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Bioconjugate Chemistry

Bioconjugate Chemistry

joining of small molecules to other

biomolecules and polymers by

chemical or biological means




Bioconjugate Chemistry

m\ Functional group can be
5 Introduced to hiomolecule
Flurescent compound, such as:
Chemiluminescent compound,
Biotin, haptens
efc.

Amine, carboxyl, hydroxy,
hydroxyl-amine, hydrazine,
thial, keto, or aldehyde
functional groups

>
Oligonucleotide-peptide
Hapten-carrier conjugation
Oligo-HRP
Oligo-Antibody
Antibody-HRP
Fab-HRP
Otherbiomolecule conjugation




Challenge: Chemistry on Proteins

Secondary Tertiary Quaternary
structure structure structure

Amino acid residues a Helix

Challenges: -+ proteins are very complex molecules with different
functional groups

 chemistry has to be site specific and can not be
denaturing in order to keep biomolecules functional

« Reactions have to proceed at low temperatures and in
wateratpH=6-9



Amino Acids

aliphatic & aromatic AA polar AA
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Glyeine Alanine Valine Hf/\‘)c‘)\g H;i))?\g
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Asparagine Glutamine

Leucine . ~ Broli o o
Isoleucine Methionine roline Hﬁ))k@ H%ﬁ(—)
@ 0 O (0] s O
]
HoN 5 HsN S HO HO
S / /
Serine Threonine
Tryptophan Phenylalanine
« Hardly accessible because their * Hydrophilic and usually near the
hydrophobic core locates them inside the surface  which makes them
protein accessible
* No reactive groups that can be « Often post-translationally modified,
derivatized comparable  nucleophilicity as

water



Amino Acids

ionizeable AA

0
HZN\_)J\OH

~

Cystein, pKa = 8.8-9.1

0 0
HoN
HN OH 2 OH
NH
AHs HZN)\NH2
®

Lysine, pKa = 9.3-9.5 Arginine, pKa > 12

O 0
HoN
2 OH H2N OH
O
(0]
S (0] (0]
S
Aspartic Acid, Glutamic Acid,

pKa = 3.7-4.0 pKa =4.2-4.5

chemistry possible through reactive
groups:

Histidine, pKa = 6.7-7.1

0

H,N
2 OH

0]®)

Tyrosine,
pKa =9.7-10.1

free cystein rarely occurs on protein surface
making it a great target for site specific

tagging

nucleophilic lysine residue commonly used for
reaction with or cyanates/isocyanates (pH =

______

el QR 4 O RUol
N-Terminal HsNﬁ)J\ )}‘/NW)J\ )\;T‘/O , C-Termina
pKa =7.6-8.0 \------ T N N™ | PKa=21-24
R 0O R ToR
Polypetide




Chemistry on Lysines




Chemistry on Lysines

NHS-Ester
N-Hydroxysuccinimide

 NHS-esters are easily accessible through reacting carboxylic acids with NHS-TFA

« activated carboxylic acids then readily react with amine groups of lysines under
various conditions (pH = 7-9, T=4° C to rt, reactions usually fast)

« various buffer systems can be used (phosphate, bicarbonate, HEPES, borate)
except for buffers that contain amines (such as TRIS)



Chemistry on cysteins




Chemistry on Cysteins

FoPhramy®
I\)J\R 7wIiNH @)

O \03
\J/e{ )J\/\
: Aziridines/Epoxides Jg{o S
O SH Aziridi poxides )K/\ R

: /\r - aziridines/epoxides
HN 0) N crossreactive with
Ei Al L9 %NH NH,/OH

lysines!

--> many tools to derivatize cystein residues!




Chemistry on Cysteins

Buchwald type coupling on peptides

0.1 M Tris (pH 7.5)
CH,CN:H,0, 5:95

PCy,
A >  HN— \L’ N C{OJNH
Ar 5 min - ? ?
X

then SAr
10 pM 20-60 uM Hg “ - CO:H Quantitative

l'- "
[ Fluorescent tags . Affinity tag )

UH MH H
Wasi /(’“;Uit6 o

1 1D ’
X = OTf X = OTf o L3I

=,

1A=Cl, X = Cl

1A-Br, X = Br : E
18=1, X =1 E Bioconjugation handlaa. E [_ Drug molecules .

