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A One-Pot Total Synthesis of Crambin**
Duhee Bang and Stephen B. H. Kent*

Crambin (Figure 1) is a small protein isolated from the plant
Crambe abyssinica that has no known biological function.!-?
It contains three disulfide bonds, an a-helix, a -sheet, and a
reverse turn—all features typical of a globular protein
molecule—and for that reason crambin has been studied
extensively as a model. Ultrahigh resolution (0.54 A) struc-
tures have been obtained by X-ray crystallography.** Also,
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PL-form eramhbin

Thr-Thr-Cys-Cys-Pro-
Ser-Ile-Val-Ala-Arg-
Ser-Asn-Phe-Asn-Ala-
Cys-Arg-Leu-Pro-Gly-
Thr-Pro-Glu-Ala-Leu-
Cys-Ala-Thr-Tyr-Thr-
Gly-Cys-Ile-Ile-Ile-
FPro-Gly-Ala-Thr-Cys-
Pro-Gly-Asp-Tyr-Ala-
Asn*®

Figure 1. Molecular structure of crambin (PDB accession no. 1AB1)
and target amino acid sequence.

crambin has been used as a model system for novel protein
NMR techniques” and for computational studies of protein
folding.® Because of difficulties with recombinant DNA
expression of crambin in microbial systems,® presumably
arising from its hydrophobic nature, experimental studies on
the crambin molecule have been severely limited: no protein
engineering of this interesting molecule has been reported.

Our goal is to use crambin as a model system for
experimental studies. We envisioned that a complete control
of the chemistry of the crambin molecule would enable us to
illuminate fundamental principles of protein folding.
Recently, we reported an effective total chemical synthesis
of [V15A]crambin.”’ This synthesis used chemical ligation of
unprotected peptides in a three-segment strategy to give the
full-length 46-residue polypeptide chain that folded effi-
ciently to form native crambin. However, the chemical tactics
we used necessitated multiple intermediate purification and
lyophilization steps, and was thus arduous and time-consum-
ing. A more effective synthesis with fewer purification steps
would facilitate rapid studies of chemical variants of the
crambin molecule and would enable site-specific isotopic
labeling for solid-state NMR and FT-IR spectroscopy, and
other studies.

Here, we report a one-pot synthesis of crambin from three
peptide segments that makes use of novel chemical tactics
that enable all the ligation steps, and the folding of the full-
length polypeptide chain, to be performed without purifica-
tion or lyophilization of intermediate products. The synthesis
makes use of a convergent strategy, with an improved
protecting group for the Cys residue at the N-terminal of
the middle segment. The resulting synthetic protein is
correctly folded, is of exceptional purity, and is obtained
rapidly and in high yield.

The synthetic strategy for the one-pot synthesis is shown
in Scheme 1. In the one-pot synthesis, only a single, final
purification step will be necessary for the production of high-
purity crambin. In order to make the one-pot synthesis
possible, we investigated and optimized the necessary reac-
tions. In a three-segment ligation strategy (Scheme 1), the N-
terminal Cys residue of the middle peptide segment must be
protected in order to prevent cyclization caused by intra-
molecular reaction with the thioester moiety.'™"! In our
previous synthesis of crambin we used the acetamidomethyl
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Scheme 1. Synthetic strategy for a one-pot synthesis of crambin by
ligation of three unprotected peptide segments.

(Acm) group to protect the side-chain thiol of the N-terminal
Cys. However, removal of the S-Acm group has proved to be
problematic. For crambin we were not able to obtain a yield of
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more than 46% for the combined ligation and protection
steps (Scheme 2b), even with a highly optimized protocol.”

We explored the use of the 1,3-thiazolidine-4-carboxo
(Thz) group (Scheme 2 a) to protect the N-terminal Cys of the
middle peptide segment. Facile conversion of a Thz-peptide
to a Cys-peptide,'” and use of the Thz group to protect an N-
terminal cysteine in native chemical ligation™ have been
reported. Optimized stepwise solid-phase synthesis® of the
segment Cram[Thz'®-31]“thioester on a 0.4-mmol scale gave a
good yield (=50 %, ~ 350 mg) of the purified middle peptide
segment.

