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4-Substituted prolines, especially 4-fluoroprolines, have been widely
used in protein engineering and design. Here, we report a robust
and stereoselective approach for the synthesis of (25,4S)-methyl-
proline starting from (2S)-pyroglutamic acid. Incorporation studies
with both (2S,4R)- and (2S,4S)-methylproline into the Trx1P variant
of the model protein thioredoxin of E. coli show that the stereo-
chemistry of the 4-methyl group might be a key determinator for
successful incorporation during ribosomal synthesis of this protein.

Proline (Pro) presents unique features among the proteino-
genic amino acids and plays crucial structural and functional
roles in peptides and proteins." Two of its backbone atoms are
constrained in the pyrrolidine ring, thus increasing the local
structural rigidity. In peptides and proteins, the likelihood for
the adoption of a cis-peptide bond increases from 0.04% for
non-prolyl peptide bonds up to 6% for Xaa-Pro bonds (Xaa =
any amino acid).> The trans-to-cis-isomerisation of prolyl-
peptide bonds is a source of slow folding phases both in vivo
and in vitro for proteins containing a cis-Pro in the native
state.® The pyrrolidine ring of Pro adopts mainly the C'-endo
(C" and Pro carbonyl group are on the same side of the plane)
or the C"-exo (C" and Pro carbonyl group are on opposite sides
of the plane) pucker. Both the conformational preference of
the ring and the cis/trans equilibrium of the peptide bond can
be modulated by installing electron-withdrawing or sterically
demanding substituents on the C' atom.” In fact, the endo
pucker conformation enhances the stability of the cis peptide
bond, while the exo conformation enhances the stability of the
trans peptide bond.> Therefore, 4-substituted Pro analogues
(especially 4-fluoroproline analogues) have been widely used in
molecular design e.g. for tuning the conformational stability of
peptides and proteins,® for investigations of protein folding
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kinetics,” for studying structure-activity relationships,® and for
developing novel peptide-based materials.” However, 4-methyl-
prolines (4-Mep), that could explore steric instead of electronic
effects, have been by far less exploited in peptide/protein
engineering in comparison to 4-fluoroproline analogues. A
convenient access to 4-Mep could enable such complementary
studies to those performed with 4-fluoroproline.

Furthermore, the non-proteinogenic amino acid (2S,4S)-
methylproline (45-Mep) is present in several secondary metab-
olites, predominantly from marine organisms, endowed with
antibiotic, anticancer, cytotoxic, and anti-proteolytic activities."®
Therefore, a simple and highly diastereoselective synthetic
route for 45-Mep would also be advantageous for the synthesis
of various natural products and drugs. The 4-Mep commercially
available diastereomers, especially (25,45)-Mep, are more expen-
sive than the corresponding 4-fluoroprolines analogues.
Although approaches for the synthesis of 4-Mep are reported in
the literature, most protocols do not offer a unique synthetic
route to each diastereomer. Moreover, difficult separations, long
synthetic routes and the use of unusual and/or expensive
reagents are required in order to obtain both 4-Mep isomers
with high enantioselectivity."* The original protocol for the syn-
thesis of 4-Mep reported by Del Valle and Goodman relied on
stereodivergent hydrogenations of a 4-exomethylene-proline."*
A more recent procedure involving the use of Crabtree’s catalyst
provided a succinct synthesis of 4-methylprolines with an
improved stereoselectivity for the 4R-Mep derivate.''? An
alternative approach to catalytic hydrogenation based on the
use of sterically bulky Evans’ chiral auxiliaries was also recently
reported for the synthesis of the four diastereoisomers of Boc-
protected 4-methylproline.”'* Finally, a novel synthetic route
that enables the control of the stereochemistry of the substitu-
ents at the C” position by employing phase transfer catalysis
was later reported by Hulme and co-workers."'$

Most synthetic routes towards the synthesis of 4-Mep
involve the hydrogenation of a 4-methylenepyrrolydine inter-
mediate, sometimes entailing expensive and toxic catalysts
(Table 1).
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Table 1 Hydrogenation conditions for 4-methylenepyrrolydine inter-
mediates during 4-Mep synthesis

