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Mechanism of Hydrolysis and Aminolysis of Homocysteine Thiolactone
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Abstract: Homocysteine thiolactone
(tHcy) is deemed a risk factor for car-
diovascular diseases and strokes, pre-
sumably because it acylates the side
chain of protein lysine residues (“N-ho-
mocysteinylation”), thereby causing
protein damage and autoimmune re-
sponses. We analysed the kinetics of
hydrolysis and aminolysis of tHcy and

studied (thio and oxo)esters and (0x0)-
lactones, aminolysis of thiolactones was
found to be first order with respect to
amine concentration. Anchimeric assis-
tance by the a-amino group of tHcy
(through general acid/base catalysis)
could not be detected, and the Brgnst-
ed plot (nucleophilicity versus pK,) for
aminolysis yielded a slope (™) value

of 0.66. These data support a mecha-
nism of aminolysis where the rate-de-
termining step is the formation of a
zwitterionic tetrahedral intermediate.
The p™ value and steric factors dictate
a regime whereby, at physiological pH
values (pH 7.4), maximal reactivity of
tHcy is exhibited with primary amine
groups with a pK, value of 7.7; this

two related thiolactones (y-thiobutyro-
lactone and N-trimethyl-tHcy), and we
have thereby described the first de-
tailed mechanism of thiolactone ami-
nolysis. As opposed to the previously
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Introduction

Homocysteine (Hcy) is a known risk factor for cardiovascu-
lar disease and stroke in humans, although its mechanism of
action is largely unknown.?) Recently, the toxicity of Hcy
has been attributed, amongst other factors, to homocysteine
thiolactone (tHcy, Scheme 1), a product of Hcy editing by
tRNA synthetases.'? tHcy was shown to acylate protein
lysine side chains (“N-homocysteinylation”, Scheme 2) in an
irreversible fashion.”!

Due to the presence of a thioester moiety that acts as an
electron-withdrawing group, the pK, value of the amine
group of tHcy is 7.1,/ which is ~3 units below the pK,
value of ordinary amino groups, for example, the e-amino
group of lysine side chains (pK,=10.6). Consequently, N-ho-
mocysteinylation causes a modification of the protein’s
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allows the reactivity of various protein
amino groups towards N-homocystei-
nylation to be predicted.
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Scheme 1. The thiolactones studied: A) Homocysteine thiolactone in its
base (tHcy®) and acid forms (tHcyH™), B) y-thiobutyrolactone (YTBL),
and C) N-trimethylhomocysteine thiolactone (N3Me-tHcy*) and its
enolic tautomer.

structure and of its isoelectric point. It also attaches a free
thiol group at its surface. These changes can induce loss of
protein function, denaturation and precipitation and can
elicit autoimmune responses.® N-homocysteinylation has
been investigated at the protein level, but surprisingly little
attention has so far been devoted to the basic chemical as-
pects of the reaction.! The aminolysis reactions of
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Scheme 2. N-homocysteinylation of protein amino groups.

esters,” ' thioesters”!!! and oxolactones!™! have been all
studied in the past but, to the best of our knowledge, no
such study has been performed with thiolactones, let alone
with tHcy. In the case of N-homocysteinylation of proteins,
several important questions have not been answered yet.
What is especially astonishing is that relatively rapid nonen-
zymaticP®! N-acylation of proteins takes place in the serum at
physiological pH values, conditions under which less than
one thousandth of the lysine residues are deprotonated, and
numerous other nucleophiles (including water) can compete.
The steric and electronic factors that govern the reactivity
of amino groups with tHcy have not been studied either; in
particular, N-terminal amino groups of proteins exhibit
lower pK, values (~8.5) and are therefore obvious targets
for modification, yet they do not seem to preferentially un-
dergo N-homocysteinylation.”? Likewise, it is not known,
apart from in the specific case of Lys525 in human serum al-
bumin (HSA),””) whether and why certain lysine residues
react faster than others with tHcy.

To provide further insight into the mechanism of N-homo-
cysteinylation, kinetic studies of hydrolysis and aminolysis
of tHcy were performed. Amines with various pK, values
and steric crowding were used to examine the influence of
steric and electronic effects on the reaction rates. The pH-
rate profiles of hydrolysis and aminolysis of tHcy were con-
structed, along with the Brgnsted plot (amine nucleophilici-
ty versus pK, value). Our goals were to investigate the
mechanisms of both reactions and analyse the steric and
electronic factors that govern the reactivity of amino group
in proteins. Amongst others, one question that drew our at-
tention regarded the role of the a-amino group of tHcy: Is
its influence on the reaction rates merely electrostatic, or
does it provide intramolecular catalysis through anchimeric
assistance (Scheme 3)? Anchimeric assistance could, for one
thing, facilitate the reaction of protonated amino groups,
thereby accounting for the rapid N-homocysteinylation of
lysine residues at physiological pH values.