SN
. s o~
E | : ¥ =Br =N

. MeD
Me N Bt ' Vandetanib

: ; NH
1B ! 1F, 1G, 1H " : /@E
- ' X=0Cl v (kinase inhibitor
x=0m : X =Cl . of cell receptors) Wy =

R =H, Me, Ph

b A

« Fast, reliable, versatile, broad pH range, big substance scope

Ekaterina V. Vinogradova et al., Nature 2015, 526, 687.



Chemistry on Cysteins

n-Clamp mediated cystein conjugations

c
Gnmpetng
E".II'IE!S
¢ o ) o
competing -F~
w~clamp thiol
Table1 | Mutation studies show that Phe-1, Pro-3 and Phe-4
are required for the observed reactivity.
. L T H
sH r@_@sz 20 7 R LR F . R F
~DOED~ T = QOED~  SEm eEm® SeE
2 M phaspnate F F F F F F
{1 mibd] 14-1E 30 mi TCEP 2A-IE F F F F F F
pH 8.0, 57 .,.;_ 30 min Peptide probe (2) Biotin probe (3) FITC probe (4)

Entry Peptide X, X X5 kz (M's™  Yield (%)

FFF RFRN_S
1 1A Gly Pro Gly  N/A <1 FSACECH FSNO\P/\O*CH:,
2 i Phe Pro  Gly N/A <] I FoF Sy ’
3 1c Gly  Pro Phe 0.0% 50 Alkyne probe (5} PEG probe (6)
4 10D Phe  ©-Pro Phe  0.05 30
5 1E Phe Pro Fhe Q.73 >55

TCEP, tris{2-carboxylethylyphosphine. Yields shown are from LC-M5 analysis of the crude reactions
at 30 min.

* Perfluoroaryls can be prepared easily - modular approach, many different probe
molecules possible

« Very site specific reaction, only reacts with cystein in Phe-Pro-Phe sequence
environment, other thiols are completely outcompeted

C. Zhang et al., Nature Chem. 2016, 8, 120.




Chemistry on Cysteins

n-Clamp-mediated cysteine conjugation

a C-terminal =-clamp IgG Site-specifically modified IgG
s -
-S,_$ ,5\5 ?,S
I s,@ 1 é
I < .JH
R S > z

|-'r-_. EH

5 57 * 5"

,.5 & 5.

0.2 M phosphate
s 5] 20 mM TCEP 57
~5 5. pH B0, 37 *C i
Cyses F A el
“ c c R X -@{—@— C sm {t‘rﬁ-
Q@ @ Q F FF F \*
F F F
Do Con” oo™
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10-Biotin: L - — ~ CZID
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| =

o 11-MMAF F FE ¢




Conjugation with carboxylic acids




Preparation of Carboxylic Acids for Conjugation

.

o
1] }iH -

O)\UH ’ JJ — I\L Ry O/HL,,,n v g

o0 M
/ Q" Qo y oo
[ 07 MH
Carboxylate i l_x
containing N EDC o-Acylisourea g-Acylisourea Amide bond Urea
A, molecule .I'IH reaclive esler B. reactive ester

» like in peptide synthesis, unreactive carboxylic acids must be activated prior to coupling

« EDC coupling is a fast, reliable and convenient method, that proceeds at room
temperature and at pH = 6-7

« all components (peptide, carboxylic acid and EDC + buffers) are mixed together, the
activation of the carboxylic acid proceeds in situ and is readily trapped with e.g. a lysine



Unspecific conjugation techniques




Photoreactive Reagents

uv
-N,

N=N
R/\)<R’

diazirines

[ UUU: UV-light, Unspecific, U can decide when! ]

- mostly used for crosslinking of proteins




Photoreactive Reagents

N=N incubation
& with cell lysate
- NHS M 0 >
purified C '

. protein A

NHS Diazirine B D

Mﬂ ﬁff‘

crosslink between A and D

protein Dis a
specific interactor




Native Chemical Ligation




Native Chemical Ligation

HS

; H,N Peptide 5

O
: + N-terminal

Peptide ‘s Cys-Peptide
0 @ — Peptide s .S
T oy
2

Phenylthicester
activated peptide (8]

