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Chapter Il

The development of newmethods for
the attachment of caged lanthanoids
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Abstract

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

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

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

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

a benzylic bromide and a primary bromide. In this chapter, thallpitin the
synthetic routes towards the reacti@taNP-6, 8-10 are described in detail.
NeverthelessCLaNP-9 was successfully attached to two proteins and significant
PCSs were observed. The HSQC spectra ofGhaNP-9 tagged protein were
identical in the presence and absence of DTT or TCEP.
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Also, bioorthogonal chemistry is a widely used technique for spdabieling
in cellular system&® Among numerous bioorthogonal reactions that have been
developed, the introduction of azide groups and their subsequent transformation |
the most utilized. Moreover, the azide group can be genetically engingxtoe
proteins at specific sites by using the unnatural amino acid regiéhmdo
phenylalanine (AzF}®* The azide group of AzF can undergo 1,3-dipolar
cycloaddition with a terminal alkyne by using Cu(l) as a gatalThe reaction
product is rigid and only one stereoisomer is generally observedt (@&gt’ The
azide group of AzF can also react with cyclooctyne (Chart 2B)hithcase, the
catalyst Cu(l) is not needed but the cyclolization product has twoeis. Still, a
reaction in the absence of the catalyst is advantageous becausedadudenature
the protein samples. Thus, AzF represents a potential alterfiativ@ys in site-
specific labeling of proteins with lanthanoid containing probes. We intrdddzé
into a test protein, T4 Lysozyme (T4Lys), and synthesized seal&gale containing
probes to develop a new approach for the site-specifically taggingahagnetic
NMR probes. However, the results of labeling were not satsfadiecause no
paramagnetic effects could be observed.
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Chart 1. Structures of new CLaNP8LaNP-6, 8-12andDIBO.
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Chart 2. The reaction products of 1,3-dipolar cycloaddition (A) and [3+2oagtdition (B).

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

Alkyl halides,a-halocarbonyls and electron poor double bonds are typical thiol-
reactive functional group$.In order to design an appropriate paramagnetic tag, the
labeling ability of acrylic acid, 3-bromo-1-propanol, 3-nitrobenzyl bromide
iodobenzyl bromide, bromoacetic acid, and iodoacetic acid were investigagure
1A). Double cysteine mutants testing proteins (Src SH3 T116C/E1HhdCT4
Lysozyme N55C/V57C) were first activated by DTT for an hand then the
reductant was removed by a short gel filtration column. The adliyatatein was
incubated with 10 equiv. of the reactive species @ dr RT and product formation
was monitored by LC/MS (Figure 1). The results showed that undes toaditions
benzylic bromide is the most reactive group among all of the tesiespéfter 3 h,
SH3 T116C/E117C was tagged with 3-nitrobenzyl bromide and 4-iodobenzyl
bromide at 4°C (Figure 1B and 1C). When the reaction temperature was raised to
RT and the reaction time was increased, T4Lys N55C/V57C wadajged with 2-
bromoacetic acid and 2-iodoacetic acid (Figure 1C and 1D). Althatigttoiodide
is more reactive than-ketobromide, it may also react with methionine and basic
residues when cysteine is absent, resulting in non-specific lab&iltg.
Consequently, benzylic bromid€l(aNP-6), a—ketobromide CLaNP-8 and9) as
well as a primary bromideCLaNP-10) were chosen as the target functional groups.
Protein expression and purification were kindly performed by Dr.iigday V. B.
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K. Reddy, Ms. Anneloes Blok and Dr. Monika Timmer (Leiden Universigt. |

Chemistry).
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Figure 1. Protein labeling test. (A) In protein labeling experimentegavtypical thiol-
reactive functional groups were used. The labeling results were chiegkes/MS. For SH3
T116C/E117C, the results showed that the protein could be taggedbbyniemethyl)-3-
nitrobenzene (B) and 1-(bromomethyl)-4-iodobenzene (C)°& with continuous stirring
for 3 h. When the temperature was increased to RT and theoretioie was elongated to
16 h. 2-bromoacetic acid (D) and 2-iodoacetic acid (E) were #igchad to another test
protein T4Lys N55C/V57C. The mass difference is indicated by aaremv and the
difference between untagged T4Lys with and without the methidsisakown with a dark
green arrow.

56



The synthesis o€LaNP-6 is depicted in Scheme 1. Removing the protective
group of functionalized cycleti** and coupling with 3-aminobenzyl alcohol resulted
in benzylic alcohoP in high yield. The hydroxyl o2 was converted to the bromide
by using PP§Br; in dry MeCN and product formation was monitored by LC/MS.
When the reaction was complete, water was added to quench the reaction. During tt
reaction CLaNP-6 was formed, as evidenced by LC/MS, but the compound
decomposed after the quenching with water (Figure 2).