The ligation of Cram[Thz'®-31]“thioester and [Cys*-
46]Cram went to completion in 20 h (Figure 2b). Addition
of 0.2m methoxyamine-HCI to the crude ligation mixture
reduced the pH to &4, and reaction for 2h at ambient
temperature resulted in quantitative conversion of the [Thz!®-
46]Cram to the desired ligation product [Cys'®-46]Cram
(Figure 2¢). In order to evaluate the efficiency of this
procedure, in preliminary studies we isolated the ligated
Cys-peptide product by preparative HPLC. The yields of the
recovered product were 65-67 % (two trials). Thus, protection
of the N-terminal Cys as a Thz residue was much more
efficient, both in terms of recovered yield, manipulations
required, and time, than with the commonly used Acm group
(Scheme 2).

Next, we explored the possibility of carrying out the
second ligation reaction directly on the crude product mixture
after treatment with methoxyamine-HCI, that is, without
purification of the deprotected peptide [Cys'®-46]Cram. The
question was whether the thioester moiety would be sensitive
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Scheme 2. Comparison of strategies for the protection of an N-terminal Cys residue. a) The strategy based on the thiazolidine resulted in better
yield with less manipulation. b) The route based on the Acm group required a preparative-HPLC step before removal of the Acm group and gave

a lower overall yield. DTT =dithiothreitol.
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to the presence of methoxyamine. Model studies showed that
a thioester peptide reacts only very slowly with methoxy-
amine in pH ~ 7 buffer to form a small amount of the peptide-
“(N-methoxy)carboxamide that does not take part in the
ligation reaction. Thus, we conjectured that the second
ligation could be conducted by adding to the crude product
mixture a slight excess of Cram[1-15]* thioester peptide over
[Cys'6-46]Cram. In order to effect the ligation reaction in the
same batch, we had to readjust the pH to ~7, because the
conversion of Thz to Cys by methoxyamine-HCI had been
carried out at pH=4. Several trials were performed to
optimize the pH-adjustment procedure (see Experimental
Section). Addition of the third peptide segment Cram[1-15]*
thioester (in approximately 10 % molar excess) to the solution
resulting from the first ligation and Thz conversion (Fig-
ure 2d) at pH &7 resulted in quantitative ligation within 20 h
(Figure 2e).

We expected that efficient folding of the product 46-
residue polypeptide chain could be performed directly in this
crude mixture, simply by adjusting the concentration of
guanidinium-HCl (Gn-HCl) and the pH, and by addition of
suitable redox reagents (if necessary). Thus, we added two
volumes of pH 8.5, 0.1m Tris buffer containing 8 mm Cys-HCl/
1 mm cystine!™ to dilute the Gn-HCI to 2M and to adjust the
pH to ~8, conditions previously shown”! to be optimal for
the folding of crambin and formation of disulfide bonds. As
anticipated, folding and disulfide bond formation (Figure 2 f)
gave an essentially quantitative yield of the correctly folded
crambin.

Now that we have optimized each reaction, can we carry
out a “one-pot” total synthesis of the crambin molecule?
Bringing it all together, we performed a one-pot, three-
segment ligation and folding on a tens-of-milligrams scale: the
first ligation, in pH 7.5 phosphate buffer containing 6 M
Gn-HCI; addition of methoxyamine-HCI to convert Thz- to
Cys-peptide at pH 3.8; readjustment of the solution pH to 7.3
and addition of the third segment to effect the second
ligation; and, addition of two volumes of Tris buffer to dilute
the Gn-HCI, followed by addition of cysteine/cystine redox
reactants'" to fold and form disulfide bonds. The folded
crambin molecule was purified directly from the total crude

