

Scheme 5.1 Synthesis route of Gd-CLaNP13. a) methyl 2-bromoacetate, K2COs, ACN, rt,
16 h; b) i) TFA/DCM (4:1, v:v); ii) 2-(chloromethyl)pyridine 1-oxide, K2COs, ACN, rt, 16 h;
c) N-hydroxysuccinimide, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride, 1-(2-aminopropyl)-1H-pyrrole-2,5-dione, DMF, rt, 24 h. d) Gd(OAc)s4H20,
DMF, rt, overnight.
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determined by electronic distribution over the molecular orbitals of around the metal ion.
The reaction of the maleimide ring can lead to two enantiomers, and thus, the probe can
bind in slightly different ways to the protein, causing the lanthanoid cage to be in
different orientations and resulting in multiple PCS. However, it is expected that the
different forms have the metal in almost the same position, so the effect of having
different forms on the DEER distance measurements is expected to be small. To estimate
the metal positions relative to the T4lys protein structure, "N enriched T4Lys
K149C/T151C and T4Lys N55C/V57C (data provided by Dr. Simon Skinner) were tagged
with Yb(lll)- or Lu(lll)-CLaNP5 and PCS obtained from 'H-">N HSQC spectra (Figure 5.4,
App. Figure A5.2). In both cases, single set of PCS were found and the PCS fitted very
well to equation 1.1 (chapter 1), yielding the Ay tensor sizes and orientations as well as
the metal positions (Figure 5.5; Table 5.2, Figure 5.1). The magnetitude of the Ay.x differ
between the two variants. The value for T4Lys N55C/V57C is somewhat lower than the

one usually obtained (8.5 x 1032 m?).1%2122 The two cysteine residues are located in a loop,
so the reduced Ajyax value could point to a limited degree of flexibility of the probe due
to loop motions. The Ay is very sensitive to motion, so the amplitude of the motion is
expected to be small, compared to, for example, a single armed probe."” The Ayax for
the other variant, T4Lys K149C/T151C, is large, suggesting the probe is rigid relative to
the protein. The metal positions were combined in a model shown in Figure 5.1B, yielding

a distance of 44 A between the two lanthanoids.

Table 5.2 PCS-based Ay-tensor parameters of Yb(lll)-CLaNP5 attached to T4Lys variants.

Protein T4Lys
Probes N55C/V557C K147C/T151C
Ayax? 6.3£0.1 9.9+0.1
Axem® 3.6£0.1 4.3+0.1
Restraints 91 78
Q. 0.03 0.02
PDB entry 3dke? 3dke?

2in 103 m3

DEER experiments. These experiments were performed by Enrico Zurlo and Dr. Martina
Huber. For the EPR experiments, the quadruple cysteine mutant T4lys
N55C/V57C/K147C/T151C was labeled with Gd(Ill)-CLaNP13, variants a, b or c. LC-MS
results showed that the samples were labeled with two probes and the labeling efficiency
was more than 95% (App. Figure 5.3 and Table 5.1). The Gd(lll) EPR spectrum at 95 GHz,
the DEER traces and derived distance distributions are shown in Figure 5.6. A similarly
narrow distance distribution, a width of about 8 A (the distribution at half-height), was
determined for all three probes. The mean of the distance distribution was slightly
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Figure 5.4 Overlay of "H-">N HSQC (in detail) spectra of Yb(lll) and Lu(ll) loaded CLaNP5
attached to T4Lys N55C/V57C (A) and T4Lys K147C/T151C (B). Several PCS are indicated
with solid lines and residue numbers. The NMR spectra were recorded at 14.1 T (600
MHz).
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Figure 5.5 PCS isosurfaces of Yb(lll)-CLaNP5 plotted on the structures of T4lLys (PDB
entry 3dke)?® N55C/V57C (A) and K147C/T151C (B). The protein backbones are drawn in
wheat ribbon representation. The iso-surfaces correspond to PCSs of +0.4 ppm. Positive
and negative PCS are indicated by blue and red, respectively. (C, D) The experimental
THN PCS (ppm) of Yb(lll)-CLaNP5 were plotted against the back-calculated values after
fitting to eq. 1.1. for T4Lys N55C/V57C (C) and T4Lys K147C/T151C (D).

different between the three probes, probably due to the difference in linker length.
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CLaNP13a showed the shortest mean distance, 42 A, CLaNP13b exhibited the longest,
46 A. These results are in agreement with the metal ion distance based on PCS data (44
A), for which Yb(IIl)-CLaNP5 was tagged at the two attachment sites of T4Lys. For a single
arm attached Gd(lll) probe (Gd(ll))-DOTA-M) a half-height distribution width of about 15
A was reported,’ indicating that the two-arm attachment limits the mobility of the

paramagnetic center considerably.
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Figure 5.6 A) 95 GHz field-swept electron-spin echo spectrum (FSESE) of the central
transition region of the Gd(lll) EPR signal, Inset: A two-pulse echo sequence (r/2-1-m)
was used with a 32 ns /2 pulse and T = 360 ns. Arrows: positions of pump pulse (red)
and observer pulses (blue) in the DEER measurements. Background corrected DEER time
traces (B) and distance distributions (C) for Gd-CLaNP13a (a, blue), Gd-CLaNP13b (b,
cyan) and Gd-CLaNP13c (c, magenta) linked to T4Lys N55C/V57C/K147C/T151C in vitro.
In (B) Traces are shifted vertically for clarity. Measurements were performed at 10 K for
12 hours. Red lines: fit obtained with the distance-distributions calculations shown in (C)
from Tikhonov regularization (a = 1000). Peaks marked with asterisks do not contribute
significantly to the data, as shown by the DeerAnalysis suppression tool.*

To mimic a cellular environment and the reducing conditions, CLaNP13b tagged
T4Lys was mixed with a lysate of Escherichia coli cells, incubated for up to 24 h and the
DEER experiments were repeated. A similar distance distribution was observed as for the
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Figure 5.7 Background corrected DEER time traces (A) and distance distributions (B) for

Gd-CLaNP13b tagged T4Lys N55C/V57C/ K147C/T151C samples in vitro (blue), in E. coli

lysate (black) after 24 h. Traces are shifted vertically for clarity. Red lines: fit obtained with

the distance-distribution calculations shown in (B) obtained after Tikhonov regularization

