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ABSTRACT: Nowadays, the chemical conjugation to mPEG, also known as PEGylation, is a well-recognized technology used to improve
the pharmaceutical properties of the therapeutic proteins. Over the last 20 years, more than 10 PEGylated macromolecules reached the
market with tremendous success, whereas various other bioconjugates are under advanced clinical trials. mPEG-N-hydroxysuccinimidyl
carbonate is an important reagent of widespread application for the PEGylation of biomacromolecules. One of the most important chal-
lenges in this technology is the development of more selective PEGylation reagents aimed to provide more consistent polymer—protein
conjugates. One approach followed to improve the selectivity of PEGylation reagents is the design of less reactive derivatives, for exam-
ple, by incorporation of alkyl spacers between the polymer chain and the terminal reactive group. In this work, we prepared a family of
mPEG-N-hydroxysuccinimidyl carbonates bearing spacers of up to 6 carbon atoms. The kinetics of hydrolysis of the carbonates was
studied under different experimental conditions, as a straight measure of the influence of the length of the spacer on the reactivity.
By DFT calculations, we propose a detailed mechanism for the hydrolysis reaction. The influence of the length of alkyl spacer on the
reactivity of the carbonates and related esters is studied and discussed in detail. Finally, to further evaluate the reactivity, selected
N-hydroxysuccinimidyl carbonates were studied in the conjugation reaction of bovine lactoferrin. © 2018 Wiley Periodicals, Inc. J. Appl.
Polym. Sci. 2018, 135, 47028.
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INTRODUCTION with proteins and its stability toward hydrolysis. For example,
mPEG-NHS acetate (compound 1a, Figure 1) is so reactive that
it usually affords undesirable high degrees of the hydrolyzed
polymer and poly-PEGylated adducts, compromising the purifi-
cation of the required mono-PEGylated biomacromolecule, and
limiting the utility of this reagent. It has been reported that the
introduction of an aliphatic spacer of more than 2 carbon atoms
between the polymer chain and the terminal carboxylate-NHS
ester group, increases the stability of mPEG-NHS carboxylates."®

Since the FDA approved the first PEGylated product in the early
90s, the covalent attachment of mPEG to peptides and proteins
has been of outstanding relevance for the biopharmaceutical
industry. This technology, known as PEGylation, is used to
improve the biopharmaceutical properties of several macromole-
cules, which enabled a new generation of more effective and safer
biopharmaceuticals. The economic impact of this technology
shows a sustained increase over the years, and it is expected that
the market share of PEGylated drugs in Europe and the United The trend is that as the length of the spacer increases, the reactiv-

States only could reach as much as 10 billion by year 2024. ity decreases, or the stability increases upon hydrolysis of the
reactive polymer.'® In fact, kinetic data for the hydrolysis of

esters 1 have been published and used as a measure of the reac-

(NHS) esters 1 (Figure 1) and carbonate ester 2 (Figure 1) are tivity of mPEG-NHS esters. 12 However, despite of this wi dely
reliable methods to achieve peptide and protein PEGylation.

Thus, although reagent 1 affords amide protein-polymer bonds,
carbonate 2 provides stable urethane linkages."* It is noteworthy
that these chemistries have found widespread application in aca-
demia and industry to obtain bioconjugates with improved phar-
macokinetic profiles.’™

Acylation reactions of -NH, groups using N-hydroxysuccinimide

accepted tenet, an explanation for this phenomenon has so far
not been provided. In any case, it is nowadays well accepted that
mPEG-NHS propionate and butyrate (compounds 1b and 1d,
respectively, Figure 1) are less reactive than mPEG-NHS acetate,
making them more useful PEGylating reagents because the use of
excessive amounts of mPEG reagents needed to surpass instabil-
To be useful in PEGylation by acylation reactions, any given acyl- ity under aqueous conditions can lead not only to unwanted
ating reagent should present a good balance between its reactivity ~ over-PEGylation of the target protein but also to serious
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Figure 1. mPEG-NHS esters 1 and NHS carbonate esters 2 and 3.

difficulties in the purification of the conjugates. A similar reactiv-
ity pattern has been proposed for mPEG-aldehydes (acetalde-
hyde, propionaldehyde, and butyraldehyde), which are used for
site-selective conjugation by the reductive amination process.

mPEG-NHS carbonate 2 is structurally different from esters 1,
affording urethane polymer—protein linkages instead of amide
bonds. Although 2 is one of the most used reagents in PEGylation
technology, it has some drawbacks related to its reactivity and
instability in aqueous alkaline medium. Probably, because of the
lack of suitable synthetic intermediates, the introduction of aliphatic
spacers of more than 2 carbon atoms, as a means of reducing the
reactivity of compound 2, has not previously been investigated.

