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Bioconjugation is a major research theme since Mg, best
known for linking antibodies to drugsr prodrugs, or therapeutic
proteins to poly(ethylene glycol) (PEG)r other polymers.

Michael-type addition is a most popular bioconjimyateactior,
most commonly with the use of thiols as nucleophites
electron-poor double bonds as electrophiles. Faoitg| Michael-
type addition differs from Michael addition, wherthe
nucleophile is a (stabilized) carbanion, and frohioltene
reactions, where thiols add through a free radicathanism
onto non-electron- poor olefins. Thiol-based MidHgpe
addition’s popularity for bioconjugation and beyofedg. in thiol
recognition’ surface functionalizatiohsynthesis of polymetor
biomaterial§ etc.) is due to a) the mild reaction conditionsthe
absence of byproducts and c) its bio-orthogonatattier, i.e. the
reaction has hardly any competition by other biaally
occurring nucleophiles. This selectivity has a kmeorigin:
thiols have an appreciable acidity, hence anionic #@hus
strongly nucleophilic thiolates are present alreatyeutral pH;
the more acid the thiol, the more rapid the reactia feature
also shared with disulfide formatidniThere are, however, still
areas of poor mechanistic understanding for thastien, which
to date often hinder the accurate prediction of. dlgol
reactivity'® or of the stability of the products . For exampie
still do not know if thiol pKa is one or the mainntmlling factor
of the reaction kinetics, and how this may depentherstructure
of the acceptor. Another point to clarify is whicheoof the two
main degradative paths and to which extent can umderthe
stability of the conjugation (Figure 1); it is knowmat sulfur iny
position'* even more when oxidized as sulfoxide or sulfdf&
accelerates ester hydrolysis, but there appearsbeo no
guantitative relation nor extension to other hygsable groups;
it is also known that retro-Michael-type additionncaccur,
allowing for an exchange with more reactive/more eotated
thiols, but this has been shown only on maleimi{dés.

Here we carried out a comprehensive investigatiothereffects
of the Michael-type donors’ and acceptors’ struesuras well as
the reaction environment on the rate constant hedstability of
the final Michael-type adducts.

2. Results and discussion

We have employed a small library eff-unsaturated acceptors
(Figure 2), varying strength of the electron-withelireg group
(ester, amide, maleimide), hindrance on the dobbfe (CH vs.
H) and polarity of the side chain potentially lingira payload
(alcohol vs. amide). Since amino- or NHS-ester-teatdd
heterobifunctional linkers are routinely used innjogation
reactions which both result in amide bond formative of the
seven Michael-type acceptors (ACAEA, ACAEMA, AcAEAm,
AcAEMAmM and AcAEMi) featured a terminal N-acetyl grqup
thereby better mimicking the structures (and thios kinetic and
hydrolysis properties) of these Michael-type aceeptThe other
two commercially available compounds (HEA and HEMA)
simply contained a terminal hydroxyl group to seagecontrols.
Using these compounds, we have determined A) theoatgant
for the addition of two model thiols, i.e. 3-meragmtopionic
acid 3-MPA) andN-acetylcysteineNAC), separately analysing
thiol and thiolate reactivity; B) the stability dheir products
towards hydrolysis and exchange with the most comthiarh in
biological fluids, i.e. glutathione@-SH). It is noteworthy that
the three thiols used in this study differ in sipmlarity and
above all acidity, pka values being >IN PA), 10-11 NAC)
and 8-9 G-SH) (for their determination through the thiolate UV
absorption, see Supporting Information, sections3.81 and
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3s, we
have taken proper care of the reduction In thioicemtration due
to disulfide formation (see Supporting Informatieection S2.2
and Table S2).

By measuring the thiol concentration as a functafntime
(Figure 3A, left), it is possible to calculate thH#eetive rate
constantkyg for the various Michael-type addition reactions
(slopes of the graphs in Figure 3A, right); as iajgarent in the
3-MPA / HEA example, the reaction is more rapid athhaH
(higher concentration of thiolates) and at high eator
concentrationky can then be used to calculate a kinetic constant
independent of the initial concentrations of thactants,kys
(Figure 3B); this highlights that at any given pHd,iashould be
expected, the reaction is faster for acceptors ifgagsters,

Michael-type addition and degradation reactions |

Michael-type Hydrolys:s \/HrOH
R1 addition \/\H/R
Rz —— RA 2
%\g Retro-MrchaeI
R \)\rrRz