Intermediate thicester

H -
N

o
SH

S=-=M shift
results in ligation
to amide bond

« No protecting groups necessary
« Large constructs possible (>300 AA)

» Chemoselective



Applications of Conjugation
Techniques




Applications

* Antigen preparations for small molecules such as drugs,
nucleosides, peptides, sugars

« Antibody-drug conjugates (targeted cancer treatment)

« PEGylation of proteins

« Crosslinking for structural and interactional proteomics




Antibody Production




Applications: Antibody Production

o) @)
0% . o ELISA
O O O E
O O O Ee— 3
test -
small molecule hapten bleed 8
“lmw T
U SS
_‘J jqr J'r JI Jr
crosslinkers
ELISA
E I
c
w
(=]
-
(@)
o /
[antiserum)]

Rabbits can generate antibodies against haptens that are conjugated to carrier
proteins (such as OVA, BSA, KLH)




Applications: Antibody Production

Examples to generate haptens/antigens

NH,

NH, NH2
N

/& formation of Schiff base /go trapping of intermediate

" / k %/\ \Q \k % with NaBH,, @
o

>N O NH, N H,N
| /g Qe‘\ bis-aldehyde lysines Ha
HO N O as reactive speues
o H
HsB stable adduct via
OH OH reductive amination

o) NH,

NH, Y PEG-Linker
lysine—NH =N
N,
N, | PN \N’NW N
N-N N~ ~0 o
k % NHS- or EDC coupling




Applications: Antibody Production

HR-MS analysis allows to identifiy derivatized sites

antigens E

% (A ™
trypsin digestion NWNWW? ™ in silico analysis

N

P

carrier protein AA fragments with/
without modification




Coverage | ProteinCard

Applications: Antibody Production

Serum albumin OS5=Bos taurus GMN=ALB PE=1 5V=4 - [ALBU_BOVIN]

Annotate PTMs reported in Uiniprot
[] Show only PTMs
[] Include P5Ms that are fitered Cut
Coverage: 93.41%
Found Maodifications:
[ Carbamidomethy (C)

0 Ohidation (M, W)
R Rene_ab_kon_hmU (K)

Sequence | Modfication List

1 alk 21 31 41 51 61 71
1 =1 B R c R R C
MEWVIFISLL LLFSSAYSEG VFRRDTHKSE IAHRFRKDLGE EHFKGLVLIA EFSOYLOOCPF DEHVELVNEL TEFAKTCVAD