The in-depth knowledge about the reactivity of mPEG-NHS car-
bonates should enable a more rational design of the conjugation
reactions, in such a way as to allow decreasing unwanted second-
ary competing reaction, which should simplify the subsequent
demanding and expensive purification steps.

In this work, we introduce a simple method for synthesis of
mPEG-NHS carbonates bearing spacers of up to 6 carbon atoms
(compounds 3a-e, Figure 1), which have not previously been
reported. Compounds 3a-e are designed to provide PEGylation
reagents with tuned reactivity. A detailed kinetic study of the
hydrolysis reactions of the carbonates 3 is also presented and dis-
cussed. The mechanism of the hydrolysis reactions was studied
by DFT calculations, and an explanation for the effect of the
lengths of the spacer linker on the stability is proposed for these
materials and for relevant esters 1. In light of the results of the
hydrolysis experiments and to further evaluate the reactivity,
selected carbonates 2 and 3a were evaluated in the bioconjuga-
tion of bovine lactoferrin (bLF) as model protein.

EXPERIMENTAL

Materials

mPEG of 12 and 20 kDa size and mPEG-NHS carbonate 2 of
5 kDa size (>95% in all cases) were all obtained from JenKem
Technology (Allen, TX, USA). N,N'-Disuccinimidyl carbonate
(>98%) and NHS (>98%) were supplied by Sigma-Aldrich
(Sigma-Aldrich de Argentina, Ciudad Auténoma de Buenos
Aires, Argentina). The hydroxyl-terminated polymers 4 were
obtained by substitution reaction of mPEG-mesylate with mono-
alkoxides of symmetrical diols, following a method published by
our group."? Pyridine, dichloromethane, and acetonitrile (HPLC
grade) were distilled and stored over molecular sieves (4 A). bLF
(99% purity, with a molecular weight of approximately 80 kDa)
was obtained from Master Pharm (Lodz, Poland) and used with-
out further purification. All other reagents and solvents were used
as received from the suppliers.
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Physicochemical Characterization and Analyses

'"H NMR experiments were performed in CDCl; in a Bruker
Avance II 300 MHz spectrometer and referenced to the residual
solvent signal. Signal suppression experiments (for the repetitive
oxyethylene unit) were performed using Bruker WATERSUP
pulse sequence with an olp at 3.659 ppm. FTIR spectra were
obtained with Shimadzu FTIR-8201 PC apparatus. UV-vis ana-
lyses were performed on a Shimadzu UV-vis spectrophotometer.
MALDI-TOF data were obtained at Centro de Estudios Quimicos
y Bioldgicos por Espectrometria de Masa (CEQUIBIEM) from
Universidad de Buenos Aires (FCEN-UBA Argentina). 'H NMR,
FTIR, and MALDI-TOF spectra are provided in the Supplemen-
tary Information accompanying this article.

Synthesis of mPEG-NHS Carbonates 3 from Hydroxyl-
Terminated mPEGs 4

mPEG-NHS carbonates were obtained following a modified proce-
dure. To a dry 50 mL Schlenk tube equipped with a magnetic stir-
rer were added mPEG-OH or mPEG alcohol 4 (1 equiv,
0.025 mmol) and 4 mL of dichloromethane under nitrogen at
room temperature. Then, 20 equiv N,N'-disuccinimidyl carbonate
was added as a suspension in acetonitrile (128 mg, 0.50 mmol in
2 mL of solvent), followed by addition of dry pyridine (10 equiv,
20 pL). After 30 min, a new portion of pyridine was added
(40 equiv, 80 pL). The reaction was maintained with stirring at
room temperature overnight. The mixture was transferred to a
50 mL Falcon tube, and the solvent was evaporated to reach
approximately 5 mL and then precipitated with cold diethyl ether
(40 mL). The tube was centrifuged for 10 min at 4000 rpm. The
ethereal phase was separated, and the solid was dissolved in
dichloromethane (5 mL) and reprecipitated. The process was
repeated three additional times, and the solid was dried under vac-
uum. The same procedure, but using mPEG-OH, was followed to
obtain carbonates 2 of 12 and 20 kDa size. All products were
obtained with high purity (>95%, checked by 'H NMR) as white
solids. Carbonates were characterized by FTIR, MALDI-TOF, and
"H NMR. Yields are expressed as % of recovered polymer masses,
and the degrees of activation (% of conversion of -OH to NHS
carbonate) were determined by UV spectrophotometry.