To better understand the effects of the o-amino group of
tHcy, the hydrolysis and aminolysis of two reference com-
pounds, y-thiobutyrolactone (YIBL) and N-trimethylhomo-
cysteine thiolactone (N3Me-tHcy™; Scheme 1), were also in-
vestigated. Comparison of the kinetics of tHcy with those of
YIBL allowed us to distinguish between general features of
thiolactones and the effect of the a-amino group, for exam-
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Scheme 3. Putative models of anchimeric assistance in tHcy: intramolecu-
lar general base catalysis (left), and intramolecular general acid catalysis
(right). NuH refers to H,O (hydrolysis) or RNH;* (aminolysis).

ple, anchimeric assistance. The N3Me derivative of tHcy
was chosen because it mimics the electrostatic contribution
of tHcy’s amino group in its protonated state (tHcyH™;
Scheme 1), yet it is unable to participate in intramolecular
general acid/base catalysis. Analysis of the rates and pH-
rate profiles observed with tHcy and the above reference
compounds provides no indication for anchimeric assistance
by the a-amino group of tHcy. Altogether, the data provide
a detailed mechanism for both the hydrolysis and aminolysis
of thiolactones in general, and tHcy in particular, and allows
the prediction of the reactivity of various protein amino
groups towards N-homocysteinylation.

Results
Mechanism of hydrolysis
pH-rate profile of yYIBL: The hydrolysis of YTBL (Scheme
1B) was first studied as a simpler model for the hydrolysis

of tHcy, and its pH-rate profile was constructed (Figure 1).
Equation (1), where k©H"BL and H:0MTBL) were left as
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Figure 1. pH-rate profiles of hydrolysis of YTBL, tHcy and N3Me-tHey*.
Logarithmic values of the apparent rate constants of YTBL (a), tHcy (e)
and N3Me-tHcy* (o) hydrolysis are plotted against pH value. The values
reported correspond to the rate constants measured at /=0.2M, and 21+
1°C, except for yTBL (pH 4-8) and tHcy (pH 4 and 5) for which the
values plotted were extrapolated from measurements at 60°C. All rates
were extrapolated to zero buffer concentration. The estimated maximum
of experimental error ranges for the rate constants is +10% for the
rates directly measured and +25 % for the extrapolated rates. Data were
fitted to Equation (1) for yTBL, Equation (3) for tHcy and Equation (4)
for N3Me-tHey, as indicated in the Results section.
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floating parameters and [H,O]=55wm, provided a good fit
for the experimental data throughout the pH range.

v = (KO ATPD[OH |4+ k(AP [H,0]) x [yTBL] (1)

The pH-rate profile indicates OH -catalysed hydrolysis
for pH>7 and noncatalysed (“water-catalysed”) hydrolysis
for pH <7. The introduction of an H catalysis component
into Equation (1) did not provide a better fit to the experi-
mental data and was therefore ignored. The second-order
rate constants derived from the fit to Equation (1) are pro-
vided in Table 1.

Table 1. Kinetic parameters of hydrolysis of YTBL, tHey®, tHcyH™* and
N3Me-tHcy* .1

Rate constants yTBL tHcey® tHeyH™ N3Me-tHcey*
KO [m'h] 6.5%10% 1.8x10° 5.0x10* 42x10*
MO [M~Th] 1.2x10°° N.D. 1.7x107° N.D.

[a] The maximal estimated error range for the second-order rate con-
stants is £35% (+25% from the experimental error and +£10% from
deviations from the fit). N.D.=not determined.

pH-rate profile of tHcy: The general rate law of tHcy hy-
drolysis is affected by the acidic and basic forms of tHcy
(tHcyH™ and tHcy®, respectively), which can exhibit specific
acid catalysis, specific base catalysis and water catalysis with
different rate constants. It is a sum of six terms,' with the
concentrations of tHcy® and tHcyH™* being themselves pH
dependent [Eq. (2)].

V= (k(H+/tHcy")[H+}+k(OH’/tHcy")[OH—}+k(H20/tHcy”)[HZO])
X [tHcy"]+(k(H*/tHcyH*) [H*] 4 kO /M) [ O] 2)
+k(HzO/chyH*)[H20]) % [tHCyH+}

Fitting the pH-rate profile to Equation (2) is not suffi-
cient to determine the six second-order rate constants it
contains because some of the terms are kinetically indistin-
guishable (for instance, the term [OH |[tHcyH'] has the
same variation with pH value as [H,O][tHcy°]). However,
additional data indicated below resolve this ambiguity. The
pH-rate profile of tHecy (Figure 1) was constructed from
pH 4 to pH 11, and a rate law that carries only part of the
terms of Equation (2) was sufficient to account for the ex-
perimental data [Eq.(3)], with [tHeyH*t]=[tHcy],/
(1410°"-7D) and [tHey®] = [tHey],o/ (141071 7Py,

V= k(OH’/tHcy")[OH—][tHCyn]+(k(OH’/tHcyH+)[OH—]