(a = 1000). Peaks marked with asterisks do not contribute significantly to the data, as

shown by the DeerAnalysis suppression tool.?*

in vitro measurement (Figure 5.7). This agreement demonstrated that Gd(lll)-CLaNP13b
is stable in a reducing environment. Encouraged by these results, we wanted to test
whether DEER experiments could be performed in live cells. First, uptake of T4Lys was
tested using fluorescently labeled protein by mixing ATTO-647-maleimide tagged T4Lys
K147C/T151C with Dictyostelium discoideum cells (Figure 5.8). These experiments were
carried out by Donny de Bruin and Joeri Wondergem. LC-MS results showed that T4Lys
K147C/T151C was tagged with only a single ATTO-647-amleimide per protein molecule.
D. discoideum is known to take up proteins spontaneously. After 30 min incubation,
almost all cells have taken up fluorescent protein and it was present in cell body in
vesicles (Figure 5.8). The protein was washed away from the medium after 60 min, but
the fluorescent protein can still be detected inside the cells and the concentration was
estimated to be 5 uM. The protein can still be detected in 3 h after the start of the
incubation (Figure 5.8).

Similar experiments were conducted with doublely CLaNP13b tagged T4Lys for
in-cell DEER experiments. After incubation, the cells were washed, concentrated and
cooled on ice. Before the cells were frozen for EPR measurement, 10% (v/v) DMSO was
added to the medium. DEER experiments were performed at 10 K for 48 h. The in-cell
DEER trace has a shape that is consistent with the shape of the trace in vitro and in cell
lysate, indication that doubly tagged protein is present in the cells. However, the signal-

to-noise was insufficient to allow for a reliable distance distribution to be obtained (Figure
A5.4).
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Figure 5.8 Different stages of the internalization process of T4-ATTO-647 in vegetative D.
discoideum. A) Just prior (t = 0 min) to incubation, cells are adhered to the substrate; B).
Incubation and subsequent internalization results in a shock response and cell rounding.
Confocal fluorescence image (red) shows cells after t = 30 min of incubation. Blue line
marks the direction of intensity profile in plot; C). Intensity profile of three cells during
incubation, the protein is ubiquitous in cell body and surrounding medium; D). After
washing with PBS (t = 60 min) the cells recover and start spreading. T4-ATTO-647 remains
in the cell after washing with phosphate buffered saline (t = 75 min); E). To determine the
protein concentration inside cells after incubation, cell edges are recognized (green) and
mean fluorescence (red) intensities measured; F). Mean intensity histogram of various
concentrations of T4-ATTO-647 in PBS (grey) versus mean fluorescence inside cells (blue)
during and after incubation, measurements were repeated with higher power (inset); G).
After washing with PBS (t = 3 h) the cells recover and start spreading.

Conclusion. In this chapter, the design and synthesis of three Gd(lll) based spin labels,
CLaNP13a/b/c, was described. Double maleimide groups were introduced to link the
probes to the protein via two C-S bonds. In vitro DEER measurements yield narrow
distance distributions, indicating that the probes display low mobility. The mean
observed distance for CLaNP13b is 46 A, close to the distance calculated on the basis of
paramagnetic NMR results (44 A). The NMR data were based on CLaNP5 probes,
whereas the CLaNP13 probes have slightly different arms that link the Ln(lll) cage to the
protein, which may explain the 2 A difference in distance. Very similar results were found
of a sample in lysate of E. coli cells, indicating that the probe is stable in such an
environment. The in-cell experiments yielded a very noisy DEER signal, suggesting that
the spontaneous protein uptake in D. discoideum is insufficient to yield good quality data.
Also, the protein is found accumulated in vesicles, perhaps endosomes. In other studies,
protein has been introduced via injection or electroporation, leading to a more even
distribution of the protein in the cytosol. These approaches could be tested for CLaNP13

as well.
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Materials and Method

General: 1-(2-aminoethyl)-1H-pyrrole-2,5-dione, 1-(3-aminoethyl)-1H-pyrrole-2,5-dione,
1-(4-aminoethyl)-1H-pyrrole-2,5-dione and cyclen were purchased from Abosyn
Chemical Inc. and CheMatech. Gd(OAc)34H20, Yb(OAc)s4H20,  N-(tert-
butoxycarbonyloxy)succinimide and methyl 2-bromoacetate were purchased and used
without further purification. Solvents were purchased from Honeywell, BIOSOLVE or
Aldrich and directly used for synthesis. ATTO-647 maleimide was obtained from ATTO-
TEC GmbH. Superdex 75 columns and Sephadex G-25 PD10 desalting columns were
purchased from GE Healthcare. Reactions were followed by liquid chromatography-mass
spectrometry (LC-MS), TLC analysis on silica gel (F 1500 LS 254 Schleicher and Schuell,
Dassel, Germany) in which compounds were visualized by UV and/or ninhydrin, KMnQa.
Flash chromatography was performed on Screening Devices silica gel 60 (0.04-0.063 mm).
A Waters preparative RP-HPLC system, equipped with a Waters C18-Xbridge 5 um OBD
(30 x 150 mm) column and an Akta Basic FPLC (GE Healthcare Inc.) were used for
purification. NMR spectra were recorded on a Bruker AV-400 (400/100 MHz), AV-500
(500/125 MHz) or AV-600 (600/150 MHz) spectrometer. A LCQ liquid chromatrography
mass spectrometry system and a Finnigan LTQ Orbitrap system were used for high-
resolution mass spectrometry and protein conjugation analysis. A Thermo Scientific™

NanoDrop 2000 spectrophotometer was used for protein concentration measurements.