mPEG-NHS carbonate 2 of 12 kDa size (83%, 252 mg, 92% of
activation). "H NMR (CDCl,) &: 2.84 (bs, 4H, succinimidyl ring);
3.37 (s, 3H, CH;0-); 3.40-3.94 (m, mPEG chain); 4.14-4.47 (m,
2H, -CH,-OCOO-NHS).

mPEG-NHS carbonate 2 of 20 kDa size (94%, 473 mg, 100% of
activation). "H NMR (CDCl;) &: 2.84 (bs, 4H, succinimidyl ring);
3.37 (s, 3H, CH;-O-); 3.39-3.94 (mPEG chain); 4.40-4.47 (m,
2H, -CH,-0-CO-0-).

mPEG-NHS carbonate 3a of 20 kDa size (99%, 500 mg, 73% of
activation). "H NMR (CDCl,) &: 2.86 (bs, 4H, succinimidyl ring);
3.39 (s, 3H, CH3-0-); 3.39-3.94 (mPEG chain); 4.40-4.47 (m,
2H, -CH,-0-CO-0-).

mPEG-NHS carbonate 3b of 20 kDa size (62%, 313 mg, 83% of
activation). "H NMR (CDCly) &: 1.00 (d, J = 6.95 Hz, 3H, CH,~
CH[CH;]-CH,); 1.24-1.25 (m, 4H); 2.84 (bs, 4H, succinimidyl
ring); 3.38 (s, 3H, CH;0-); 3.39-391 (m, mPEG chain);
4.22-4.38 (2 x dd, 2H, diastereotopic ~CH,-O-C[O]-0).
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mPEG-NHS carbonate 3¢ of 20 kDa size (95%, 480 mg, 88%
of activation). '"H NMR (CDCl;) &: 1.53-1.57 (m, 2H);
1.60-1.69 (m, 4H);2.84 (bs, 4H, succinimidyl ring); 3.38
(s, 3H, CH30-); 3.39-3.96 (m, mPEG chain). 4.28-4.37 (m, 2H, -
CH,-OCOO-NHS).

mPEG-NHS carbonate 3d of 20 kDa size (77%, 389 mg, 73% of
activation). "H NMR (CDCl,) &: 0.80-0.88 (m, 8H); 2.83 (bs, 4H,
succinimidyl ring); 3.36 (s, 3H, CH;0-); 3.40-3.94 (m, mPEG
chain); 4.28-4.33 (m, 2H, ~CH,~OCOO-NHS).

mPEG-NHS carbonate 3e of 20 kDa size (69%, 349 mg, 89% of
activation). 'H NMR (CDCl3) &: 1.23-1.25 (m, 2H); 1.38-1.42
(m, 4H); 1.59-1.61 (m, 4H); 2.84 (bs, 4H, succinimidyl ring);
3.37 (s, 3H, CH30-); 3.40-3.94 (m, mPEG chain); 4.27-4.34 (m,
2H, -CH,-OCOO-NHS).

In all cases, FTIR analyses revealed three peaks corresponding to
succinimidyl ring and carbonate functionalities (C=O absorp-
tions, 1850-1650 cm™?).

Degree of Activation of Polymers 3a-e by UV
Spectrophotometry

The degrees of activation were measured by quantification at
260 nm of the NHS anion released after hydrolysis of carbonates
under alkaline conditions (NH,OH, 0.1 N). An & of
7819 M~' cm™' was obtained for the calibration curve using solu-
tions of known concentrations of NHS under identical experi-
mental conditions.

A sample of carbonate (of approximately 5 mg in 0.1 mL of ace-
tonitrile) was added to 2 mL of NH,OH (0.1 N), and the solution
was homogenized three times. After incubation at room tempera-
ture for 5 min, the absorbance of the sample was measured at
260 nm.

Kinetics of Hydrolysis of mPEG-NHS Carbonate 3a-e under
Alkaline Conditions

All determinations were made at 25°C following the same meth-
odology but varying the nature of buffer solutions. For each
buffer, the ¢ of NHS anion was determined by the calibration
curve method. For all carbonates, pseudo-first-order kinetics with
respect to carbonate concentration was found. Carbonate ester
concentrations were determined indirectly by measurement of
concentration of NHS anion. A solution of carbonate was pre-
pared in acetonitrile (~5 mg in 0.1 mL) and added to 2 mL of
buffer, homogenized, and immediately analyzed by UV spectro-
photometry (kinetic mode, measurements every 10 seconds) at
260 nm. Kinetic data provided in Tables I and II are the results
of at least three different experiments.