Z l[:]—o =z l:i~O Z [:]ro
X P Q_\ G @
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1 2 CLaNP-6

Scheme 1 Synthesis ofCLaNP-6. (a) i) TFA, CHCI,, RT, 4 h; ii) HATU, 3-aminobenzyl
alcohol, TEA, DMF, RT, 16 h; (b) dry MeCN, P8, 0°C
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Figure 2. HPLC analysis of th&€LaNP-6. (A) After quenching by water, a mixture of
compounds CLaNP-6 with one or two Br) was detected. (B) The same HPLC samate
measured again after 1 h. The results show @haNP-6 was hydrolyzed to the starting
material2.

The synthetic route o€LaNP-8 is shown in Scheme 2. The starting material
3'% was oxidized withmCPBA to produce pyridin&-oxide 4 with a high yield.
Substitution of the hydroxyl oft using MsCIl and LiCl in dry CKCl, yielded
compoundb. Functionalized cycle6* was treated with and KCO; at 50°C for 16
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h to give compound. Compound was obtained by full deprotection @f Reaction
of 8 using bromoacetyl bromide gave the desi@chNP-8. However, also this
compound was not to be stable under aqueous conditions (Figure 3).
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Scheme 2 Synthesis offLaNP-8. (a) mCPBA, CHC}, RT, 16 h; (b) i) MsClI, dry CKCl,,
TEA, 2 h, 0°C ii) 10 equiv. LiCl, RT, 16 h; (c) ¥COs;, MeCN, 50°C, 16 h; (d) i) NaOH,
1,4-dioxane, RT, 4 h; ii) TFA, Ci&l,, RT, 4 h; (e) dry MeCN, ¥CGO;, RT, bromoacetyl
bromide.
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Figure 3. The reaction progress @fLaNP-8 was monitored by LC/MS. (A) The reaction
was quenched by water and the sample was immediately andlyzmdiss spectrometry.
The result showed th&tLaNP-8.1 (a) andCLaNP-8 (b) were present. (B) After 30 min, the
same sample was analyzed again and the results showecl #MIP-8 was hydrolyzed to
compound8 (a) andCLaNP-8.1 (b) by water. Also, the final product was difficult to
observe (c). The expected weightahfaNP-8, CLaNP-8.1and8 are presented in (C).

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

x [ j 4:3/’&0 +N9ENLn \\\\\\\\\ N -
v Y
_Ngi o, .
3 Ln-CLaNP-9

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

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

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

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

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

Probe attachment

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

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

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

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

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

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

The Ayaxof Tm** and YB* of CLaNP-9 are smaller than those 6f.aNP-5.
For CLaNP-9, the functionalized pyridindloxide was the site for attachment to the
protein, which may cause a larger mobility of the probe reléditbe protein. In the
case of T4Lys, the mutant site was at the end of the elonglaége of the protein
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and therefore only part of amide proton resonances experienced fecangri?CS,
which can explain the larger errorAy.xas compared to Paz.
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Figure 4. Overlay of {°N, 'H]-HSQC spectra of T4Lys N55C/V57C (A) and Paz-Cu(ll)
E51C/E54C(B) withCLaNP-9-Lu (blue), Yb (red) and Tm (green) attached. Several PCSs

are indicated with solid lines.
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Figure 5. Overlay of {°N, 'H]-HSQC spectra of Paz-Cu(l) E51C/E54C (A) withaNP-9-
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Lu (blue) and Tm (green) attached. Several PCSs are indicated dthirss.
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Bioorthogonal reactions. A potential method for site-specifically attaching
lanthanoid probes
Synthesis of CLaNP-click

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

Scheme 5 Synthesis of CLaNP-11 & 12. (a) NaHg@H,Cl,, RT, 16 h; (b) BocOSu, dry
CHCI;, RT, 1 day; (cROaor20b (2.5 equiv.), MeCN, KCOs;, 0°C to RT, 16 h.; (d) i) TFA,

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

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

H

I OH—a> 07]/0 b | OYNWNH c
O O 0] \©\N O ¢}

O,
DIBO 22 23
e o
o
I OTHWH{\( "
(0] e} &_ N
O o N \>\OH
V o

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

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

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

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

66



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

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

A CusO, 500 250 100 MM C

Q Q { Q
TBTA 50 25 10w e L o & o & o 8
H @@ (}3’ /\q’é\ G? ,b@ C}? @@ C}?
22I<Da—>‘-. - <« TCEP 0.5 05 1 1 05 05 1 1 mM