Substrate Reaction conditions dr® Ref.
(6] Crabtree’s catalyst, CHCl;, 4S:4R1:15 11b
W H,, 1t, 5 days
N\ OEt
Cbz
0 Pd/C, CH,Cl,, H,, rt, 16 h 4S:4R 11b
\l\\/H 70:10
N\ OEt
Cbz
o} PtO,, MeOH, 1 atm, 20 h 4S:4R 12
W 80:20
N OH
Boc
o) Pd/C 5%, H,0, 2.96 atm, 8h ~ 4S5:4R 13
W 90:10
N OH
Boc
O Pd/C 10%, 2-propanol, 1 4S:4R16:1 14
W atm, 18 h
N OH
Boc
o] PtO,, MeOH, 1 atm, 12 h 4S:4R 15
\]\\/H 50:10
N OMe
Boc
Crabtree’s catalyst, CH,Cl,, 4S:4R1:40 11a
m H,,1atm, 18 h
N‘ OTBS
Boc
(1) Pd/C, MeOH, 1 bar (1) 4S:4R 11a
25:10
N  OH (2) RANEY®-Ni, MeOH, 1 bar  (2) 4S: 4R
Boc 30:10

“ Diastereomeric ratio.

All reported procedures strive to increase the poor control
of the stereochemistry of the 4-methyl group during hydrogen-
ation using sterically hindered catalysts or substituents on the
modified proline. In this work, we report on a different strategy
that yields a robust and highly stereoselective approach for the
synthesis of 45-Mep, based on cheap and commercially avail-
able (25)-pyroglutamic acid.

Initially, we reproduced the hydrogenation protocol reported
by Munro and coworkers using (25,4R/S)-hydroxyproline as start-
ing material (Scheme 1). Briefly, the carboxylic group was pro-
tected by esterification with thionyl chloride in methanol fol-
lowed by N-tert-butyl-oxycarbonylation (Boc protection) using
published protocols.'® Compound 1 was oxidized with trichlor-
oisocyanuric acid (TCCA) and catalytic TEMPO to afford 2 in
90% yield after flash chromatography purification.'*® Wittig ole-
fination of the resulting oxopyrrolidine was undertaken accord-
ing to literature procedures to deliver 3 with a 35% overall yield
after purification.”” Hydrogenation of compound 3 with 10%
Pd/C gave isomers 4 and 5 (ratio 4S:4R 65: 35), consistent with
literature data. The ratio between the two diastereoisomers was
determined using a chiral HPLC column packed with cellulose
tris (4-methylbenzoate) coated on silica-gel. NMR analysis on

This journal is © The Royal Society of Chemistry 2022

View Article Online

Communication

HO o
mcoom b mcowe
N — N

mcoom a
N —
!

\ \
Boc Boc Boc

1 2 3
\c

\[§—000Me ‘EB"COOMe
65% N N
Boc

Boc
4 5

35%

Scheme 1 Synthetic route to (2S,4S)-methylproline and (2S,4R)-
methylproline starting from protected (25,4R/S)-hydroxyproline: (a)
TCCA, TEMPO, CH,Cl,; (b) KOtBu, CH3P(Ph)sBr, THF; (c) EtOAc, Pd/C.

the Ca peak areas confirmed the ratio calculated using analyti-
cal HPLC (see ESIt). The stereoselectivity for the synthesis of
(4S)-Mep achieved in this route was not satisfactory for our
purpose of incorporating this non-proteinogenic amino acid
into a model protein. However, this route can be exploited for
the synthesis of further modified proline analogues. In fact, we
used intermediate 2 to synthesize 4,4-difluoroproline in good
yields using DAST (diethylaminosulfur trifluoride) for nucleo-
philic fluorination.®

We then established an alternative synthetic route to (4S)-
Mep to enhance stereoselectivity during hydrogenation using
the Pd/C catalyst (Scheme 2). (25)-Pyroglutamic acid was sub-
jected to esterification with thionyl chloride in methanol fol-
lowed by protection of the amino group with tert-butyloxycar-
bonyl (Boc) according to literature procedures to give com-
pound 6.

Compound 6 was reacted with Bredereck’s reagent in
toluene at 100 °C to give the enaminone 7 in 65% yield.