Bioconjugation Reaction of Carbonate Esters 2 and 3a to bLF

PEGylation reactions were carried out in 50 mM phosphate
buffer, pH 8.00, at 25°C for 24 h and stopped by addition of
SDS-PAGE loading buffer. The bLF final concentration was
1 mg/mL, and 20 kDa mPEG carbonates 2 and 3a were added in
a molar ratio of 1:1. PEGylation reaction mixtures were analyzed
by SDS-PAGE using 7.5% polyacrylamide under nonreducing
conditions. After running, gels were rinsed with distilled water
and placed in a 5% barium chloride solution. The gels were
maintained for 10 min with gentle mixing, and then they were
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Table I. Values of 7/, (min) of Alkaline Hydrolysis for mPEG-NHS Car-
bonate Esters 2 and 3a-e in Borate Buffer

Entry Polymer pH8.0,0.1 M pH9.0,0.1 M pH8.0,0.2 M

1 22 51+ 4 58+ 04 44 + 4
2 2b 494+ 3 6.2+09 40 + 4
3 2° 44 + 2 55+06 44 + 4
4 3a 140 + 14 13+1 132 + 13
5 3b 89 + 8 12+1 93+9
6 3c 118 + 10 14 +1 118 £ 3
7 3d 90 +9 17 +1 103 + 3
8 3e 104 + 10 15+1 120 + 10

2 5 kDa.

12 kDa.

¢ 20 kDa.

rinsed again and placed in a 0.1 N I3 solution for 5 to 10 min.
In the case of proteins or PEG-protein conjugates, standard
staining procedures with Coomassie Brilliant Blue were followed.
Both gels were analyzed by Image]J software.

DFT Calculations

DFT electronic structure calculations were performed with the
ORCA program package."* The Perdew-Burke-Ernzerhof func-
tional was used with a def2-TZVP basis set,'>'®
def2/] basis for density-fitting resolution of the identity, geomet-
ric counterpoise correction,'”'® atom pairwise dispersion with
Becke-Johnson damping (D3BJ),'**® and solvation using the
conductor-like continuum polarizable model (CPCM) model as
implemented in ORCA 4.0.>'

an auxiliary

RESULTS AND DISCUSSION

Synthesis and Characterization of mPEG Carbonates Bearing
Aliphatic Spacers

PEGylation of e-NH, group of lysine amino acids using activated
mPEG carbonate esters and related compounds has vastly been
exploited in bioconjugation technology. Among the various
reagents that have been used to obtain stable polymer—protein
urethane linkages, most of the attention has been centered on
mPEG carbonate 2, which in fact is commercially available. NHS
esters of mPEG-carboxylic acids 1 (Figure 1) are also well-known
reagents, which have found application in the conjugation of

Table II. Values of t;, (min) of Alkaline Hydrolysis for mPEG-NHS
Carbonates 2 and 3a-e in Phosphate Buffer

Entry Polymer pH8.0,0.1 M pH 8.0,0.5 M
1 2° 40 + 3 8+ 1
2 3a 110+ 9 41+ 4
3 3b 98 + 5 36 +4
4 3c 136 £+ 7 26 + 3
5 3d 117 + 4 41+ 4
6 3e 131+ 4 36+ 3
220 kDa.
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Figure 2. Synthesis of mPEG-NHS carbonates 3a-e.

several different proteins. In clear contrast with esters 1, the
influence of length of the spacer on the reactivity and stability of
important carbonate esters of the type of 3 (Figure 1) has not
previously been investigated, probably due to the lack of a
method for the synthesis of these reactive polymers. Recently, we
have developed a simple and straightforward strategy for the syn-
thesis of mPEG-alkyl aldehydes and carboxylic acids.'” The key
synthetic intermediates of the method are hydroxyl-terminated
mPEGs 4 [Figure 2, eq. (1)], which were converted to the target
polymers by oxidative reactions. With key hydroxyl polymers
4a-e in hand from our previous work, we decided to extend the
utility of these materials to the synthesis of carbonates 3. After
some experimentation, we found that alcohols 4a-e were cleanly
converted to the required ester carbonate 3a-e (Figure 3) when
the reaction was performed in a dichloromethane-acetonitrile
solvent mixture using pyridine as base.”* After simple precipita-
tion workup to eliminate low-molecular-weight impurities, high
yields of mPEG carbonates 3a-e were obtained (Figure 3,
62-99%). Following the same methodology, carbonates 2 from
mPEG of 12 and 20 kDa size were obtained in excellent yields
(83 and 94%, respectively). It is worth mentioning that toxic
phosgene of triphosgene was not needed to obtain high yields of
the target carbonates.”>**