Protein expression and purification: T4Lys mutant K147C/T151C was produced as
described in previous work.?® The tetra-cysteine mutant N55C/ V57C/K147C/T151C was
generated by the Quikchange method (Agilent). After confirming the successful
mutations by DNA sequencing, the gene was expressed in Escherichia coli BL21 (DE3).
Transformed cells were incubated overnight at 37°C on LB agar plates with kanamycin
and chloramphenicol (100 pl/mL and 34 pl/mL, respectively). Single colonies were
transferred to 2 mL LB medium with kanamycin and chloramphenicol and incubated at
37°C, 250 rpm for 6 h. The precultures were used to inoculate 50 mL (1:1000) for
overnight incubation in minimal medium (M9, 37°C, 250 rpm). The 50 mL culture was
diluted 100 times and incubated at 37 °C, 250 rpm. When the ODswo value reached 1,
gene expression was induced by addition of 1 mM isopropyl B-D-thiogalactoside (IPTG).
The temperature was reduced to 30 °C and the cells were harvested 18 h after induction
by centrifugation. The T4Lys N55C/V57C/K147C/T151C was purified according to the
method described by Georgieva et al.? with some modifications. Cells were lysed using
a French press and cleared by centrifugation (45 min, 2500 rpm). The supernatant was
loaded on a 5 mL HiTrap CM column equilibrated with 25 mM Tris pH 7.5. The column
was washed with 0- 40% linear gradient of buffer B (25 mM Tris pH 7.5, 500 mM NaCl).
T4Lys N55C/V57C/K147C/ T151C was eluted in one step with 100 % buffer B.

Protein labeling: To label T4Lys mutants with Gd-CLaNP13/ ATTO-647-maleimide, the
protein sample (1 mL, 200—300 uM) was treated with DTT (final concentration 10 mM) at
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0 °C. After 1 h, the protein buffer solution was loaded on a PD-10 column pre-
equilibrated with labeling buffer (25 mM sodium phosphate, 100 mM NaCl, pH 7.8, argon
degassed) to remove DTT. The eluted protein was mixed immediately with labeling
buffer containing Gd-CLaNP13 (6 equiv.) or ATTO-647-maleimide (4 equiv.) under an
argon atmosphere. The mixture was stirred at 4 °C for é h. Then the sample volume was
reduced to 500 pL by ultrafiltration and purified by using a Superdex 75 gel filtration
column, respectively. The yield of labeling for Gd-CLaNP13 labeled T4lLys sample
estimated from the LC-MS and NMR, was more than 95%. Labeling with Yb(lIl)/Lu(lll)-
CLaNP5 followed a similar procedure except that the labeling buffer was 20 mM sodium
phosphate, 100 mM NaCl, pH 7.5 and Yb(lll)/Lu(lll)-CLaNP5-labeled protein was purified
from excess CLaNP-5 with a HiTrap SP column using 30 column volumes for a 0-500 mM
NaCl gradient.

Protein LC-MS sample preparation: Gd(lll)-CLaNP13 labelled T4lLys (10-15 pM) in
labelling buffer was incubated with DTT (final concentration 10 mM) on ice for 1h.
lodoacetamide (final concentration 5 mM) was added and the solution was incubated for
another 1 h under protection from light. A Bio-rad 6 desalting column was used for buffer
exchange before loading the sample on a C4 polymeric reversed phase UPLC column
and analyzing it using either an LTQ-Orbitrap mass spectrometer (ThermoScientific) or

Synapt G2-Si mass spectrometer (Waters), 10—25 min after thawing.

DEER sample preparation: The samples for in vitro and in lysate DEER measurements
contained 100-150 uM of Gd(lll)-CLaNP13 labeled N55C/V57C/K147C/ T151C T4Lys in
20 mM sodium phosphate, pH = 5.5, 150 mM NaCl, 20% (v/v) glycol and E. coli cell lysate
(20% (v/v) glycol), respectively. The sample for in-cell DEER measurement was obtained
by incubating D. discoideum medium with the protein labelled with Gd(Ill)-CLaNP13b at
a concentration of 115 uM for 90 mins. The cells were recovered, and washed three times
in medium to remove excess protein, and to concentrate the cell suspension. The sample
was cooled to approx. 4 °C on ice, and 10% (v/v) DMSO was added to the medium to

prepare the cells for freezing and EPR measurement.

Protein NMR spectroscopy: All protein NMR spectra were recorded at 298 K on a 600
MHz Bruker Avance Il spectrometer. A 'H-">"N HSQC spectrum was acquired for each
sample. The final NMR samples contained 100-200 uM of labeled T4Lys in 20 mM sodium
phosphate, pH = 5.5, 150 mM NaCl and 5% DO for lock.

PCS data analysis: The same procedure was applied as described in chapter Il (PCS data

analysis).

EPR measurements conditions: The 95 GHz DEER measurements were recorded using
an ELEXSYS E680 spectrometer (Bruker, Rheinstetten, Germany) with a home-built probe
head. The measurements were done at a temperature of 10 K. The DEER spectra were
recorded using the standard four pulse DEER sequence?. The pump pulse duration was
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40 ns and the observer pulses durations were 32 and 64 ns, respectively. The pump pulse
power was adjusted to invert the echo maximally. The separation between the pump and
observer frequencies (Av) was 60 MHz, with the pump pulse adjusted to irradiate at the
maximum of the EPR spectrum. To make optimum use of the resonator bandwidth, the
pump and observer frequencies were set to 30 MHz higher and lower frequencies
respectively with respect to the resonance frequency of resonator. The full sequence for
the observer was n/2-1- 1 —At- m —echo with a delay time T of 360 ns and time steps for
DEER evolution of 8 ns. The DEER data were analyzed with the program DeerAnalysis
2018.%

Cell culture and live cell imaging: Axenic D. discoideum (Ax2) was obtained from Dr.
Gunther Gerisch (MPI for Biochemistry, Martinsried, Germany). Cells were grown at 20 °C
in HL5 medium and cultured in 100 mm Petridishes (TC-treated culture dish, Corning,
USA) and confluency was kept below 70%. For microscopy experiments, cells were
harvested and centrifuged at 1500 rpm for 3 min followed by three successive washing
steps of the cellular pellet with 17 mM K-Na-phosphate buffered saline (PBS), adjusted
to pH = 6.0. After resuspension in PBS, the cells were pipetted into a 70 pL well inside a
35 mm imaging dish (Insert and dish, Ibidi GmbH, Martinsried, Germany) and left to
adhere for 30 min. While imaging, T4Lys K147C/T151C linked to ATTO-647 (ATTO-TEC
GmbH) was added to a final concentration of 100 uM. Cells were left to incubate for 60
min and were imaged every 30 seconds in two channels (BF and 647) with a Nikon Eclipse
Ti microscope, equipped with a Yokogawa confocal spinning disk unit operated at 10,000
rom (Nikon, Tokyo, Japan). ATTO-647 was excited by a 647 nm solid state diode laser
(Coherent, Santa Clara, U.S.A.), supported in an Agilent MLC4 unit (Agilent Technologies,
Santa Clara, U.S.A.). Images were captured (50 ms) by an Andor iXon Ultra 897 High
Speed EM-CCD (Andor Technology, Belfast, Northern Ireland) through a Cy5 HYQ filter
(Nikon, Tokyo, Japan). After incubation, the well was carefully washed with PBS five times
(50 pL each step) and imaged for another 15 min.