RO [, O]) x [tHeyH '] G

As for YTBL, acid catalysis was not observed within the
pH range surveyed, and tHcy hydrolysis is hydroxide cata-
lysed at pH>8 and water catalysed at pH < 6. The shoulder
appearing for intermediate pH values around the pK, value
of tHcy (7.1) seems to indicate that hydroxide-catalysed hy-
drolysis is faster for tHcyH™ than for tHcey®. Indeed, pH var-
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iations around the pK, value of tHcy entail variations of
tHcyH* and OH™ concentrations in two opposite ways,
thereby giving rise to the observed shoulder, if it is assumed
that tHcyH™ is hydrolysed faster that tHcy®. Alternatively,
this shoulder could correspond to water hydrolysis of tHcy®.
These mechanisms are kinetically indistinguishable and the
actual mechanism could be described by either one of these
hypotheses or a combination of both.

pH-rate profile of N3Me-tHcy*: To provide further insights
about the relative importance of these two descriptions of
the pH-rate shoulder and, specifically, to estimate the level
of activation by the positively charged a-amino group of
tHcyH™, N3Me-tHcey* (Scheme 1C) was synthesised, and its
pH-rate profile was constructed. The replacement of hydro-
gen atoms by three methyl groups renders impossible the
loss of the positive charge on the nitrogen atom and thereby
simplifies the rate law and pH-rate profile (Figure 1). The
plateau observed at pH >9 probably corresponds to an acid-
obasic equilibrium, that is, to the formation of an enolate
(Scheme 1C). The a proton is labile due to the presence of
two electron-withdrawing groups (the carbonyl group of the
thioester and the positively charged quaternary ammonium).
Indeed, in contrast to the results with tHcy, the a proton of
N3Me-tHcy* gives no signal in the proton NMR spectrum
in D,O, a result suggesting a fast exchange with deuterium
atoms due to the low pK, value. The hydrolysis of the zwit-
terionic enolate form is probably extremely slow, hence the
plateau observed. Below pH 8§, the rates are linearly propor-
tional to hydroxide concentration, and the experimental
data could be readily fitted to Equation (4) to yield k©"’
NaMe-tHey™) — 49 % 10*Mm'h™" and pK,(N3Me-tHcy*)=8.8.

' k(OHi/NSMFtHCW) [OHi] [N3Me-tHcy+]1ol/
(1+10(pH7pKa (N3Me—tHey" )))

)

Mechanism of tHcy hydrolysis: The hydroxide-catalysed hy-
drolysis occurs 23 times faster with N3Me-tHey?t than with
tHcy® (Table 1). If N3Me-tHcey™ is actually a good model
for the protonated form of tHcy (tHcyH™t), the latter result
is consistent with the facts that tHcyH™ is much more reac-
tive than tHcy® towards hydroxide-catalysed hydrolysis and
that hydroxide-catalysed hydrolysis of the former dominates
the shoulder part of the pH-rate profile at pH >7. Indeed,
fitting the pH-rate profile of tHcy with Equation (3) gives
the following value for the base-catalysed hydrolysis con-
stant of tHeyH™*: k©H /M — 5 0% 10*M 'h~". Thus, accord-
ing to this model, k©" M) apg fOHMNMetHa™) gre equal
within the margin of experimental error, and the hydroxide-
catalysed hydrolysis of tHcyH* turns out to be 28 times
faster than that of tHcy® (Table 1). It seems therefore un-
likely that the “water-catalysed” hydrolysis of the neutral
form of tHcy significantly participates in the reaction
around pH 7-8.

These results are also of significance concerning the pro-
pensity of the a-amino group of tHcy to accelerate the reac-
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tion rates through anchimeric assistance. First, it appears
that intramolecular general acid catalysis by the protonated
o-amino group is nonexistent in the case of hydrolysis.
There is only a 14-fold difference between kMO apq
KHONTBL) (i comparison to a 28-fold difference between
tHcy® and tHeyH™ for the hydroxide-catalysed reaction),
which strongly suggests that intramolecular general acid cat-
alysis is not a contributing factor. Second, it is likely that in-
tramolecular general base catalysis provided by the neutral
a-amino group is essentially none. Although its exact value
cannot be directly determined, a maximum estimate of
KH0MHY) can be assessed. Assuming that water catalysis of
tHcy® accounts fully for the presence of the shoulder in the
pH-rate profile of tHcy (which is the most unlikely hypoth-
esis), we find K, PO 21,1 x 107 M h ! a7 x kHOMHHY)
Thus, k™O"™%) js of the same order of magnitude as
kRO - shecies for which intramolecular general base
catalysis cannot occur. Consequently, proficient anchimeric
assistance through the neutral amino group of tHcy is very
unlikely to occur in the case of hydrolysis.

To summarise, the hydroxide-catalysed hydrolysis occurs
with tHcyH* approximately 28 times faster than with tHcy®
and approximately 77 times faster than with yTBL. The
water-catalysed hydrolysis occurs with tHcyH*' approxi-
mately 14 times faster than with yYTBL. Electrostatic effects
largely account for these differences, and no contribution of
the a-amino group of tHcy through intramolecular general
acid/base catalysis was identified.

Mechanism of tHcy aminolysis

Steric effects on aminolysis of tHcy: The rates of aminolysis
of tHcy by glycinamide, 1L-leucinamide and tris(hydroxyme-
thyl)aminomethane were measured at pH 8 with amine con-
centrations ranging from 0.025-0.4m. These amines have
similar pK, values but different steric crowding on the o-
carbon atom. The apparent rates measured were plotted
against the amine concentration and are presented in
Figure 2. The data could be fitted to a straight line with a
good correlation, which indicates that, within the range of
concentrations surveyed, the rate of aminolysis of tHcy
shows a first-order dependency with respect to the total con-
centration of amine.