All new carbonates 3a-e were characterized by FTIR and 'H
NMR, as presented for 3a in Figures 4 and 5, respectively (see
Supporting Information for carbonates 2 and 3b-e). FTIR clearly
showed a C=O stretching band in the 1850-1650 cm™ region.
For comparative purposes, the FTIR of a commercial sample of
2 of 5 kDa size, together with 2 of the same molecular weight but
obtained using the method presented herein, is also included in
Figure 4(b).

As expected, '"H NMR showed a NHS proton signal at around
2.80 ppm, together with terminal -OCH; at around 3.34 ppm
and a signal at around 4.40 ppm, which is assigned to —-CH,-
OCO- protons (Figure 5). Integration of terminal ~-OCH; and
NHS ring protons suggested that the conversion of 4a to 3a was
complete. Full spectral data for all synthesized carbonates ('"H
NMR, FTIR, and MALDI-TOF) together with the assignment of
signals are provided in the Supporting Information accompany-
ing this article. As an example, MALDI-TOF of 3a is presented

o ) o
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Figure 3. mPEG carbonates 3a-e. Degree of activation by UV spectropho-

tometry indicated in parenthesis.
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Figure 6. MALDI-TOF spectrum of carbonate 3a.

22000

in Figure 6. The conversion of 4a-e to the mPEG-NHS
carbonates was further studied by quantification by UV-vis spec-
trophotometry of the NHS anion released upon hydrolysis. These
results further support that high yields of carbonates 3a-e were
obtained.

Additionally, MALDI-TOF analysis of 2 (12 and 20 kDa) and
3a-e showed that polymer chain degradation did not occur under
the mild reaction conditions.

KINETICS OF ALKALINE HYDROLYSIS REACTION OF MPEG
CARBONATES 2 AND 3A-E

With the aim of understanding the influence of the length of the
spacers on the reactivity, we decided to perform a kinetic study
of the hydrolysis reactions of new carbonates 3 under buffered
alkaline conditions. Moreover, the effect of the molecular weight
of mPEG, the pH, the ionic strength, and the nature of the buffer
solution on the kinetics was also evaluated. The mechanism of
alkaline hydrolysis of biaryl carbonates has been studied.*>*°
This kind of study on mPEG-NHS carbonates has not been
reported previously. Thus, the mechanism proposed for the alka-
line hydrolysis of 3 is depicted in egs. (2) and (3) (Figure 7).
Nucleophilic attack of hydroxide ion to mPEG-NHS carbonate
3 should give tetrahedral intermediate 5 in the rate-determining
step. From intermediate 5, it is likely that the NHS anion is
released first because NHS should have a lower pK, than mPEG
or hydroxyl-terminated mPEG [compound 4 in eq. (1)], to form
planar intermediate carbonate 6, which ultimately decomposes to

(0]
eO
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give the final products [eq. (3)]. The pK, of NHS is 6, whereas a
pK, value of around 14 is proposed for mPEG of 500 Da size.”’

In agreement with this mechanism, the hydrolysis reaction
should obey pseudo-first-order kinetics in buffered alkaline
media. The first set of experiments (Table I) were run in borate
buffer pH 8.0 (0.1 M), borate buffer pH 9.0, (0.1 M), and borate
buffer pH 8.0, (0.2 M). These reaction conditions were chosen
considering that these conditions are standard for PEGylations
with PEG-NHS esters and carbonates. In addition, most of the
kinetic studies of activated esters 1 have been performed at
pH 8.0. As shown for carbonate ester 2 of 5, 12, and 20 kDa size,
which have an aliphatic spacer of 2 carbon atoms, no significant
differences in the half-lives (t,,) were observed for the three
mPEGs with different molecular weights at pH 8 (0.1 M) (entries
1-3 in Table I). For carbonates 3a-e, which have aliphatic
spacers of increasing lengths, a sharp drop in the reactivity is
obtained when moving from 2 to 3a, which has a linker of 3 car-
bon atoms (entry 4 in Table I). From this point, increasing the
length of the spacer (3c-e) or the substitution of the aliphatic
chain (3b) does not have a profound effect on the half-lives of
hydrolysis (entries 5-8 in Table I). These results clearly contrast
those obtained for NHS esters of mPEG-carboxylic acids 1, for
which a sustained increase of the half-lives was obtained as the
length of the linker increases. For instance, the half-lives for
the hydrolysis reactions of NHS ester of mPEG-acetic acid 1la
(0.75 min), mPEG-propionic acid 1b (16.5 min), mPEG-butyric
acid 1d (23.3 min), mPEG-2-methylpropionic acid 1c
(33.0 min), and mPEG—4-methylbutyric acid le (44.0 min)
have all been published in the patent literature (Figure 1, pH 8.0,
25°C).!"1? Although contrasting, the results obtained for the
kinetics of hydrolysis of carbonates 3a-e are not that surprising
given that any inductive or solvation effect that the polymer
chain might have on the reactivity should essentially be lost once
the aliphatic chain reaches a length of 3 or more carbon atoms.