Quantification of the in-cell T4-ATTO-647 concentration. Known concentrations of
T4Lys K147C/T151C linked to ATTO-647 in PBS were imaged in the same condition as
described for cells. The data were averaged over all images and pixels to find mean
intensities per concentration. For the cell data, all pixels belonging to each cell were
determined using an in-house Matlab (The Mathworks, Inc., Natick, MA, U.S.A.) script for
cell edge recognition (see Figure 5.9 E). In-cell pixels were averaged and subsequently
compared to the concentration calibration measurements (see Figure 5.9 F) for two laser

powers. All images were pre-processed by flat-field correction and dark-field subtraction.
Synthesis

o Nf'&’?}we Di-tert-butyl4,10-bis(2-methoxy-2-oxoethyl)-1,4,7,10-
0 TBJ tetraazacyclododecane-1,7-dicarboxylate, compound 2
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To a compound 13° (1 g, 2.68 mmol) in 30 mL of acetonitrile (ACN) solution was added
four equiv. of K2COs (1.5 g, 10.7 mmol) and methyl 2-bromoacetate (1.64 g, 10.7 mmol)
and stirring was continued for 16 h at rt. Then the salt was removed by filtration over a
workman filter paper, the organic phase was concentrated under reduced pressure using
a rotary evaporator and purified by silica gel flash column chromatograpy (using 40 % of
ethyl acetate in pentane as eluent) to give an amorphous white solid (1g, 72% yield). 'H
NMR (400 MHz, CDCls, 293K): & = 1.42 (s, 18H), 2.84 (s, 8H), 3.36 (s, 8H), 3.43 (s, 4H),
3.67 (s, 6H); *C NMR (400 MHz, CDCls, 293K): & = 28.59 ((CHs)sC), 46.66 (CH2N), 51.46
(CH30) 54.39 (CH2N), 79.57 (C(CH3)), 155.99 (COOCHs3). HR-MS: m/z 517.3232 [M+HJ,
caled. [C2sH4sN4Os] 517.3237.

N’/ oen 2:2'-((4,10-bis(carboxymethyl)-1,4,7,10-
&Nn\‘(_g@]}gNN ° tetraazacyclododecane-1,7-diyl)bis(methylene))bis(pyridine 1-
T Y oxide), compound 3

I
=

Compound 2 (0.5 g, 0.96 mmol) was dissolved in a mixture of DCM and TFA (10 mL,
DCM:TFA= 1:4, v:v) and stirring was continued for 16 h. The reaction mixture was
concentrated by co-evaporation with toluene to obtain a yellow oily residue. The residue
was dissolved in ACN (10 mL) and 2-(chloromethyl)pyridine 1-oxide ' (0.35g, 2.4 mmol)
and K2CO30.4 g, 2.9 mmol) were added and stirring was continued at rt for 16 h. The
salt was removed by filtration over a workman filtrating paper and the organic layer was
concentrated under reduced pressure on a rotary evaporator to yield a brown oily residue.
This brown oily product was dissolved in a dioxane water mixture (v/v=1:1, 10 mL) where
containing 0.25 M of NaOH to obtain compound 3. The crude product purified by reverse
phase HPLC (0.2% TFA and a 11-16% acetonitrile gradient on C18 preparative column),
yielding 40% of compound 4 (0.19 g, 0.38 mmol). '"H NMR (500 MHz, D20, 343K): & =
3.78-3.90 (m, 18H), 5.14 (s, 4H), 8.18-8.21 (t, 2H), 8.24-8.27 (t, 2H), 8.35 (d, 2H), 8.96 (d,
2H). 3C NMR (500 MHz, D20, 343K): & = 49.5 (CH2N), 51.69 (CH2N), 53.76 (NCH2COOH),
54.4 (CH2C), 129.11 (CH) 130.61 (CH) 131.83 (CH), 140.79 (CH), 166.54 (COOH), 166.52
(CCHz). HR-MS: m/z 503.2604 [M+H]*, calcd. [C24H3aNsOs] 503.2618. FTIR (cm™): 3089.4,
2358.2, 2341.0, 1684.2, 1458.1, 1312.2, 1196.3, 1130.5, 799.9, 772.7, 719.8, 668.3.

=) 2,2'-((4,10-bis(2-((2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
oN(\N o yl)ethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-
" Q_NJ”O_ " diyl)bis(methylene))bis(pyridine 1-oxide), compound 4a

'Q‘: Compound 3 (0.1 g, 0.2 mmol) was dissolved in dried DMF (3 mL) and
treated with N-hydroxysuccinimide (0.09g, 0.8 mmol) and N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (0.15g, 0.8 mmol). After 10 mins with continues
stirring was added 1-(2-aminoethyl)-1H-pyrrole-2,5-dione (0.12 g, 0.8 mmol) to the
reaction mixture and stirring was continued at rt. The reaction was followed by LC-MS.