As expected, the rate of aminolysis decreases when steric
crowding of the a-carbon atom increases. Despite almost
identical pK, values, glycinamide reacts approximately 9
times faster than L-leucinamide and at least 22 times faster
than tris(hydroxymethyl)aminomethane. However, since all
three amines absorb at around 200 nm, the actual formation
of the amide bond could not be detected, and tris(hydroxy-
methyl)aminomethane, in particular, could also accelerate
the disappearance of tHcy through general base-catalysed
hydrolysis. Thus, the above values represent a minimum esti-
mate for the steric effects.

Electronic effects on aminolysis of tHcy: The pH-rate pro-
files of tHcy aminolysis with aminocaproic acid (ACA), 2-
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Figure 2. Rates of aminolysis of tHcy by glycinamide, L-leucinamide and
tris(hydroxymethyl)aminomethane (21+1°C, I=0.2m). The apparent
first-order rate constants of disappearance of tHcy in aqueous solutions
(pH 8) of glycinamide (pK,=8.0), L-leucinamide (pK,=7.8) and tris(hy-
droxymethyl)aminomethane (pK,=8.0; for pK, values, see referen-
ces [17-19]) were plotted against amine concentration. The rates of tHcy
hydrolysis under the same conditions were substracted, and the data
were fitted to a straight line whose slope and intercept were left as float-
ing parameters. The slopes correspond to the second-order rate constant
of aminolysis at pH 8 (in M~'h™"). TRIS=tris(hydroxymethyl)amino-
methane.

methoxyethylamine (MEA), propargylamine (PAA), glyci-
namide (GA) and 222-trifluoroethylamine (FEA) were
constructed. These amines possess varying pK, values and
nonhindered o carbon atoms. Figure 3 presents the logarith-
mic values of the apparent rate constants for a total amine
concentration of 25 mwm, plotted against pH value. The ex-
perimental data could be readily fitted to Equation (5),
where kRNHHHAHY) gpq (RN wore Jeft as floating pa-

Ih?' ——
o
1

obs

log k
1Y
!

pH ——»

Figure 3. pH-rate profiles of aminolysis of tHcy (21°C, [=0.2wm,
[Amine] =25 mm). Logarithmic values of the apparent rate constants of
aminolysis of tHcy by aminocaproic acid (ACA, e), 2-methoxyethyl-
amine (MEA, 0O), propargylamine (PAA, o), glycinamide (GA, A) and
2,22 -trifluoroethylamine (FEA, o) were plotted against pH value. The
rates were extrapolated to zero buffer concentration, and the rates of hy-
drolysis at the same pH value were substracted. The maximum estimated
error range for the apparent rate constants is +20%. Data were fitted to
Equation (5) as indicated in the Results section.
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rameters and RNH, refers to the neutral (basic) form of the
attacking amine ([RNH,]=[Amine],,/(1+10P%PHy:  the
pK, values of the various amines and the second-order rate
constants determined by this fit are indicated in Table 2.

Yy = (k(RNHZ/tHcyH+)[tHCyH+}+k(RNH2/tHcy")[tHCyo]) X [RNHZ]
(5)

Table 2. Kinetic parameters of aminolysis of tHey (21°C, I=0.2m).1%

Rate constants ACA MEA PAA GA FEA
KH) [MTh ) 440 70 30 7 0.2
K =11 600 110 80 16 N.D.
J(HeH) j((Hey?) 1.4 1.6 2.7 22 N.D.
literature pK, values!™™  10.8 9.4 8.2 8.0 5.6

[a] The maximal estimated error range for the second-order rate con-
stants is +30% (£20 % from the experimental error and +10% from de-
viations from the fit). N.D.=not determined.

From the pH-rate profiles, we can deduce several impor-
tant conclusions concerning the mechanism of aminolysis of
tHcy. First, the rates of aminolysis of tHcy are directly pro-
portional to the concentration of the neutral (basic) form of
the attacking amine and obey a first-order regime. The
effect of the charged (acidic) form of the attacking amine
on the rate of aminolysis of tHcy is essentially none, which
rules out its participation in the reaction. Besides the fact
that the experimental data can be fitted to an equation in
which the charged form of the attacking amine (RNH;%) is
not taken into account, it is immediately visible that the
rates correlate with the concentration of the basic form of
the amine: below the pK, value of each amine, a straight
line with a slope of +1 is observed, whereas a plateau for
logk,,s appears above the pK, value (Figure 3). As it is the
case for hydrolysis, the a-amino group of tHcy does not
seem to participate in the mechanism through anchimeric
assistance.