GSH

Figure 1. Thiol-based Michaelype addition (left) and the tv
degradation reactions that its products may undéiglbt).

slower with amides or methacrylates, and slowest for
methacrylamides, which combine steric hindrance with poor
electronegativity of amides (see also Supportinfprination,
Section S2.3 and Table S3). Please note that tkemide-based
AcAEMi was excluded from this analysis, because ofitsost
instantaneous reactivity with both thiols, and diezause of its
interference with the Ellman’'s reagent (see Suppgrti
Information, section S2.5). For similar reasons, have not
considered vinyl sulfones: if on one hand they rreath thiols so
rapidly to be kinetically selective over acrylates) the other
hand this reactivity is marred by the parasite talliof OH at
even mildly basic pH.

NAC is a stronger acid than 3-MPA, this means thata a
given pH, NAC has a higher proportion of thiolates Hretefore

Library of reactants ‘

R= H CH, + Thiols
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Figure 2. Summary of the reactants used in this study:
nucleophiles (NAC and BAPA) and a small library
acceptors. A third thiol (G-SH) was used in rdit@hae
studies.
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sho then
very apparent with acrylates, but marginal or simpyobserved pH << pKa, e.g. In a shghtly acidic environment.

for all other acceptors (Figure 3C, left); this nrajse questions
about the general applicability of selectivity amdy even seem
somehow counter-intuitive: a tenet of organic chémigs that
selectivity is expected in slower reactions. Thifeetf however,
is a simple result of the effect of the thiol/tlaitd ratio on the
reaction kinetics. Thiols are present in two nuplabic forms,
i.e. protonated thiols and deprotonated thiolatdsch are in a
pH-controlled equilibrium and are differently chady and
reactive. For any given thiol, it is therefore pbks to
discriminate the largely pH-independent contribusiof the two
forms to the overall reaction kineticskyfae and Ko,
respectively), with coefficients that reflect theniation degree
a of the group. It then becomes apparent that & thiolate
form, 3-MPA and NAC react with the same speed with all
acceptors (no 3-MPA / NAC selectivity; see purple sgsian
Figure 3C, right), and b) they do so also in thhiol forms
(black squares), albeit with a slower kinetics andhwihe
presence of one outlier (ACAEA, with very large errard).
Therefore, the observed selectivity is merely deotion of the
different amounts of thiolates (more reactive noptgles;
compare red and black squares) produced by thioth wi
different pKa.

Another point worth of clarification is the stabilitgf the
products of Michael-type addition, and whether hiyghis and
retro-Michael-type/thiol exchange or both (Figuréd)4can
differently affect products with different structsreWe have
synthesized adducts of all acceptors with NAC (fortlsgtic
details, see Supporting Information, section S16J.INAC was
chosen because it can mimic the structure and Heeroghemical
behaviour of cysteine-containing bioconjugates @ins,
peptides). We monitored the disappearance of thddects at
pH 7.4 and 7.9 (Figure 4B, top) in the presence cbrapetitive
thiol (G-SH), which is about one order of magnituderenacid
than NAC (see Supporting Information, Table S1) and used
in a 10 molar excess. All compounds showed a pseitstmfder
behaviour, whose degradation rate constdqi,4) can be
obtained as the slope of a plot lf([adduct]/[adduct],) vs.
time (see Supporting Information, Table S4). Asadseknown
from literature, maleimide adducts were the mostabis, which
is due to the occurrence of retro-Michael followgdexchange
with G-SH and/or hydrolytic ring-opening (see Supipgrt
Information, section S2.4§:* It Is worth noting that after ring-
opening, the resulting succinimide thioethers regaly undergo
no further thiol exchange, suggesting the rapidorbtichael to
The situation can also be described through a geomgribution  be a peculiarity of maleimide derivativé's.

approach, similar to what already used for other hdéa-type
additions*”*®if we plot both thiolate and thiol kinetics congtan
vs. Hammett constanto (one of the two parameters of the
Hammett equation) calculated considering the suwiestiton the
a,B-unsaturated Michael-type acceptors, the experiahgudints
for the 3-MPA and NAC in a thiol form are aligned atidtinct
from those (equally aligned) of them as thiolaéss means that
the reaction constanp (the slope) depends on whether the thiol
group is protonated or not, but not on identitgesbr polarity of
the nucleophile. It is also noteworthy that, althioutiiolate
kinetic constants are many order of magnitude fatigen those