After 24 h, no more compound 3 was detected by LC-MS and the reaction mixture was
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concentrated under reduced pressure using a rotary evaporator. For purification, HPLC
(0.2% TFA and a 15-25% acetonitrile gradient on C18 preparative column) was employed
to yield 70% of compound 4 (0.1 g, 0.14 mmol). A similar procedure was used for
synthesis compound 4b and 4c with 1-(3-aminopropyl)-1H-pyrrole-2,5-dione (0.1 mg,
0.53 mmol) and 1-(4-aminobutyl)-1H-pyrrole-2,5-dione (0.1 mg, 0.5 mmol), respectively.
"H NMR (500 MHz, MeOD, 323K): compound 4a & = 3.27 (s, 8H), 3.33-3.35 (t, 4H), 3.46
(s, 8H), 3.54 (s, 4H), 3.61-3.63 (t, 4H), 4.45 (s, 4H), 6.80 (s, 4H), 7.60-7.66 (m, 4H), 7.88-
7.90 (t, 2H), 8.45-8.46 (t, 2H). *C NMR (500 MHz, MeOD, 323K): & = 38.10 (CH2NHCO),
39.47 (CH2NCOCO), 51.95 (CH2N), 53.96 (NCH2C) 55.81 (CH2CONH), 128.65 (CH)
130.09 (CH) 130.71 (CH), 135.56 (CHCON), 141.78 (CH), 172.69 (CO). Compound 4b 'H
NMR (500 MHz, MeOD, 333K) & = 1.77-1.82 (m, 4H), 3.16-3.17 (t, 4H), 3.25 (br, 8H), 3.47-
3.53 (br, 12H), 3.66 (s, 4H), 4.39 (s, 4H), 6.78 (s, 4H), 7.56-7.63 (m, 4H), 7.84-7.86 (dd, 2H),
8.41-8.42 (d, 2H). 3C NMR (500 MHz, MeOD, 323K): 8§ = 29.11 (CH2CH2NH), 36.19
(CH2NHCO), 37.98 (CH2NCO), 51.29 (CH2CH:zN), 52.24 (CH2CH:N), 53.88 (CH:C), 56.12
(NCH2CONH), 128.48 (CH) 129.88 (CH) 130.60 (CH), 135.46 (CHCON), 141.76 (CH),
172.60 (CO). Compound 4c "H NMR (500 MHz, MeOD, 333K) & = 1.47-1.53 (m, 4H), 1.57-
1.63 (m, 4H), 3.20-3.23 (br, 12H), 3.46-3.50 (br, 12H), 3.66 (s, 4H), 4.36 (s, 4H), 6.77 (s,
4H), 7.56-7.63 (m, 4H), 7.82-7.84 (dd, 2H), 8.41-8.42 (d, 2H). 3C NMR (500 MHz, MeOD,
323K): & = 26.85 (CH2CH2NHCO), 27.46 (CH.CH:NCOCO), 38.21 (CHNHCO), 40.05
(CH2NCO), 51.08 (CH2CH:2N), 52.34 (CH2CH2N), 53.74 (CH2C), 56.19 (NCH.CONH),
128.44 (CH) 129.81 (CH) 130.59 (CH), 135.40 (CHCON), 141.79 (CH), 172.64 (CO).HR-
MS: compound 4a m/z 747.3577 [M+H]*, calcd. [CssHasN10Os] 747.3578; compound 4b
m/z 775.3892 [M+H]J*, calcd. [CssHsoN10Os] 775.3851; compound 4c 803.4217 [M+HT,
calcd. [CaoHs4N100s] 803.4204. FTIR (cm™') compound 4a: 3080.8, 2359.6, 2332.4, 1705.7,
1684.2, 1443.8, 1410.9, 1200.6, 1173.4, 1130.5, 1054.61, 1033.1, 830.0, 799.9, 777.0,
719.8, 696.9, 668.3. Compound 4b and 4c showing the same spectra as 4a.

Metal complex: To a solution of compound 4a (30 mg, 40 pmol) in 400 pL dried DMF,
1.2 equiv. of Gd(OACc)34H>O was added. The mixture was stirred at rt for 16 h and the
formation of the metal complex was checked by LC-MS. Without further purification, Gd-
CLaNP13a was used for protein sample labeling. Gd-CLaN13a/b/c were prepared
following the same procedure. HR-MS: Gd-CLaNP13a m/z 301.4252 [M[**, calcd.
[C3sHasGdN10Os] 301.4253; Gd-CLaNP13b m/z 310.7687 [MP*, caled. [CssHs0GdN10Os]
310.7679; Gd-CLaNP13c m/z 320.1129 [M**, calcd. [CaoH5aGdN100s] 320.1117.
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Chapter VI

The main subject of this thesis is the design and synthesis of paramagnetic molecules for
protein studies with NMR and EPR spectroscopy. With the development of paraNMR and
DEER experiments, synthetic paramagnetic centers are becoming popular. About half of
the current paramagnetic probes were described in the past five years, reflecting this
popularity. Several of them improved the stability and rigidity of the probes, mainly by
introducing novel attachment groups forming thioether and triazole linkers." Such
linkages help to extend the application of the probes to in-cell measurements.*> Some
small probes were designed for 3d-block metal ions as well, but these probes show low
metal ion binding affinity.%” The research described in this thesis contributed to the
development of paramagnetic probes. Hereafter, the properties of these new probes are

discussed, and some general conclusions and prospects are given.
Development of synthetic paramagnetic NMR probes for 3d-block metal ions

The advantage of a chemically attached paramagnetic center is that it can be specifically
directed to the protein domain of interest.®? 3d-Block metal ions are one of the three
main types of paramagnetic centers, as described in chapter | section 2. In contrast to
what is the case for lanthanoid ions, few synthetic paramagnetic NMR probes for 3d-
block metal ions have been reported, especially for cyclen based probes. In chapter II
and chapter Ill, two cyclen-based two-armed hydrophilic 3d-blocked protein
paramagnetic probes, referred to as TraNP1 (Chapter Il, Figure 2.1) and TraNP2 (Chapter
Ill, Figure 3.1), were developed. TraNP1 was successfully ligated to Co(ll) and Mn(ll),
giving complexes with relative high hydrophilicity and zero net charge. Single sets of PCS
were observed with Co(ll)-TRaNP1 linked proteins. Its Mn(ll) complex caused PRE. It was
interesting to note that TraNP2, being an isomer of TraNP1, exhibited very different
paramagnetic properties. TraNP2 coordinated both 3d-block ions and lanthanoids,
resulting in small and double sets of PCS with Co(ll)-TraNP2 and Yb(lll)-TraNP2,
respectively. This indicates that the magnetic properties of 3d-block metal ions are highly

dependent on their ligands.

The comparison between TraNP1 and another pseudo-two-armed probe (tag
1)¢ was performed using two proteins (chapter Il). The results of this NMR study strongly
indicate that the cyclen based probe complexed to 3d-block metal ions, (i.e. TraNP1),
has a higher rigidity and metal binding affinity than tag 1, producing less complex NMR
spectra. Moreover, TraNP1 avoids the binding of free metal ions to the probe.