Second, the aminolysis of tHcy is not hydroxide catalysed.
Several instances report that the aminolysis of esters or thio-
esters is base catalysed,'"' in particular, by the attacking
amine itself (which requires the introduction of quadratic
terms in the rate law) or by hydroxide ions. In the present
case, no catalysis by hydroxide ions seems to occur, since
the apparent rates measured are pH independent above the
pK, value of the attacking amine. In order to determine
whether this was particular to homocysteine thiolactone or a
general feature of thiolactones, the pH-rate profiles of ami-
nolysis of YTBL with aminocaproic acid, 2-methoxyethyla-
mine and glycinamide was constructed; the same behaviour
was observed (data not shown). Additionally, the average
ratio for kK®NH/Hey) (RNIATBL) ¢ approximately 941, which
is similar to the value determined for the hydroxide-cata-
lysed hydrolysis (k©H/He¥)/OH B 3. Table 1).

Third, unlike the rate of hydrolysis, the rate of aminolysis
is largely independent of the protonation state of tHcy.
Unlike the pH-rate profile of hydrolysis (Figure 1), the pH-
rate profile of aminolysis does not present a shoulder
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around the pK, value of tHcy (7.1). This reveals that the
rates of aminolysis of tHcy® and tHcyH™ are of the same
order of magnitude, which is also apparent from the rate
constants obtained from the fit of the pH-rate profile to
Equation (5) (Table 2).

We have also tried to measure the rate of aminolysis of
N3Me-tHcy™, but we could not detect any aminolysis at
pH 8 in the presence of 0.1m of aminocaproic acid, 2-me-
thoxyethylamine or glycinamide, nor in the presence of 0.1m
of ammonium chloride (data not shown), with the latter
showing that steric effects do not account for the low reac-
tivity of N3Me-tHcy™* towards amines. Assuming an experi-
mental error of 20% on the measured second-order rate
constants, we assess that k®RNH/N3MetHey®)  p (RNHIHS)14() byt
at this stage we cannot provide an unambiguous explanation
for this difference.

Bronsted plot: The logarithmic values of kK®NHHY) were
plotted against the pK, value of the attacking amine (a
Brgnsted plot, Figure 4). Apart from a slight discrepancy ob-

3, ——y=-44016 + 0.65737x R=0.99935
T 2.5 -
- re
=
‘:E 1.5
=
%N 0.5 -
€ o4
-
8 -0.5
-1 T T T T T 1
5 6 7 8 9 10 11

pKa (amines) ——»

Figure 4. Brgnsted plot for tHcy aminolysis. Logarithmic values of the
second-order rate constants of tHcy® (solid line) and tHcyH™* (dashed
line) aminolysis with various amines were plotted against the pK, value
of the attacking amine. The data, excluding propargylamine, were fitted
to straight lines to give slopes (™) of 0.66 (tHcy®) and 0.56 (tHcyHT™).

served for propargylamine, the data could be fitted with
good correlation to a straight line with a slope of
™ (tHcy®) =0.66. (Propargylamine exhibits an aminolysis
rate that is approximately fivefold higher than expected for
its pK, value, possibly owing to an a effect by the adjacent
triple bond.) This suggests that the mechanism and the rate-
determining step of tHcy aminolysis remain constant
throughout the range of pK, values surveyed.'+¥ The loga-
rithmic values of k®N"MSHY) are also represented, although
the range of pK, values is restricted. (Due to technical rea-
sons, the second-order rate constant of tHcyH* aminolysis
with 2,2,2-trifluoroethylamine could not be measured.) With
the exception of propargylamine, a linear correlation with
pK, value is observed, thereby providing an estimated slope
of p™°(tHcyH™)~0.56.
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Discussion

The mechanism of tHcy hydrolysis and aminolysis: This
study indicates that the a-amino group activates tHcy (rela-
tive to YITBL) towards both hydrolysis (by ~3-fold for
tHcy® and ~77-fold for tHeyH™ for hydroxide-catalysed hy-
drolysis; Table 1) and aminolysis (by ~9-fold for tHcy® and
<20-fold for tHcyH™; Table 2). This activation seems to
result from through-bond electrostatic effects, since neither
the hydrolysis nor the aminoly-
sis of tHcy involves significant
general base or acid catalysis
through the a-amino group.
This is in accordance with the
intuitive representation of the
geometry of the reactants in
the corresponding transition
states: intramolecular general
base catalysis would force the
nucleophile to attack on the
bulky side of tHcy, while intra-
molecular general acid cataly-
sis would lead to the formation
of a loose five-membered hy-
drogen-bonded ring. Both of
these models seem to be irrele-
vant to tHcy hydrolysis and
aminolysis. Indeed, it has been
pointed out that intramolecular general acid/base catalysis
demands a very precise positioning of the groups in-
volved!"®***! and would otherwise only have minor effects
on the reaction rates.