Bredereck’s reagent is used for this step as it has been
reported that direct methylation of pyroglutamate ester
analogs using methyl iodide in the presence of a strong base
leads to a mixture of monoalkylated and dialkylated products
without cis-stereospecificity.'® The enaminone 7 was hydrogen-
ated with Pd/C (200 psi) in isopropanol/ethyl acetate to give
the 4S-methylpyroglutamate 8 as the main product by a

N(CH3),
X
p—COOMe a COOMe b COOMe
o N o7 N o” N
Boc Boc Boc
6 7 65% 8  80%
dr: 30:1
c
d,e
N N
\
H Boc
9 82% 4 60%

Scheme 2 Synthetic route to (25,4S)-methylproline starting from (25)-
pyroglutamic acid: (a) Bredereck's reagent, toluene, 100 °C; (b) 10% Pd/
C, iPrOH/EtOAc, 200 psi (c) BHzMe,S, THF, 40 °C; (d) 1M LiOH, THF; (e)
CH,CL,/TFA.
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process involving reduction, elimination and reduction. In
fact, the less hindered C'-endo side was almost quantitatively
preferred during the hydrogenation with Pd/C resulting in
high cis-stereospecificity (dr = 30: 1), which is consistent with
literature reports for similar reactions*®”?° and represents the
highest selectivity for the installation of the 4S-methyl group
into the proline scaffold reported to date. The carbonyl group
on C° was reduced chemoselectively using borane dimethyl-
sulfide (BH;Me,S) to give compound 4. Using NMR and mass
spectroscopy analysis, we identified the Boc protected (2S,4S)-
methylprolinol as the main by-product of this reduction reac-
tion, which became the major product when the reaction time
was increased above 16 h or a large excess (>2.5 eq.) of
BH;Me,S was used. Methylprolinol can be recovered and the
hydroxyl group can be oxidized with Jones reagent to minimise
loss of material."'**! The following steps were the hydrolysis
of the methyl ester using LiOH and finally the cleavage of the
Boc protecting group under mild conditions (TFA/CH,Cl,) to
give the (25,45)-Mep 9.

All procedures reported so far for the hydrogenation of a
methylene pyrrolidine substrate showed that the crucial step for
stereoselectivity is the heterogeneous
hydrogenation,'*?1@15166:204  pyyring the hydrogenation cata-
lyzed by Pd/C, the alkene is absorbed on the surface of the catalyst
before the hydrogen shifts from the metal to the carbon sp” orbi-
tals. The resulting saturated hydrocarbon leaves the catalyst
surface. During this process, the preferential face of hydrogen-
ation of the substrate depends on the puckering of the molecule.
If no steric constraint is present, the hydrogenation results in a
low stereoselectivity because of the presence of different puckering
isomers.”® The predominant ring pucker of substituted proline
can be biased by hydrogen bonding or by the functionalization of
C" with either hindered functional groups or electronegative sub-
stituents. Hydrogenation of 3 (Scheme 3a) with Pd/C showed a
slight preference for the formation of the 45 product. This pre-
ference can be explained by the favouring of its endo ring
pucker in solution. H, will be added across the C-C double
bond at the less hindered face, resulting in a preference for
the 4S product when 3 adopts the endo pucker. Nevertheless, a

Cy-exo o Cy-endo
OMe H H
a) N %,; __-H /“
P OM
g S )
"H H™H N5
3 T
(o}
(e}
b) H>/§‘0Me
N_ %
(HsCLN" 5 e
o
H-H
Pa 7

Scheme 3 Hydrogen addition preferences for both ring faces for com-
pounds 3 and 7.
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significant amount of the 4R product is also formed as 3 also
significantly populates the exo pucker. In contrast, the Boc-pro-
tected oxopyrrolidine ester 7 used in our synthesis adopts a
single, pseudo planar conformation (Scheme 3b) due to the
presence of the carboxy group on the C® carbon. For this
reason, the hydrogenation of 7 occurred almost exclusively on
the less hindered face of the pyroglutamate ring, resulting in
the formation of the 4S diastereomer. In this case, the stereo-
selectivity is elicited by the steric bulk of the substituents
around the double bond, as previously observed.*®