MATICCEKDEP ERNECFLSHE DDSPDEPREER=POP COEF RANERKFWGK YLYEIARRHP YFYAPELLYY ANKYNGVFOE

221 C B E O E R E R CC c E O B
LRCASIQKFG ERALEAWSVA RLSOKFPKAE FVEVTELVTD LTEVHKECCH GDLLECADDR ADLAKYICDN QDTISSKLEE

331 B C B
DFAEDEDVCE NYQEAKTIAFL GSFLYEYSRR HPEYAVSVLL E

oC R c E R
ATL EECCAKDDPH ACYSTVFDKL EKHLVDEPONL

441 R CCR o C R R RCC c
VSTPTLVEVS RSLCEWGTRC CTEPESERMP CTEDYLSLIL NRLCVLHEKT PVSEEKVTECC TESLVNRRPC FSALTPOETY

551 R R o R CC R C R
ALVELLEHKP EATEEQLETV MENFVAFVDK CCARANDEEAC FAVEGPKLVV STOTALA

21 31 101
cR CR

ESHAGCEKSL HTLEGDELCK VASLRETYGD

CcC C R o
CCOAEDKGAC LLPKIETMRE EVLASSARQR

o R B c
CCOKPLLEKS HCIAEVEEKDA IPENLPPLTA

E C B B
TEQNCOQFEK LCGEYGFONAL IVRYTREVEQ

R R c R ER
VPEAFDEKLF TFHADICTLP DTEEDIKEDT




Applications: Antibody Production

Maleimide method

§—5 SH SH
e e | | N
i i i =0
Prntmn. —oA ) Protein /
N o=—N + HaN
Native protein has afrea @ Native protein is reactad with SATA. Blocked sufiydryl Il P
. - - - 4
sulfiyydryl on its surface. proups are introduced on primary amings. 0 D
Hydrowylaming [H| treatment generates free sulfiydryls. -
Protein - 5H Q
Protein = NHy ﬂl—- 3
- ' H o 0 \:ﬂ -N
I o
_ Protain =N=C=CHy=5=C=CHy — &7
) H O
. Il ! NHS
Protein =N=-C = CHy=8H / —
: —1=]
/ N N—
Il
0 b

Protain -5H

N e
Y

* High yields and easy to prepare (maleimide carriers are commercially available)



Antibody-Drug Conjugates




Applications: Antibody-Drug Conjugates

\ N2\ " /

combining the specificity of antibodies with the potency of small molecules
to create targeted drugs!




Applications: Antibody-Drug Conjugates

Trastuzumab emtansine (T-DM1)

« Trastuzumab is a monoclonal antibody which interferes with HER2/neu
receptor

 HER protein binds to human EGFs and promotes cell proliferation

» Especially in breast cancers, HERZ2 is over expressed which causes cancer
through the loss of cell proliferation control

« Trastuzumab can interfere at this stage by inducing p27

» Trastuzumab can be used for targeted cancer treatment in breast
cancer!



Applications: Antibody-Drug Conjugates

0 | O
N S
0 M
O H‘“mab
O

\ J | /N
| |
Conjugated Conjugate Trastuzumab
DM1 (maytanside) tether for drug (antibody)

« Several molecules of the DM1, which is a maytansine derivative are conjugated per
antibody via a maleimide conjugation

« DML binds to plus end of microtubules and inhibits cell division in the targeted tumor
cells



Applications: Antibody-Drug Conjugates

Mode of action

o ADC in plasma .5
‘si




PEG-ylation of Proteins




Applications: PEG-ylation of Proteins

Spacer

- 156 A > = : :
0 S——o{~oy S+
Reactive
qo)k/\o/\/ﬂ\/\o/\/ﬂxcus chain-end
0

N I
ofol

< 519A >

0
;"\/\rn\/\o/\/o\/\o/\/o\/\o AU A SO SO g D ~CHy
0 0

MM(PEG);

ayj‘ T

5-40 kDa

* Prolonged half-life
» Higher stability
« Water solubility

« Lower immunogenicity / antigenicity




Applications: PEG-ylation of Proteins

Uricase PEG-uricase (model) Peg I Ot I case

« Uricase is used as treatment against
gout (Gicht)

« Uricase metabolizes uric acid to
allantonin (more soluble than uric acid)

* PEG-ylation increases the half life from
8 hours to 10 — 12 days!

* Immunogenecity is greatly decreased
- Suitable for long term treatment
« Approx. 9 out of 30 Ilysinses are

conjugated to PEG-chains (225
ethyleneglycol units each)




Bioorthogonal Chemistry




Bioorthogonal Chemistry

Bioorthogonal chemistry = chemical reactions
that neither interact nor Iinterfere with a
biological system




Bioorthogonal Chemistry

- Real time studies in living systems without cellular toxicity

* Cellular system is modified with a bioorthogonal functional
group (chemical reporter) and introduced into the cell

 Probe containing the complimentary functional group is
introduced to react and label the substrate

. X—&T*
metabolic or
protein bmorthowonal
engineerng hcrat:lon = fluorophore or
aftuuty probe

X = bioorthogonal group not present in the biological system
Y= complementary group, reacts in a bio-compatible way with X




Bioorthogonal Chemistry

Bioorthogonal Chemistry Strategies
« Cu-catalyzed Azide-Alkyne Cycloaddition ,Click”
« Strain-promoted ,Click“-Reaction
« Staudinger Ligation
« Tetrazine Ligation
« Photo-induced Tetrazole-Alken Cycloaddition
 Norbonene System

« Strain-promoted Alkyne-Nitrone Cycloaddition



Copper Catalyzed Click Chemistry

copper catalyzed azide alkyne cycloaddition

[Cu]2

[Cul®

H— H:Q

[Cul?