Our results also highlight the fact that the basic and acidic
forms of tHcy exhibit different reactivities towards different
nucleophiles. Both tHcyH™* and its methylated counterpart
(N3Me-tHcy*) were shown to react with hydroxide ions ap-
proximately 25 times faster than tHcy®. By contrast, the rate
constants of aminolysis of tHcyH™" and of tHcy® are of the
same order of magnitude (Table 2), and N3Me-tHcy™ exhib-
its unexpectedly low reactivity towards amines. The noncata-
lysed (water) hydrolysis seems to follows the same pattern
as that with amines. Although the rates of tHcy® hydrolysis
by water could not be directly determined, we measured
k(HzO/IHCyH+)/k(HgO/"{TBL) ~ 14’ Whereas k(OH’/IHcyH*’)/k(OH’/y’TBL)
~77. Thus, the difference of reactivity between tHcyH* and
tHcy® (as well as yTBL) is much more pronounced for the
hydroxide-catalysed hydrolysis than for the water-catalysed
hydrolysis and for aminolysis. The reactivity of the nucleo-
phile therefore correlates with its charge: neutral nucleo-
philes (water, amines) react with both forms of tHcy with
similar rates, whereas anionic nucleophiles (hydroxide) react
much faster with the protonated form of tHcy.

General notes on the mechanism of thiolactone hydrolysis
and aminolysis: Our results allow the description of a gener-
al reaction mechanism of thiolactones that has not been
available thus far. However, the aminolysis reactions of
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(oxo)ester thioester: and (oxo)lactones!™ have
been thoroughly studied, both experimentally and computa-
tionally, and several important features have been reported.
First, relative to the simple mechanisms with anionic nucleo-
philes, aminolysis is complicated by the involvement of sev-
eral proton-transfer steps.”’ Hence, a more complex mecha-
nism (for example, that in Scheme 4) and rate laws with
linear as well as quadratic terms in amine and hydroxide
concentration become necessary.'>'>>! Proton transfer can

Bl
(0]
R3 /lk R3
_ ok R u/
s | O H,
_—
2
/H
o

BH*  +

H

B +R2/

X

R2/

XH

Scheme 4. A simplified scheme of the mechanism of aminolysis of esters (X=0) and thioesters (X=S). For
oxoesters, the second step (breaking of the C—X bond) was shown to be rate determining, whereas for thio-
esters the first step (formation of the tetrahedral intermediate) is rate determining.”!"! B=base.

occur in an intra- as well as intermolecular fashion, hence
the role of base catalysis (by a hydroxide, or a second amine
molecule) observed in the aminolysis of esters, thioesters
and lactones."™! Second, whereas oxoesters and thioesters
exhibit similar reactivities towards hydrolysis, aminolysis
occurs more readily with thioesters than with oxoesters. This
has been rationalised in terms of a change in the rate-deter-
mining step®"! (opening of the C—O bond for oxoesters,
nucleophilic attack for thioesters, since thiolate is a better
leaving group than alkoxide) and by the higher electrophi-
licity of the thioester bond due to the smaller degree of res-
onance of the sulphur lone electron pair.”) Third, the ami-
nolysis and hydrolysis® of lactones are much faster than
those of the corresponding open-chain esters. Indeed, the
opening of the C-O bond is facilitated in lactones by the
chain randomisation and the relief of steric strains that it
induces.["”)

It follows from these studies that both thioesters and oxo-
lactones react faster than the corresponding oxoesters with
amines and that, in both cases, the transition state is shifted
upstream (that is, the opening of the C—O or C—S bond is
easier than for oxoesters). We may therefore assume that
the rate-determining step of tHcy aminolysis is the nucleo-
philic attack of the amine, that is, once a tetrahedral inter-
mediate is formed, the proton transfer and the breakage of
the C—S bond will occur very rapidly. Our data support this
hypothesis. First, no quadratic term in amine or hydroxide
catalysis is detected in the rate law (that is, aminolysis is not
base catalysed), and proton transfer thus does not occur in
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the rate-determining step. Second, the fact that amines, but
not hydroxide ions, react with similar rates with tHcy® and
tHeyH™ is consistent with both reactions exhibiting “early”,
possibly zwitterionic, tetrahedral transition states that follow
the nucleophilic attack by an amine or OH™ ion. If this as-
sumption is followed, although the protonation of the o-
amino group of tHcy would destabilise the ground state in
both cases, it may stabilise the transition state for hydrolysis
but destabilise that of aminolysis, hence the large differences
in reactivity observed between tHcyH™ and tHcy® in the
case of hydrolysis but not aminolysis. This might be the
reason for the very low rate of aminolysis of N3Me-tHcy™,
where the presence of a permanent positive charge on the
oa-amine dramatically decreases the rate (by at least 40-fold
relative to tHcy®). Third, the linear fit of the Brgnsted plot
indicates that the rate-determining step of tHcy aminolysis
remains constant throughout the pK, range surveyed,!'*!
which seems to refute the possibility of a “late” transition
state. Indeed, it is highly improbable that the nucleophilic
attack would not be rate determining for low pK, value
amines of poor nucleophilicity, such as 2,2,2-trifluoroethyl-
amine. The comparatively high ™ value (Figure 4) suggests
that a partial positive charge is located on the nucleophilic
nitrogen atom in the transition state and could indicate the
presence of a zwitterionic tetrahedral intermediate
(Scheme 4).