T4LysAzF
Q CX
3% & 22 kDa
B R4 —>=- ‘.l
#3 #4 #5

T4LysAzF
22 kDa —p SRR S S #7 #8

<
T4LysAzF

Figure 7. Optimization of the click reaction. (A) Influence of thenount of CuSQused
during the click reaction. (B) The effect of different redust (C) Influence of the amount
of TCEP on the click labeling of Tamra and CLaNP to T4LysAHfe reaction mixture
contained CuS® (500 uM), TBTA (50 uM), CLaNP or Tamra (25QM), and T4Lys
D72AzF (50uM). Lanes 1-4 show the fluorescence and 5-8 the Coomassie fstian3IDS-
PA gel.
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Figure 8. Overlay of [°N, 'H]-HSQC spectra of T4Lys D72AzF before (blue) and after the
reaction with Yb-CLaNP-11 (red). No PCS are observed.

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

Copper free click chemistry

For proteinlabeling, the yield of the tagging reaction could also be site-
dependent. In T4Lys D72AzF a lysine and an arginine are cloke #zF, which is
on an a-helix. The long side-chains of Lys and Arg could increase thec ster
hindrance and negatively influence the labeling efficiency. Moreoverghhrges of
those amino acids could repel the positleaN-11 complexes. For these reasons,
another AzF mutant, T4Lys N55AzF, was selected as a model pfoteiiiLaNP-
DIBO labeling. To test the reactivity @LaNP-DIBO, it was reacted with free AzF
and product formation was monitored by LC/MS. The sample was incuia4e@
with continuous stirring, andCLaNP-DIBO was completely converted into the
cycloaddition products and both isomers (Chart 2B) were present in a 1:1 ratio. Upol
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linking CLaNP-DIBO to a protein, two products are expected and, therefore, two
sets of PCS, which is not desired. Howe@iraNP-DIBO can be loaded with GY

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

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

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

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

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

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

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

Experimental Section
General Procedures:

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

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

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

guenching with water.

9 Towards CLaNP-8

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

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

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

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

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

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

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

947.0408 [MI, calcd [Q8H36BT2LUN303]: 947.0407.

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

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

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

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

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

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

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

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

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

74



5-(tert-butoxycarbonylamino)-2-(chloromethyl)pyridine-N-
C'm oxide (10). |

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

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

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

pale]
/+

\

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

o oH mmol) and NaHC®@ (71 mg, 0.85 mmol) were dissolved
in 4 mL DMF. The solution mixture was heated to°60with continuous stirring for
2 days and product formation was monitored by LC/MS. When theioeasts
complete, the excess NaHgQvas filtered off and the reaction mixture was
concentratedn vacuo without further purification giving crude compoumhd. Crude
compoundl1 was taken up in a TFA/GIEI, (3/1, v/v, 2 mL) solution mixture. After
4 h stirring at RT, the TFA was removed by coevaporating with tol(tenee) and
the crude mixture was redissolved in a 1,4-dioxane and NaOH solution enfXtue
final concentration of starting material was 15 mM and 0.4 M for W}aQhe
reaction was stirred for 4 h at RT, after which it was némé@ by acid resin,
followed by filtrating off the resin, concentration, and purificatignHPLC (0.1%
TFA and a 0-10% acetonitrile gradient on C18 preparative column) yiel@i(80%,
over 3 steps)'H NMR (600 MHz, RO, 323 K):8 = 8.24 (d, 2H,) = 2.4 Hz), 7.81 (d,
2H,J =9 Hz), 7.36 (dd, 2H] = 9 Hz,J = 2.4 Hz), 4.91 (s, 4H), 3.68 (br, 8H), 3.60
(s, 4H), 3.48 (br, 8H)**C NMR (150 MHz, RO, 323 K):5 = 174.7, 163.8, 149.8,
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131.4, 129.0, 128.2, 118.6, 116.7, 54.9, 54.1, 52.5, 49.6. FTIR: 3344.7, 3203.9
3065.9, 1666.5, 1611.6, 1425.5, 1169.9, 1126.5, 1085.9, 978.9, 828.HRWMS
m/z: 532.4383 [M], calcd [G4HagNsOg]: 532.2752.