H__N
a\[ﬁ.‘N [Cul\_n
Cb H+ J]:| N’N
<>

K

,-—[GUI

( N
[Cu] d_\[(}u]

« Initially developed by Rolf Huisgen (LMU) and further developed by Barry

Sharpless (Cu-catalysis)

« Extremely versatile reaction, broadley applicable, easy to prepare




Copper Free Click Chemistry

copper free click promoted through strained alkynes (Bertozzi Lab)

Cyclooctyne-labeled Covalently conjugated biomolecule

Azide-labeled prnhe
biomolecule N =N
N3
+

—> Click-Chemistry possible in living systems! (Cu click would be toxic)

—> Bioorthogonal Chemistry (actually Bertozzi introduced the term)




Copper Free Click Chemistry

lo’"ttfhgﬂ%J@t‘f“J Jﬁ‘?ﬂi




Copper Free Click Chemistry




Tetrazine Ligation

Inverse/retro Diels Alder Reaction

Trx-S

Trx-S
L, com Pgt o 1
0= N\~ 0 N__N
T

N=N (0] O
R—Q /)R 1 NH
N-N HR
(15 uM) SN
HN\(O R = 2-pyridyl HN. _O N HN" ~COOH H,N" “COOH HaN" ~COOH HoN

COOH
<O 100% conversion \g R
within 5 minutes 1 2 3 4
e
Hg Hj;;
O Z H (o] o] H
HN)L’O/ HN)I\O HN )J\O’
HZNI(:OH HENI(:CIH szfc::m
5 6 7

* Reactions proceed smoothly at physiological conditions

« Many different tethers are available and can be
introduced e.g. through amber suppression



Tetrazine Ligation

Inverse/retro Diels Alder Reaction

b ~ I
N~
| x
) 0 NN 5 S ~N
H
S HOpN /kv/ . ooc PN N
o”"\o -NH, - s H
| &N | OH
H 0o g
. (100 pM) N \\_.,.;_1] o] Biotin
1 hr, 37°C cell \_/

« Many different reporters can be introduced

M.Fox, J.Am.Chem.Soc. 2008, 130,13518-13519.



Tetrazine Ligation

Inverse/retro Diels Alder Reaction

/
7 g N N
“'--._ hv NH’\\
.fl}lthr:l - O\)\)\Q\{O
i '::: =N ,
N R\/©/ OMe

MeOOC . _z~._.0
\/\(l)r \‘ Flosrescein J

(200p:M)

PBS, 254 nm, 5mn

« Temporal control possible through photoinducible tetrazole alkene cycloaddition



Norbonene Click

* Incorporation via pyrrolysine

N. ' 1
R\g NR system (Praktikum!)
Hydrazonoyl .
chloride * balance between strain-

promoted reactivity and stability

RN .R
click ~ N
reaction N=N

Photo-click
reaction
N=N NH- O
R-7<\ />.,.R' HO\”/k/\A )k /\Q
N—N H @]
Tetrazine @]
click reaction Norbornene AA
NH2 @]
o A~y Lo
i o
Pyrrolysine

Carell, Organic Letters 2009, 11, 2405-8, Angew Chem Int Ed Engl. 2012, 51, 4466-9.



Staudinger Ligation




Staudinger Ligation

Based on classic Staudinger reduction: R">N; * PPhy ——~ R7ONH,
(0 (o)
N
OCH 2
Q’QA X A o’d‘: o he phosphi lectrophili
Ph““,P’ N;-<D S oP-N-GD Ester on the phosphine acts as electrophilic
Ph wa trap
Aza-ylide ) ) _ )
- « The aza-ylide intermediate is therefore
#r OMe intramolecularly trapped prior to hydrolysis
o) o with water
|
N-&D :
O’Cﬁ: _Ho : Kied ,NO - Coupled product as a result, different reporter
Phl il molecules can be attached to the exogeneous
Ph Ph Ph reagent
O = exogenous reagent
<> = protein - BUT: slow kinetics, oxidation of the phosphine

before the coupling is also a problem
(unreactive!)