Next generation of paramagnetic NMR probes: more rigid and hydrophilic

Studies of protein dynamics are crucial to understand protein function at atomic level.
Potentially, one of the most suitable methods for these types of studies is paraNMR. It
was found that the acquired paramagnetic effects in a dynamic protein can be modulated
by the movement of the paramagnetic center, yielding inaccurate structural

information.” This was confirmed by relaxation dispersion experiments that were

142



Chapter VI

performed on proteins linked to CLaNP5 (chapter |, Figure 1.9). The observed dispersion
effects were due to the movement of the probe, showing the presence of a minor state
of the probe. DOTA, the basis of CLaNP5, is an outstanding metal ion binding ligand,
especially for lanthanoids. With four carboxyl groups and octadentate coordination, its
complexes possess high symmetry, solubility and thermal stability in aqueous solution.
Therefore, DOTA and its derivatives are often applied as paramagnetic NMR probes.
However, conformational exchange is a general property of lanthanoid DOTA and
DOTA-like complexes. In chapter IV, the core structure of CLaNP5, Ln(ll)-PyDOTA
(Figure 4.2), was found to undergo a conformational exchange between two SAP
conformers, due to the simultaneously flip of the cyclen ring and reorientation of the
pendent arms. When CLaNP5 is linked to a (chiral) protein, its symmetry will be broken.
It is also possible that the conformation change slightly reorients the probe relative to
the protein. In either case, the two conformers can cause non-equivalent Ay tensors,
which, under milliseconds exchange, result in relaxation dispersion effects, as reported
in the literature." Also the attachment of this probe via a CONHCH.CHS linkage could
contribute to the mobility of the tag." Thus, an extensively rigid paramagnetic center is
required to perform protein dynamic studies. Besides rigidity, several other requirements
need to be considered for the design of the ultimate paramagnetic NMR probe, as was
discussed in chapter |, section 3, including hydrophilicity, stability, symmetry and
reactivity with the two functional groups (such as thiols) of the target protein. A rigid
cyclen-like macrocyclic ring was designed and synthesized in chapter IV (Scheme 4.2,
compound 9). Equipped with pendent arms, conformation exchange of its lanthanoid
loaded complex was studied by NMR. The introduction of four chiral hydroxyl-methylene
groups on the tetraaza ring froze the conformation of the macrocyclic ring to one state.
The remaining observed conformational exchange was due only to the reorientation of

the pendent arms.

CLaNP5 (chapter |, Figure 1.9), in which one pair of the acetate acid pendent

arms is replaced by a pair of pyridyl-N-oxide ones, is recognized as one of the most rigid
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Figure 6.1 Structures of potential next generation DOTA-like paramagnetic probe. The
asterisks identify the chiral carbons.
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DOTA-like paramagnetic probe. However, the high hydrophobicity and charge make
CLaNP5 not generally applicable for all proteins. An alternative approach would be the
introduction rigidity by the use of pendent arms having chiral carbons with small
substituents.! Thus, using the hydroxyl-methylene substituted cyclenol as coordination
ring and the chiral centers modified linker as attachment arms (Figure 6.1, probe a) could
force the probe in a single conformation. Although MST attachment group has high
selectivity, the disulfide bound is less stable compared to a thioether linkage and the
CONHCH:2CH:S linkage could contribute to the mobility of the probe. In this case, probe
b (Figure 6.1) with a short chiral vinyl groups could be another choice.

Development of paramagnetic probes for in cell EPR measurement

EPR combined with site-specific spin labels has been applied for the investigation of
distances between two labels.'? In this case, paramagnetic NMR probes with a suitable
paramagnetic center, such as Gd(lll), Mn(lll) or a free radical, are candidates for EPR
measurements on proteins. Recently, this method was successfully extended to protein
in-cell distance measurements. The cellular conditions require a spin label that is inert in
a reductive environment. In chapter V, the two-armed CLaNP13 was designed and
synthesized for this purpose. A narrow distance distribution was obtained for Gd(lll)-
CLaNP13 labeled proteins in cell lysate, demonstrating the stability and rigidity of the
probe, which is thus potentially suitable for distance measurements under cellular
conditions. As mentioned in chapter V, the introduced maleimide groups caused multiple
sets PCS for using it as an NMR probe. Thus, probe b (Figure 6.1) can match the
requirements for both NMR and in-cell EPR measurements.
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English summary

Paramagnetic NMR spectroscopy (paraNMR) is a powerful technique for biomolecular
studies, due to a variety of paramagnetic effects, such as the pseudocontact shift (PCS)
and paramagnetic relaxation enhancement (PRE), that contain long-range structural
information. Most proteins do not have a paramagnetic center or metal binding site. Thus,
it is required to introduce a paramagnetic center with minimal effects on the protein.
Synthetic paramagnetic centers are commonly applied for protein structure
investigations in paraNMR. The main subject of this thesis is to design, synthesize and
apply novel paramagnetic NMR probes for such studies.

An overview of paramagnetic NMR spectroscopy, types of paramagnetic
centers, reported paramagnetic probes and applications of paraNMR in protein studies

is provided in Chapter I.

A novel paramagnetic NMR probe, TraNP1 (transition metal NMR probe # 1),
for 3d-block ions is reported in Chapter Il. The magnetic properties of Co(ll) and Mn(ll)
loaded TraNP1 are investigated by linking these probes via two attachment arms to three
different proteins. Paramagnetic NMR spectra show that the probe places the metal ion
in a well-defined location relative to the protein. The medium size of the anisotropy of
the magnetic susceptibility tensor makes Co(ll)-TraNP1 suitable for small proteins and
localized studies. In contrast to CLaNP5 (caged lanthanoid NMR probe # 5), the size of
the anisotropic components of the magnetic susceptibility of Co(ll)-TraNP1 is influenced

by its surroundings on the surface of the proteins.

Chapter lll describes the design and synthesis of a paramagnetic probe, TraNP2,
which is a good ligand for both 3d-block and lanthanoid ions. For lanthanoid loaded
TraNP2, even with double-arm attachment, multiple sets of PCS are detected in NMR
spectra of proteins. Surprisingly, Co(ll)-loaded TraNP2 generates almost negligible PCS.
Thus, surprisingly, TraNP2 generates clearly different results as protein paramagnetic
probe from those for TraNP1, despite being an isomer. This observation confirms the

sensitivity of the anisotropic magnetic properties of Co(ll) for its environment.