A1 3-MPA conversion|

For the products of all other acceptors, their nstability was
in the order acrylates < methacrylates < acrylamide
methacrylamides (Fig 3B, bottom), i.e. less stdlsichindered
esters react rapidly, amides are the most stabis.drder would
suggest a hydrolytic degradation mechanism, andeiddHPLC-
MS identified hydrolysis products (Figure 4C, seésoa
Supporting Information, section S2.6) as the ontiditional
compounds present in the reaction environment eaftgr 2
weeks; no G-SH-containing product was detected fgradrthe
adducts. This points to hydrolysis as the main agative path
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A | Degradation reactions |
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Figure 4. A. Possible degradation processes occurring on Mitigpe adductsB. Kinetics of degradation of Michael-type adducts
(top; please note that lines are just guides for ewdts) 10 eq. of G-SH at pH 7.4 and 7.9 and 37 °Q emrresponding pseudo-
first-order constantsbfttom). C. RP-HPLC/ESI analysis of HEMA-NAC, showing the apmnce of a hydrolyzed product (see
Supporting Information Figure S5-6 for the masscsipeof the hydrolyzed products of HEA-NAC, HEMA-NKIA ACAEA-NAC
and AcCAEMA-NAC). Statistical analysis through a Z2YAANOVA,; ** - p<0.01,*** - p<0.001

for non-maleimide Michael-type acceptor, and toléss reactive
but more stable (meth)acrylamide derivatives eatiamal choice
of acceptor.

3. Conclusions

In short, this study has provided two important gesiriteria:
1) whatever the chemical structure of the thiolait&dity is the
primary controller of the reaction kinetics, 2) ahgated amides
endow their constructs with the highest kinetic ditgbagainst
hydrolysis, although suffering of a somehow sluggishction
kinetics (tens of hours to completion). If thisais issue, it can be
overcome by lowering the thiol pKa through appragria
engineering of its structure (e.g. adding vicinatianic sites}® ;
the caveat of this approach is that more acidic thiols argoal
more prone to disulfide formation, so additiondkation has to
paid to avoid their oxidation.

4, Experimental section

Determination of rate constants:

All Michael-type addition reactions a8-MPA or NAC onto
various acceptors were carried out in a 96-well pdate0 °C, at

various pH (7.9, 8.1, 8.6, 9.0), using a 80:20 % sblvent
mixture of 100 mM Tris buffer/EtOH and three diffeten
thiol/Michael-type acceptor molar ratios (1:3, 189 for the
more reactivéHEA andAcAEA, and 1:30, 1:60, 1:90 for the less
reactiveHEM A, ACAEMA, ACAEAmM andAcAEMAmM). Please
note that the presence of EtOH is necessary to erthat all
reaction partners (in particular the rather hydapb 3-MPA
and HEMA) are fully soluble in the medium. After theactions
were quenched with diluted HCI at different time psjnthe
Ellman’s test (see Supplementary Information sect®i.3.1)
was employed to measure the unreacted thiol coratemtrin
each well. The unreacted thiol concentratipthiol], was
corrected by the amount of disulfides producedngttame point
(see Supplementary Information section S1.3.2)thad used to
calculate the unreacted double bond concentrdtédkene], =
[alkeng] , — (thiol]g -[thiol]; )), under the assumption that the
alkenes undergo solely Michael-type addition. The tesidual
concentrations can be combined with the respecthigiali
concentration§thiol]  and[alkene] ; in a general equation for the
time-dependent reagent consumption, as expressedgth an
effective kinetic constant.f please note that the latter can also
be (and is in our cases) a negative number.



n <M> )

[thioly][alkene]

Sihge the Stangarddefiniton Fanar observed catestant (k)
is as provid_eg(in Equatik)n 2,) o
- thiol

thiolate —

1 ; [thiol][alkene,]
([thioly] — [alkeney)) n ([thiold[alkene])

@

Then it is possible to use the determined valudgyab calculate
those of k,s, which are independent of the initial concentration
of the reagents. Please note that, in order toalahe initial
concentrations of the two reagents cannot be icnti

kerr = kops([thiol], (3)

In addition, the reactions involvilgcAEMi were evaluated via
RP-HPLC (see section 1.2), since previously obtairesiilts
from Ellman’s tests withACAEMi demonstrated that the
maleimide-containing compound showed reactivity tasar
thiol-based nucleophilic reaction products (TNB thereby
invalidating this test for the determination of theactants’
concentrations (see Supplementary Information @ec81.6.1.2
and section S2.4 and Figure S4).