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

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

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

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

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

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

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

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

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

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

General method for protein labeling experiment

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

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

General protocol for CLaNP-click series

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

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

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

cm
NO,
Hoﬂ? ) CLaNP-12
) [NmN]“gNV\/; Final product was purified by HPLC (0.1% TFA and a O-
A 50% acetonitrile gradient on C18 preparative coluritd).
a /%JVOH NMR (600 MHz, 4-DMSQ, 323 K): § = 8.50 (s, 2H),
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8.21-8.19 (m, 4H), 7.12 (d, 2H,= 6 Hz), 4.35 (s, 4H), 3.67 (br, 2H), 3.26-3.30 (m,
16H), 3.09 (s, 8H), 2.67 (t, 2H,= 2.4 Hz), 2.19 (t, 4H) = 7.2 Hz), 1.66-1.62 (m,
4H). °C NMR (150 MHz, §-DMSO 323 K): 5 = 169.58, 163.81, 139.24, 129.31,
127.02, 116.31, 83.67, 71.02, 54.33, 51.14, 49.65, 48.97, 37.77, 27.72, 15.29. FTIF
3304.1, 3115.0, 2958.8, 2112.0, 1647.2, 1338.6, 1197.8, 1080.1, 717.5/RAMS

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

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

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

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

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

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

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

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

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

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

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

Double Cys mutation T4Lys N55C/V57C were prepared by the WHOPS
method® using the expression plasmid pET28-T4Lys as a template. The
oligonucleotides 5-GGTCGTAATGCCTGTGGTTGCATTACCAAAGATGAAG
CCG-3' and its complement were used as the forward and eev@mimers,
respectivelyEscherichia coli BL21 (DE3) was used to express the mutant gene. The
transformed cells were incubated overnight in 10 N rich M9 medium with
kanamycin (final concentration 2@/mL) at 37 °C, 250 rpm. Overnight pre-cultures
were diluted 100 times and incubated a@7250 rpm. When the Q& value was
around 0.8, cultures were induced by adding 1 mM IPTG. The temperatare wa
reduced to 30C and cells were harvested 18 h after induction by centrifugation.
Cells were lysed with a French pressure cell, and the $/sakeared by
centrifugation (45 minutes, 2,500 rpm). Cleared lysate was loaded ®»ma
HisTrap column (equilibrated in 20 mM Tris pH 7.5, 500 mM NaCl) and @ with
a 0 to 500 mM linear imidazole gradient. After &Niolumn, EDTA (1 mM) was
added to the concentrated protein and the protein was purifiecadveperose 12
column (equilibrated in 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT).

In the case of AzF mutant, single AzF mutations T4Lys N55AzF TaHd/s
D72AzF were prepared by the WHOPS metfiddsing the expression plasmid of
wt T4Lys as a template. The oligonucleotides 5-GGTCGTAATGCGGGT
GTGATTACCAAAGATGAGGCCG-3' and its complement were used ae t
forward and reverse primers, respectively, for N55AzF. Simijlarthe
oligonucleotides 5-CTGTTTAATCAGGATGTTTAGGCAGCCGTTCGTGGAAT
TCTGC-3' and its complement were used as the forward and eeygnsiers,
respectively, for D72AzF. pEVOL-AzF (coding for the AzF-tRNA tr@nase and
AzF-tRNA, CAMr) were kindly provided by Prof. Peter Schultz, gs Research
Institute (California) and was first transformedHscherichia coli BL21 (DE3) and
cells were made chemically competent. Then, the pEVOL contgBL21 (DES3)
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were transformed with the KANr plasmid coding for the T4Lys ABRB mutant.
The doubly transformed cells were grown overnight in 10'fhLrich M9 Medium
with kanamycin (final concentration is 50g/mL) and chloramphenicol (final
concentration is 34ig/mL). Overnight pre-cultures were diluted 100 times, grown
for approximately 3 h at 3%C, 250 rpm, after which the temperature was reduced to
30 °C. When the OBy value was around 1.4, cultures were induced by adding 1
mM IPTG, 0.02% (w/v) arabinose and 1, 2 or 5 mM Paz. Cells weredtedv24 h
after induction by centrifugation, resuspended in 20 mM Tris pH7.5, 500 mN).NaC
Cells were lysed by French press, cleared by centritug&i5 minutes, 9,000 rpm).
Cleared lysate was loaded on a 5 mL HisTrap column (equildbrat20 mM Tris

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

Protein labeling experiment

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

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

NMR spectroscopy on proteins

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

were recorded at 298 K on a Bruker Avance Ill 600 MHz spectroni2téa. were
processed with NMRPipe and analyzed with CCPNMR Analysis orer&i.1.
Assignments of the resonances were based on previoushamk kindly provided
by Mr. Simon P. Skinner (Leiden University, Inst. Chemistry).
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