As expected, the rates of hydrolysis increased at a higher pH
[Table I, pH 9.0 (1 M)]. In addition, we found that an increase in
the ionic strength of the buffer [pH 8.0 (2 M)] does not have a
significant influence on the stability of carbonate esters 2 and
3 (Table I).

To evaluate the influence of the nature of the buffer in the kinet-
ics of hydrolysis, the same study as before was performed but in
phosphate buffer, which is also used extensively in PEGylation
technology (Table II). As shown in Table II, similar results to
those obtained with borate buffer were obtained now in phos-
phate buffer (entries 1-6, Table II). However, it is worth
mentioning that a sharp increase in the reactivity is observed for

fo
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Figure 7. Mechanism of hydrolysis of carbonates 3.
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Figure 8. Optimized structure of the tetrahedral intermediate involved in
hydroxide ion nucleophilic attack to the carbon atom of the carbonate.
Dashed lines indicate hydrogen bonds, which help to stabilize the tetrahe-
dral intermediate. [Color figure can be viewed at wileyonlinelibrary.com]

all polymers when the ionic strength is increased to 0.5 M at the
same pH. This result would be assigned to a solvation effect,
which would make the reactions faster.

The increase in reaction rate with the increase of ionic strength is
indicative of a mechanism in which a charged tetrahedral inter-
mediate is formed upon attack to the carbonate carbon atom by
a hydroxide ion. DFT geometry optimization of this tetrahedral
intermediate supports this mechanism. Figure 8 shows the struc-
ture of the optimized tetrahedral intermediate for a truncated
form of 2a, with selected atom labels. Table III shows the partial
Mulliken atomic charges and selected bond distances and angles.
Numerical frequency calculations show no imaginary frequencies,
thus indicating that the structure is a local minimum.

The presence of a tetrahedral intermediate with a net negative
partial charge, particularly, on the carbonyl oxygen atom (O12),
explains why a higher ionic strength increases reaction rates for
all compounds. The presence of the buffer cations (Na*) helps to
stabilize the negative charge of the intermediate.

Fox and coworkers have discussed different mechanisms for
nucleophilic substitution on carbonyl carbon atoms by DFT
methods.”® It has been pointed out that the formation of a tetra-
hedral intermediate requires extensive solvation of the carbonyl
oxygen (027 in our molecular model). Therefore, the results
obtained here agree with the mechanism proposed by these
authors for the nucleophilic attack of methyl acetate with a
methoxide ion.

The kinetics of hydrolysis of compounds 2a and 3a-e shows vari-
ations in the same order of magnitude, suggesting that the same
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Table IV. Solvation Energies for Carbonates 2 and 3a-e and for Esters
la-e. Dimerization Energies for Carbonates 2 and 3a

Solvation Solvation

Solvation energy energy/non-H

Polymer energy (Ha) (kcal/mol) atom (kcal/mol)

2 -0.0332 -20.839 -1.3024

3a -0.0307 -19.268 -1.1334

3b —-0.0300 -18.826 -1.0459

3c -0.0303 -19.040 -1.0578

3d -0.0293 -18.362 -0.9664

3e -0.0316 -19.812 -0.9906

1a -0.0239 -14.997 -1.075

1ib -0.0225 -14.119 -0.9440

1c -0.0213 -13.366 -0.8370

1d -0.0229 -14.370 -0.900

le -0.0224 -14.056 -0.826
Dimerization Dimerization energy (kcal/mol)