We here describe the reaction betwéHbA and3-MPA at pH
7.9 as an example. A thiol stock solution (2 mMwiater and
three HEA solutions at different concentration (6 ah2l 18 mM)
in a 60:40 % v/v solvent mixture of Tris buffer @M, pH 7.9)

5
pKa
(Supporting Information sections S1.3.2) the ratestants for
deprotonated and protonated thiolg;{ke and ko, in M™-s%)
can be obtained through Equation 4:

(4)
wherea is the molar fraction of deprotonated thiol,
[thiolate] _ Kq
" [thiol]+[thiolate] ~  [H*]+Kq

Knowing  the
In([adduct]) = —kgeq - t + In([adduct],) ~ PKa values
(Supporting
Information
Table S1) of 3-MPA and NAC in the reaction environméhnis
therefore possible to separately obtain the ratestamts from a
plot of kys Vs. 0, ki being the intercept and thus allowing the
calculation of k;qe from the slope of the graph.

Stability of the Michael-type adducts:

Analysis via RP-HPLC: Michael-type adducts were dissolved
at a concentration of 1 mM in phosphate buffer {8, pH 7.4
or 7.9) containing 10 mM G-SH, and all samples irated at 37
°C. At regular intervals, 40QL aliquots of the samples were
collected and added to 10Q of a 1.0 M HCI solution to reduce
the pH and quench the Retro-Michael-type additicactiens.
Quenched samples were stored at -20 °C until analyséty
RP-HPLC to calculate the concentrations of intactuats. The
rate constants and half-life for the degradationetics of the
Michael-type adducts in the reducing environmentsewthen
determined using the pseudo-first order rate lavEgfiation 5
and 6, respectively.

and EtOH were prepared (note: ethanol ensures complete

solubilisation of the Michael-type acceptors). 300aliquots of
each acrylate solution and 300 pL aliquots of thiel tsolution
were then pipetted into individual wells of a 96-welhte, and

left to incubate at 301C for 30 min in the microplate reader. The

Michael-type addition reactions were initiated byliag 100 pL
of the thiol solution to the first three wells caniag 100 pL of
6, 12 and 18 mM acrylate solutions (resulting infiaal
thiol:acrylate molar ratio of 1:3, 1:6 and 1:9, pestively). The
reactants were mixed thoroughly by pipetting and risection
was then continuously incubated at 3@. These steps were
repeated for the other aliquots of acrylate sohdievery 5 min
for 45 min. Thereafter, the reactions were quenchgdthe
addition of 100 pL of a 250 mM HCI (aqg) solutionteafwhich
the unreacted thiol concentration in each well wasédiately
evaluated via Ellman’s test.

The numerical value for the substituent constanelative to
each Michael acceptors was approximated as the $tine 6,4
values relative to the two substituents (variousbasylic
derivatives, methyl or H) on the double bond, whichrene
obtained from Carey F.A., Sundberg R.J. (1990) Stadd
Description of Organic Reaction Mechanisms. In: Adeahc
Organic Chemistry. Springer, Boston, MA. Please ribé&t for

®)
(6)
In(2)
where [agdyct] and [adduct], are the concentrations of the
Michael-type adducts at tinteand at timeD, respectively; lyis
the degradation rate constant for the addugiss the half-life of
the degradation process.
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what pertains to carboxylic groups, we consideredir the Supplementary Material

contribution similar to that of an acetoxy residie HEA,
HEMA, AcAEA andAcAEMA, andto that of an acetamide for
AcAEAmM andAcAEMAmM, bothin para position of an aromatic

system (respectivelg=0.31 and 0.0); the values of methyl and

proton were respectively -0.14 and 0.0.

Discrimination of thiol/thiolate rate constants:

Supplementary material that can be found online.
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- Thiolate concentration is the determinant of thiol Michael-type reactivity.
- Retro-Michagl (= thiol exchange) appears to be relevant only for maleimides.
- Hydrolysisismore likely for acceptors that accel erate the reaction (e.g. esters).

- Acrylamides + acidic thiols offer the best combination of stability + reactivity.
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