To summarise the mechanistic discussion, this study points
out significant differences between the mechanism of thio-
lactone aminolysis versus that of lactones, esters and thioest-
ers. General base catalysis, by either an additional amine
molecule or a hydroxide ion is not required. The rate-deter-
mining step is the nucleophilic attack by the amine and not
the opening of the C—O or C—S bond. Finally, tHcy aminol-
ysis and hydrolysis do not involve efficient anchimeric assis-
tance from the oa-amino group of tHcy, and the propensity
of tHcy to react with amines stems primarily from the high
reactivity of thiolactones and the -electron-withdrawing
properties of the a-amino group in both its neutral and pro-
tonated states.

Implications for N-homocysteinylation of proteins: The
mechanistic insights also enable the prediction of the pro-
pensity of protein lysine side chains to undergo N-homocys-
teinylation in vivo. Let us assume first that protein lysine
residues exhibit the same reactivity as free lysine in solution
(pK,=10.6). We can thus evaluate the rates of tHcy hydrol-
ysis and aminolysis at the average serum pH value (7.4) to
be kMot 4 8% 10 h~! (first-order apparent rate con-
stant) and k@MY ~41%x10°M'h™' (second-order rate
constant). The aminolysis rate would therefore match the
hydrolysis rate at a total lysine concentration of approxi-
mately 19 mm (corresponding to approximately 1.2x107°m
deprotonated lysine). Indeed, this concentration (19 mm) is
comparable to the concentration of lysine side chains in the
serum. The total concentration of HSA lysines, for instance,
is approximately 40 mm.”! Since HSA is the most abundant
protein in serum, and by far the major target of homocystei-
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nylation,” our results suggest that in vivo protein N-homo-
cysteinylation may effectively compete with tHcy hydrolysis.

However, in contrast to this simplistic model, the pK,
value of the lysine side chains of proteins may significantly
deviate from the solution value of 10.6.%! A decrease of sev-
eral units in the pK, value is not uncommon for protein side
chains: an unusually reactive lysine residue with a pK, value
of 5.9 has been identified in acetoacetate decarboxylase,*”
and a pK, value of 7.9 was reported for Lys199 in HSA.!
Generally speaking, pK, depression of a lysine can occur if
it is buried in a hydrophobic environment®?” or if it neigh-
bours positively charged amino acids (such as histidine, argi-
nine or another lysine®). What then is the optimal pK,
value for tHcy aminolysis? If it is assumed that protein
lysine residues would react with the same rates as nonhin-
dered primary amines with the same pK, value in solution,
the dependency of the relative rate of aminolysis on the pK,
value of the attacking amine at the physiological pH value
(7.4) is given by Equation (6).

V(pKa) x 10(|3"“°(tHcy")pra(amine))/(1+10(pKa(amine)—7.4)) (6)

For ™°=0.66 (Figure 3), this function admits a maximum
at a pK, value of 7.7, thereby indicating that an amine with
a pK, value of 7.7 should react with tHcy approximately 6.5
times faster than free lysines in solutions.F”!

This model could therefore explain why certain lysine
side chains are preferential sites for N-homocysteinylation.
For instance, the high reactivity of Lys525 in HSA towards
N-homocysteinylation was attributed to a cross-talk with
Cys34.1 Alternatively, this reactivity could be accounted for
by a lower pK, value. In fact, Lys525 is one of the two most
reactive lysines in HSA and it proficiently reacts with other
kinds of nucleophiles that do not contain a thiol group (for
example, it is, in particular, a predominant site for nonenzy-
matic glycosylation).”

In general, the existence of preferential sites for N-homo-
cysteinylation seems a priori paradoxical, given that the
rates of homocysteinylation measured for various proteins
correlate with their content of lysine and with the rate of
aminolysis measured for free lysine in solution.”! However,
as demonstrated previously,””! significant variations of pK,
value concern only a small fraction of protein lysine resi-
dues. Consequently, if bulk rate constants are measured, the
high reactivity of a few activated lysines is largely masked
by the vast majority that possess a normal pK, value.”)

Our model may also explain why the N termini of pro-
teins that exhibit low pK, values (~8.5) do not comprise a
primary target for N-homocysteinylation.”! At pH 7.4, the
lower pK, value accounts for a mere 5-fold increase in the
rate of N-homocysteinylation compared to free lysine,
whereas steric effects (unlike lysine side chains, the N termi-
ni possess a secondary carbon substituent) may induce up to
10-fold lower rates (Figure 2). These two effects roughly
cancel each other out, and it therefore seems that protein N
termini have no preference over lysine side chains. A statis-
tical argument could then explain why homocysteinylation
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of N-termini could not be detected: since there is only one
N-terminal amino acid and many lysines per protein, the
propensity of N-termini to undergo N-homocysteinylation
remains undetectable in bulk measurements.

Experimental Section

Kinetics: Chemicals were purchased from Aldrich Chemicals Co. and
Acros Chemicals. Spectrophotometric measurements were performed on
a microtiter plate reader (PowerWave HT Microplate Scanning Spectro-
photometer; optical length~0.5 cm).