energy (Ha)
2 -0.0144 -9.036
3a -0.0186 -11.672

mechanism operates in all cases, precluding a rationalization of
the variations in the reaction rates through calculation of activa-
tion energies by DFT methods. The experimental rate constants
for the different compounds correlate with very small differences
in activation energies, far below the expected precision of the
computational approach used herein. Instead, these small differ-
ences suggest that the changes in the reactions rates are caused
by conformational or other subtle effects. As the structural differ-
ences between compounds 2 and 3a-e appear only after the p
carbon of the carbonate group, variations in the rate of nucleo-
philic attack due to the steric hindrance introduced by the spacer
seem unlikely and cannot account for the indicated rate differ-
ences. Another possibility to explain these differences is the for-
mation of transient aggregates due to the varying hydrophobic
nature of the alkyl spacers. To probe this possibility, we calcu-
lated the solvation energies for the truncated forms of com-
pounds 2 and 3a-e, with formulas C,Hs—O-R-OCO,-NHS [2:
R = -C,H,-, 3a: R = -C3H,-, 3b: R = -CH,~CH(CH,)-CH,-,
3c: R = -C4Hg-, 3d: R = -CsHo-, 3e: R = -CgH;,-], using the
CPCM solvation model as implemented in ORCA 4.0 [Table IV
and Figure 9(a)].'® As the solvation energy increases (in absolute
value, all else being equal) with the number of atoms due to

Table III. Partial Mulliken Atomic Charges and Selected Bond Distances and Angles

Atoms Atomic charges Bond distances A Bond angles °

C10 0.394 C10-05 1.436 05-C10-011 100.3
05 -0.257 C10-011 1.549 05-C10-012 119.1
011 -0.404 C10-012 1.284 05-C10-027 104.1
012 -0.495 C10-027 1.502 011-C10-012 113.5
027 -0.521 (-0.181)2 - - 011-C10-027 103.4
- - - - 012-C10-027 114.4

@ The H atom charge was added to the 027 atom charge.
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dispersive forces, we also calculated the solvation energies per
non-H atom. For each molecule, we performed separate gas-
phase and solvated geometry optimizations. As indicated earlier,
kinetic data for the hydrolysis of mPEG-carboxylic acid NHS
esters bearing aliphatic spacers is well known in PEGylation
chemistry. Despite this, information is routinely invoked as a rule
of thumb for selection of any given mPEG-NHS ester, a rational
explanation to describe the influence of the alkyl spacer length on
the reactivity of this important family of compounds has so far
not been provided. Therefore, for comparison purposes, we also
calculated the solvation energies for the related mPEG-carboxylic
acid NHS esters 1 (Figure 1, 1a: mPEG-acetic acid, 1b: mPEG-
propionic acid, 1c: mPEG-2-methylpropionic acid, 1d: mPEG-
butyric acid, and le: mPEG-4-methylbutyric acid). These results
are also presented in Table IV and Figure 9(b). Whereas a clear
and nearly linear increase (i.e., less negative values) in solvation
energies, with the increase in the number of carbon atoms in the
alkyl spacer, is observed for esters, there is an increasing but
more dispersed tendency for carbonates. The increasing hydro-
phobicity (evidenced by a decrease in absolute value of the solva-
tion energy per non-H atom) for esters correlates with the
increase in the hydrolysis half-lives. This suggests that, indeed,
local hydrophobicity could play a role in the hydrolysis rates,
with an increase in hydrophobicity, probably by favoring the for-
mation of transient aggregates, which decrease the ester availabil-
ity toward hydrolysis. For the carbonates studied in this work,
this tendency is less clear, with the solvation energy per non-H
atom increasing in a nonmonotonic way with the number of car-
bon atoms in the spacer. This actually is congruent with the
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Figure 9. Hydrolysis half-lives vs solvation energies per non-H atom for the
series of (a) carbonates 2 and 3a-e and (b) esters 1a—e. [Color figure can be
viewed at wileyonlinelibrary.com]
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Figure 10. Molecular structures of dimers of truncated forms of (a) 2 and
(b) 3a. [Color figure can be viewed at wileyonlinelibrary.com]

dispersion in the hydrolysis half-lives for the studied carbonates
under various buffered conditions. A possible explanation is that
the carbonates contain two more atoms (a carbon atom and an
oxygen atom) between the first oxyethylene unit of PEG oxygen
and the carbonate carbon atom, compared to esters in the same
series, which probably allows for a larger conformational freedom
for the former compounds. However, as for carbonates, the larg-
est difference in hydrolysis rates is observed between 2 and 3a;
we decided to calculate explicitly the dimerization energies. These
results are also shown in Table IV, and the structures of the opti-
mized dimers are shown in Figure 10.