In Chapter IV, a rigid DOTA derivative, HMDOTA, is produced as lanthanoid
ligand. The strategy that is used for rigidification is to introduce chiral centers into the
cyclen ring. The conformational exchange of these lanthanoid complexes is investigated
by 1D "H and 2D "H EXSY NMR. According to the EXSY spectra, the conformational
exchange caused by cyclen ring flip is eliminated by the substituents. Therefore, as a
rigidified lanthanoid ligand, HMDOTA is a promising building block for the design of

rigid paramagnetic probes for proteins that can be used for dynamic studies.
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In Chapter V, a rigid Gd(lll) probe, CLaNP13, is designed and synthesized for
in-cell protein distance measurements using EPR spectroscopy. Rather than the
disulphide linkage employed for protein attachment in other CLaNP molecules, more
stable carbon-sulfur bonds are used to link the probe to the protein. A good agreement
is found between the data from measurements in vitro and in cell lysate, showing the
stability of CLaNP13 under reductive conditions. DEER derived distances are in the order
of 4 nm and are in agreement with the expected values based on the metal positions
derived from paramagnetic NMR results.

Chapter VI contains a general discussion about the work described in this thesis
and an outlook for the next generation of chemical synthetic paramagnetic NMR probes.
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Nederlandse samenvatting

Nederlandse samenvatting

Paramagnetische kernspinspectroscopie (paraNMR) is een krachtige techniek om
biomoleculen te bestuderen, dankzij verschillende paramagnetische fenomenen, zoals
de pseudocontact shift (PCS) en paramagnetische relaxatieversterking (PRE), die
structurele informatie geven over lange afstanden. De meeste eiwitten hebben geen
paramagnetische centrum of en binden geen metaalionen. Dan is het nodig om een
paramagnetische centrum te introduceren, met minimale verstoring van het eiwit.
Doorgaans worden synthetische paramagnetische centra gebruikt voor het onderzoeken
van eiwitstructuren met paraNMR. Het ontwerp, de synthese en de toepassing van
nieuwe paramagnetische NMR probes voor eiwitstructuuronderzoek vormen het

onderwerp van dit proefschrift.

Een overzicht van paramagnetische NMR-spectroscopie, verschillende types
paramagnetische centra, gepubliceerde paramagnetische probes en toepassingen van

paraNMR in eiwitstructuuronderzoek wordt besproken in Hoofdstuk I.

Een nieuwe paramagnetische NMR sonde, TraNP1 (overgangsmetaal NMR
sonde # 1), voor 3d-blok ionen wordt gerapporteerd in Hoofdstuk Il. De magnetische
eigenschappen van TraNP1 geladen met Co(ll) en Mn(ll) worden onderzocht door ze via
twee armen aan drie verschillende eiwitten te koppelen. De paramagnetische NMR-
spectra laten zien dat de sondes het metaalion in een goed gedefinieerde locatie
plaatsen ten opzichte van het eiwit. De grootte van de anisotropie van de magnetische
susceptibiliteitstensor maakt Co(ll)-TraNP1 geschikt voor kleine eiwitten en gelokaliseerd
eiwitonderzoek. In tegenstelling tot CLaNP5 (caged lanthanide NMR probe # 5) wordt
de grootte van de anisotrope componenten van het magnetische susceptibiliteit van

Co(ll)-TraNP1 beinvloed door de omgeving op het oppervlakte van het eiwit.

Hoofdstuk Ill beschrijft het ontwerp en synthese van een paramagnetische
probe, TraNP2, een goed ligand voor 3d-blok- en lanthanoide-ionen. Voor TraNP2
geladen met een lanthanoide ion, zelfs met een dubbele linker, worden meerdere sets
PCS gevonden in NMR spectra van eiwitten. Verrassend genoeg genereerd TraNP2
geladen met Co(ll) bijna verwaarloosbare PCS. Alhoewel TraNP2 een isomeer van
TraNP1 is, geeft het duidelijk andere resultaten als paramagnetische eiwitprobe. Dit
bevestigt de gevoeligheid van de anisotrope magnetische eigenschappen van Co(ll).

In Hoofdstuk IV wordt een rigide DOTA derivaat, HMDOTA, geproduceerd als
lanthanoideligand. De manier waarop dit wordt bewerkstelligd is door de introductie van
chirale centra aan de cycleenring. De conformatieuitwisseling van lanthanoidecomplexen
wordt onderzocht door 1D 'H en 2D 'H EXSY NMR. De EXSY spectra geven aan dat de
conformatieuitwisseling verzoorzaakt door cycleenring flip geélimineerd is door de
substituenten. Hierdoor belooft het rigide lanthanoideligand HMDOTA een zeer
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geschikte uitgangsstof te zijn voor het ontwerp van paramagnetische eiwitsondes voor

het onderzoeken van eiwitdynamiek.

In Hoofdstuk V wordt CLaNP13, een rigide Gd(lll) sonde, ontworpen en
gesynthetiseerd voor het uitvoeren van eiwitafstandsmetingen in de cel met EPR
spectroscopie. In tegenstelling tot de disulfidebruggen die worden gebruikt voor andere
CLaNP moleculen, worden stabielere koolstof-zwavelbindingen gebruikt om de sonde
aan het eiwit te bevestigen. De resultaten van experimenten uitgevoerd in vitro en in
cellysaat komen sterk overeen, wat aangeeft dat de CLaNP13 stabiel is in een
reducerende omgeving. Verder leveren de DEER-afstandsmetingen een afstand op in de
orde van 4 nm, wat overeen komt met de waarden die verwacht worden op basis van de

metaalposities afgeleid uit de paramagnetische NMR resultaten.

Hoofdstuk VI is een algemene discussie over het werk beschreven in dit
proefschrift en beschrijft de mogelijke volgende generatie van synthetische
paramagnetische NMR sondes.
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App. Figure A2.1 MALDI-TOF mass spectra of '>N-riched T4Lys mutant (A), Co-TraNP1 (B) and tag 1(C) labeled ">*N-riched T4Lys mutant.
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App. Figure A2.2 MALDI-TOF mass spectra of '>N-riched BCX mutant (A) and Co-TraNP1 (B) labeled "*N-riched BCX mutant.
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App. Figure A2.3 MALDI-TOF mass spectra of "*N-riched ubiquitin mutant (A), Co-TraNP1 labeled "*N-riched ubiquitin mutant (B).
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Table A2.1 PCS-based Ayx-tensor parameters of Co(ll)-TraNP1 attached to T4Lys
K147C/T151C, fitted to three crystal structures.