Hydrolysis: The hydrolysis of tHcy, YTBL and N3Me-tHcy* was followed
spectrophotometrically by monitoring the decrease in the absorbance of
the thioester bond at =240 nm® (¢ =2300+100 OD xm™"). tHey hydrol-
ysis was found to go to completion in all of the conditions surveyed, and
infinity points were stable. The values of k., the pseudo-first-order rate
constants, were computer calculated by using a rigorous least squares
procedure; they were found to be independent of the initial concentra-
tion of tHcy (0.5 mm in most cases). Various buffers were used: acetate
(pH 4-6), phosphate (pH 6-8), borate (pH 8-10) and carbonate (pH 11).
Mild buffer catalysis was observed with phosphate and acetate under the
conditions of the experiments (50 mm buffer). When necessary, the rates
were extrapolated to zero buffer concentration. Ionic strength was kept
constant at 0.2m by supplementation with NaCl. Most of the apparent
rate constants were measured directly at room temperatures (21°C+
1°C). In case the rates at 21°C were too slow to provide reliable data
(pH 4 and 5 for tHcy, pH 4-8 for yTBL), the experiments were carried
out at 60°C: the apparent rates at 60°C were measured from pH 4-10
for tHey and yTBL. The ratio k(60°C)/k(21°C) was found to be constant
within the margin of experimental error and equals 40+ 6. The apparent
rate constants at 21 °C were extrapolated by using this ratio, while assum-
ing that it is pH independent. When the measurements were duplicated
(tHcy, pH 6, 7 and 9; N3Me-tHcy™*, pH 8) or triplicated (tHcy, pH 8 and
10), the standard deviation observed was less than +10%. The experi-
mental error was thus assessed to 25% (10% (standard deviation)+15 %
(temperature factor)).

Aminolysis: tHcy aminolysis reactions were monitored by following the
absorbance of the solution of tHcy at 240 nm, which yielded a first-order
apparent rate constant after substraction of the background of hydrolysis.
Amide bond formation was also monitored directly by following the ab-
sorbance increase at 204 nm. (This wavelength was determined with 2-
amino-4-mercapto-N-propylbutanamide synthesised from tHcy and pro-
pylamine.) The initial concentration of tHcy was 0.5 mm. In order to
obtain pseudo-first-order rate constants, the attacking amine was used in
excess. In most cases, the amine concentration was fixed at 25 mm; how-
ever, in cases when 25 mM amine were not sufficient to overcome the
background hydrolysis, higher concentrations of amines (up to 200 mm)
were used. To construct the pH-rate profile, the data were extrapolated
to a concentration of 25 mM amine, with the assumption that the aminoly-
sis of tHcy was first order in amine concentration. This assumption was
verified by the experiments carried out with varying concentrations of
glycinamide, L-leucinamide and tris(hydroxymethyl)aminomethane. Ami-
nolysis was studied under the same buffer and ionic-strength conditions
as hydrolysis, except that all reactions were carried out at 21°C+1°C.
The dependency of the rates upon buffer concentration was investigated
for glycinamide from pH 6-10 by variation of the buffer concentration
and extrapolation to zero buffer concentration: the influence of buffer
concentration was found to be feeble, and aminolysis rates were correct-
ed accordingly. The experiments performed at pH 8 with varying concen-
trations of glycinamide, L-leucinamide and tris(hydroxymethyl)aminome-
thane were carried out without buffer, since the attacking amine itself
can act as a buffer in the vicinity of its pK, value. The aminolysis experi-
ments of tHcy with aminocaproic acid and 2-methoxyethymlamine at
pH 9 and 10 were duplicated, and the standard deviation observed was
less than +20%. Aminolysis of YTBL and N3Me-tHcy™* was investigated
by following the same protocol as for tHcy.
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Synthesis:

N3Me-tHcyt: Homocysteine thiolactone hydrochloride (500 mg,
3.26 mmol), methyl iodide (1215 pL, 19.6 mmol, 6 equiv) and triethyl-
amine (1810 pL, 52.1 mmol, 16 equiv) were dissolved in acetonitrile
(~10 mL) and stirred at room temperature. The reaction was monitored
by thin-layer chromatography (eluent: 5% methanol in dichlorome-
thane). A white precipitate appeared after approximately 15 min. After
1.5 h, the reaction mixture was cooled to 4°C for 15 min, and the precipi-
tated product (78 mg; yield =8 %, purity >95%) was collected; '"H NMR
(250 MHz, D,0, tetramethylsilane (TMS)): 6=2.52 (m, 1H), 2.80 (m,
1H), 3.16 (s, 9H), 3.31 ppm (m, 1H).
2-Amino-4-mercapto-N-propylbutanamide: Homocysteine thiolactone hy-
drochloride (200 mg, 1.30 mmol) and propylamine (321 uL, 4.90 mmol,
3 equiv) were dissolved in dichloromethane (20 mL) and stirred at room
temperature. The reaction was followed by thin-layer chromatography
(eluent: dichloromethane). After 24 h, the reaction mixture was cooled
to 4°C for 2 h and filtered under vacuum. The filtrate was evaporated
and dried under vacuum, and an oily product (194 mg; yield=68%,
purity >80 %) was collected; '"H NMR (250 MHz, CDCl;, TMS): 6 =0.76
(t, 3H), 1.39 (m, 2H), 1.80 (m, 2H), 2.43 (t, 1H), 3.04 (m, 3H), 3.49 ppm
(t,2H).
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