Next, we investigated the suitability of both 4-Mep isomers
as substrates for ribosomal translation. We attempted the
incorporation of 4S-Mep and commercially available 4R-Mep
into the thioredoxin variant Trx1P of E. coli, which contains
cisPro76 as a single proline residue.®

Briefly, expression of Trx1P with a His6 tag at the
C-terminus (Trx1P-His6) in the presence of 2.5 mM 4S- or 4R-
Mep was performed in M9 minimal medium as previously
described,”” using the proline auxotrophic cell strain
CAG18515 transformed with an additional plasmid for over-
expression of an engineered E. coli prolyl-tRNA-synthetase,
ProRS (C443G) to increase the incorporation of the non-
natural proline analogue.** After purification by Ni-NTA
affinity chromatography, the identity of the purified protein
was assessed by mass spectrometry.

In the presence of 4S-Mep only wild type Trx1P was
detected. In-gel trypsin digest was performed to exclude the

Trx1-4R-Mep-Hisé 125650 Trx1-4R-Mep-His6

100 -Met  12406.0 \ + formylated Met
| Trx1P-His6
-Met 12391.5
3 Trx1P-His6

+ formylated Met
1 12551.0
‘4/

‘ Trx1P-His6
+ Met
12523.0‘%2580.5
0;//, AN, L~ S NIOPUNIIIY.Y, NPV
12400 12600 12800 mass

Fig. 1 Deconvoluted ESI-MS spectrum of E. coli Thioredoxin variant
Trx1P-Hisg produced in M9 minimal medium in the presence of 4R-Mep
by the proline auxotrophic bacterial strain CAG 18515. The found mole-
cular weight of the parent protein missing the initial methionine was
123915 Da. The peak corresponding to 12406 Da represents the
modified protein with the incorporated 4R-Mep at position 76 (Trx1-4R-
Mep-His6). Further peaks correspond to the parent protein with the
initial methionine (12 523 Da; Trx1P-His6 + Met), the parent protein with
formylated initial methionine (12 551 Da; Trx1P-His6 + formylated Met),
and to the modified protein with the incorporated 4R-Mep at position
76 with initial formylated methionine (Trx1-4R-Mep-His6 + formylated
Met).

This journal is © The Royal Society of Chemistry 2022
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accumulation of the modified protein in inclusion bodies due
to solubility issues. However, the peptide fragments also only
showed natural Pro at position 76, indicating that either 45-
Mep had not been incorporated into the protein (e.g. due to
poor recognition by E. coli prolyl-tRNA-synthetase) or that the
protein containing 4S-Mep at position 76 was intracellularly
degraded due to destabilization or misfolding. Conversely, 4R-
Mep could be incorporated into Trx1P under the same con-
ditions in place of cisPro76 with more than 60% incorporation
yield (Fig. 1). These results could also potentially be explained
by the pucker preferences of the 4-Mep isomers. In fact, 4S-
Mep favours the exo pucker of the pyrrolydine ring, while 4R-
Mep favours the adoption of an endo pucker.® In the thiore-
doxin fold there is an almost unique preference for the endo
pucker of the conserved Pro, which is in cis conformation, in
the context of the tertiary structure.®® Therefore, the partial
incorporation of 4R-Mep, could potentially be attributed to the
preferred adoption of the endo pucker in the protein’s tertiary
structure. In fact, we have previously reported that the pucker
preferences of proline analogues can play a substantial role in
the success of incorporation experiments.”®

Conclusions

(25,45)-4-Methylproline was successfully synthesized in 30:1 dr
from (2S)-pyroglutamic acid as the starting material. This syn-
thetic route is based on the use of reagents and equipment
readily available also in resource-limited settings. We have
reported for the first time the attempt to incorporate 4-Mep
isomers into a globular protein. The results from the incorpor-
ation experiments with both 4-Mep isomers into the model
protein Trx1P showed the suitability of (4R)-Mep for ribosomal
protein translation. Further studies will be needed to fully
explore the reasons behind the lack of incorporation of (4S)-
Mep into this protein. These and similar studies will be enabled
by the straightforward synthesis method established here.
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