PDB 2lzm’ 3dke? 11683
Probes RR SS RR SS RR SS
Ayax?® 5.2+0.1 4.6+0.1 5.2+0.2 4.7+0.1 5.240.2 4.6+0.1
Ayen ® 1.2+0.1 0.9+0.1 1.320.1 0.9+0.2 1.3+0.1 0.9+0.2
X (AP 3.4+0.1 3.9+0.1 43.7+0.2 44.2+0.2 43.9+0.1 44.4+0.1
Y (AP -3.6+0.1 -4.3+0.1 8.3+0.2 7.5+0.2 8.8+0.1 8.0+0.2
Z (A)® -4.4+0.1 -4.2+0.1 -8.9+0.1 -8.6+0.1 -9.1£0.1 -9.0+0.1
al(®) 57+1 57+4 56+1 56+5 58+1 58+1
B () 68+1 69+1 68+1 69+2 68+1 69+2
v (°) 118+1 103+3 119+1 105+4 118+1 103+1
Restraints 81 89 78 84 78 89
Q. 0.04 0.04 0.04 0.04 0.04 0.04

Table A2.2 PCS-based Ay-tensor parameters of Co(ll)-TraNP1 attached to T109C/T111C
BCX, fitted to three crystal structures.

PDB 2bvv* 3vzm® 1bwv*

Probes RR SS RR SS RR SS
Ayax® 3.8+0.2 2.6+0.1 3.8+0.2 2.6+0.1 3.8+0.2 2.6+0.1
Ayen ® 0.5+0.1 0.6+0.1 0.5+0.1 0.6+0.2 0.5+0.1 0.6+0.1
X(A)b 17.3+0.2 17.1+£0.1 17.2+0.2 17.4+0.1 17.4+0.2 17.1+£0.1
Y (AP 13.9+0.2 14.1+0.2 13.8+0.2 14.1+0.2 13.6+0.2 14.5+0.2
Z (A)® 39.3+0.1 39.4+0.1 39.6+0.1 39.4+0.1 39.2+0.1 39.7+0.2

a(°) 2.7+1 1732 4.5+4 169+3 17744 17612

B () 18+2 156+1 18+2 15541 161+2 157+1

v () 1371 37+4 1341 31+1 38+1 4141
Restraint 105 100 105 99 104 99

Q. 0.05 0.06 0.05 0.06 0.05 0.07

Table A2.3 PCS-based Ay-tensor parameters of Co(ll)-TraNP1-SS

E24C/A28C ubiquitin, fitted to three crystal structures.

attached to

PDB 2mjb*¢ 1d327 3onz®
Axax® 2.0£0.1 2.0£0.1 1.80.1
Agrn® 0.40.1 0.620.1 0.320.1
X (A)® 4.240.6 5+0.6 3.9+0.4
Y (AP 3.6+0.3 4.240.5 2.4+0.4
Z (A)® -14.440.3 -14.140.4 -14.1+0.2
a(?) 71416 71£12 7322
B () 5642 5044 65+2
Y () 96413 88+11 9320
Restraint 45 45 45
Q. 0.04 0.05 0.04

2 Ayaxand Ayph are in 102 m?; © the coordinates of the Co(ll) are in the frame defined by the PDB

file;
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App. Figure A2.6 PCS isosurfaces of TraNP1-SS plotted on the structures of T4Lys K147C/T151C
(PDB entry 2zIm)' (A), BCX E78Q/T109C/ T111C (PDB entry 2bwv)* (B) and ubiquitin E24C/A28C
(PDB entry 2mjb)¢ (C). The protein backbones are drawn in green ribbon representation. The iso-
surfaces correspond to PCSs of 0.2 ppm. Positive and negative PCSs are indicated by blue and

red, respectively.
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found when including all Mn(ll) PRE
data. The grey spheres are found when
fas’ the PRE for residues 10, 31 and 32 are
H left out, in five fits with random starting
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App. Figure A2.12 Overlay of 'H-
N HSQC spectra of Col(ll)-tag 1
(red), Zn(ll)-tag? (dark blue), metal-
free tag 1 (green) linked to ubiquitin
E24C/A28C and untagged ubiquitin
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NMR spectra were recorded at 14.1
T (600 MHz).
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spectra were recorded at 14.1 T (600 MHz).
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App. Figure A2.10 MALDI-TOF mass spectra of "*N-riched tag 1 (A), Co-tag 1 (B) and Zn-tag 1 (C) labeled "®N-riched ubiquitin mutant
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xn App. Figure A2.11 MALDI-TOF mass spectra of tag 1 (A),
Co-tag 1 (B) and Zn-tag 1 (C) labeled “N-riched T4lLys
mutant.
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App. Figure A2.13 Overlay of
"H-®N HSQC spectra of T4lys
K147C/T151C linked to Co(ll)
(orange, 10 eq.) or Zn(ll) (blue,
1.2 eq.) loaded tag 1. (A) full
spectrum, (B) Detail. Several
PCSs are indicated with dash
lines and residue numbers. The
NMR spectra were recorded at
14.1 T (600 MHz).

App. Figure A2.14 Structure models of TraNP1. (A) Co-TraNP1-SS, side view; (B) Co-TraNP1-RR,
side view; (C) overlay of Co-TraNP1-RR and -SS, view along the symmetry axis.
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App. Figure A3.1 MALDI-TOF mass spectra of Yb(lll)-TraNP2 (A) and Co(ll)-TraNP2 (B) labeled "*N-
enriched T4Lys mutant
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App. Figure A5.1 Overlay of "H-"*N HSQC spectra of Lu(lll), Gd(lll) and Yb(lll) loaded CLaNP13a (A,
B), CLaNP13b (C, D), or CLaNP13c (E, F) attached to T4Lys K147C/T151C. The NMR spectra were
recorded at 14.1 T (600 MHz). Peaks of residues mentioned in the text are labeled.
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App. Figure A5.2 Overlay of "H-"SN HSQC spectra of Yb(lll) and Lu(ll) loaded CLaNP5 attached to
T4Lys N55C/V57C (A) and T4lys K147C/T151C (B). The NMR spectra were recorded at 14.1 T (600
MHz).
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App. Figure A5.3 ESI-TOF MS spectra of CLaNP13a (A), CLaNP13b (B) and CLaNP13c (C) linked to
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