The differences in the solvation energies between 2 (ethyl spacer)
and 3a (propyl spacer) are relatively small (less than 7%), but the
dimerization energies for these two polymers are more signifi-
cantly different (25%). This finding supports the idea of transient
aggregate formation, which may reduce steric availability of the
carbonate group toward nucleophilic substitution by hydroxide
ions. The increase in the length of the alkyl spacer seems to have
a larger effect regarding dimer formation than it does relative to
solvation energy, in contrast with the results obtained for
esters 1.

PEGylation to bLF

Given the significant differences found in the rates of hydrolysis of
carbonates 2 and 3a and with the aim of evaluating if this effect
translates into the modification of the outcome of a PEGylation
reaction, these reagents were further studied in the conjugation of
bLF. bLF is a well-known tetrameric transferrin with a molecular
weight of around 80 kDa. The biological activity of bLF is also well
documented.”>** Linear mPEG-p-nitrophenyl carbonate of
20 kDa size has been used for the bioconjugation of this protein.
The effect of pH on the yield of mono-PEGylated products, as well
as the effect on the stability of the reagent, has both been studied
in detail>® In a series of works, Sato and coworkers employed
20 and 40 kDa linear and branched mPEG for the conjugation of
bLF. The chemistry of these last conjugations involved the forma-
tion of amide linkages using mPEG-NHS esters. The conjugates
were evaluated in formulations for oral administration and for
their hepatoprotective capacities against acute injury by carbon tet-
rachloride and galactosamine.**~®

We performed the PEGylation of bLF with reagents 2 and 3a in
phosphate buffer at pH 8.0 using a protein/mPEG molar ratio of
1:1. To evaluate the evolution of the conjugation reactions, sam-
ples were taken at different reaction times and run in SDS-PAGE
experiments (Figure 11). After staining and rinsing with water,
the gels were analyzed using Image] software.
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Figure 11. SDS-PAGE analyses of the bioconjugation reactions at different times (min) of bLF with 2 stained with (a) Coomassie Brilliant Blue and (b) I57;

conjugation of bLF with 3b stained with (c) Coomassie Brilliant Blue and (d) I;". [Color figure can be viewed at wileyonlinelibrary.com]

Cumulative conversion of PEGylated bLF(mono-PEGylated +
poly-PEGylated) is shown in Figure 12. For the construction of
the graph presented in Figure 12, the concentration of PEG-bLF
was arbitrarily set as 100%, when the yield of the PEGylated
adducts reached 41% using reagent 2.*° Conversion of bLF to the
PEGylated adducts was higher with 2 than with reagent 3, espe-
cially at long reaction times (40 min). This result is not surpris-
ing and agrees with the higher reactivity found for compound
2 in the hydrolysis experiments. For reagents 2 and 3a, the reac-
tion reached a plateau after 40 min at a total protein conversion
of 41 and 23%, respectively. Despite the difference in the reactiv-
ity obtained for 2 and 3a, this result suggests that both reagents
slowly decompose under alkaline aqueous conditions and there-
fore cannot lead to complete protein conjugation.
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L
o
L 40
)
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time (min)
Figure 12. Profile of the PEGylation reaction of bLF with reagents
(a) 2 and (b) 3a
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CONCLUSIONS

In this work, a simple methodology for the synthesis of mPEG-
NHS carbonates bearing different alkyl spacers is presented. All
products are obtained with high yields and purities. The kinetics
of alkaline hydrolysis was used as a tool to evaluate the reactivity
of the functional PEGs. On the basis of these experiments and
supported by DFT calculations, a detailed mechanism for the
hydrolysis reactions is proposed. We found that the stability of
the carbonate increases significantly only when the length of the
spacer was increased from 2 (compound 2) to 3 (compound 3a)
carbon atoms, in clear contrast with the results published for
mPEG-NHS esters. A further increase of the length of the spacer
has only a limited effect on the stability of the reagent. An expla-
nation for the change in the rate of the hydrolysis when moving
from carbonates 2 to 3a is provided by the difference in dimer-
ization energies. On the contrary, a strong solvation effect was
observed for NHS esters 1. It is worth mentioning that the results
obtained herein provide, for the first time, a rational explanation
for the long-standing question of the effect of the lengths of alkyl
spacers on the reactivity of important mPEG-NHS esters.

Finally, in the conjugation of bLF, we found that 3a afforded
lower cumulative yields of PEGylation than 2, in agreement with
the results obtained in the kinetic experiments.
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