Figure 2. A one-pot synthesis of crambin. Reactions were monitored
by LC-MS. UV profile at 1=214 nm and mass data corresponding to
major product peaks are shown. The chromatographic separations
were performed using a linear gradient (10-50%) of buffer B in buffer
A over 20 min (buffer A=0.1% trifluoroacetic acid (TFA) in water;
buffer B=0.08 % TFA in acetonitrile). b) At t=20 h, formation of the
first ligation product [Thz'®-46]Cram (t,=14.4 min) was essentially
complete. c) At t=24 h, conversion of Thz- to Cys-peptide

(t,=14.2 min) by methoxyamine-HC| was complete. Note the mass
decrease of 12 Da and slightly earlier elution time. d) At t=45 h, for-
mation of the second ligation product Cram[1-46] was essentially com-
plete (t,=15.2 min, obsd. mass=4707.7 £ 0.6 Da; calcd.

mass =4708.4 Da.). e) At t=46 h, the folding reaction was essentially
complete to give crambin (t,=15.8 min, observed

mass =4702.7 +0.4 Da. calculated mass =4702.4 Da.). Note that
folded crambin eluted later than the linear polypeptide, reflecting the
more hydrophobic nature of the protein molecule. # =thiophenol.
*=diphenyldisulfide. & = Cram[1-V15A]-NHOCH,.
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products by preparative HPLC (Figure 2). The optimized
crambin synthesis took 48h total elapsed time and was
successfully reproduced three times at different scales
(Table 1). Overall yields from starting peptide segments
were 35-45%. The covalent and tertiary structures of the
synthetic protein were determined by liquid chromatography
(LO)-MS (Figure 2g), 2D-NMR (see the Supporting Infor-
mation), and X-ray crystallography.['”)

Table 1: Yields from one-pot syntheses of crambin.

Angewandte

Experimental Section
Peptides and peptide-“thioesters were made manually and stepwise
by solid-phase peptide synthesis methods based on “in-situ neutral-
ization” Boc chemistry! on -OCH,-Pam-resins (free “carboxyl
peptides) or on HSCH,CH,CO-Leu-OCH,-Pam-resin'"”! (“thioester
peptides). Detailed procedures for peptide syntheses and for ana-
lytical and preparative HPLC were as described.”’) The first native
chemical ligation reaction!"®'”! was performed in 6 M Gn-HCI, 100 mm
sodium phosphate, pH 7.5, 1 % thiophe-
nol (v/v), at a concentration of
2mgmL" for each peptide. Conversion

Run Cram[1-V15A]%hicester Cram[Thz'®-31]“hioester Cram[32-46]

[mg] (mmol) [mg] (mmol) [mg] (mmol)
1 50 (0.028)" 48 (0.026) 41 (0.026)
2 28 (0.016) 28 (0.015) 22 (0.015)
3 12 (0.007)¢ 11.2 (0.006) 9.5 (0.006)

of Thz- to Cys-peptide was performed by

Purified crambin  Yield [%] adding 0.2M methoxyamine-HCI, caus-
[mg] (mmol) ing the pH of the reaction mixture to
42 (0.009) 35 drop to &~ 4. Subsequently, 0.5m NaOH,
26 (0.0055) 37 6M Gn-HCI, 100 mm sodium phosphate,

12.5 (0.0027) 45 1% thiophenol (v/v) solution was care-

[a] Note that ~10 mol % excess Cram[1-V15A]“thioester was required for the second ligation.

This one-pot synthesis of crambin has significant advan-
tages over our previously reported synthesis. Starting from
the three purified peptide segments, the previous synthesis
took approximately ten days of uninterrupted manipulations,
including multiple purifications and lyophilizations to provide
purified crambin in ~25% overall yield.”! However, the
current one-pot synthesis with only one final purification step
gave a synthetic crambin product of identical purity in only
two days elapsed time, with an improved overall yield of
~40%. The one-pot synthesis also vividly demonstrated the
synthetic utility of the Thz residue as a reversibly protected
form of N-terminal Cys.

In summary, for the first time, we have demonstrated the
total synthesis of a protein molecule by the native chemical
ligation of three unprotected peptide segments, and the
folding of the synthetic polypeptide chain, all in the same
reaction mixture without purification of intermediates. This
novel one-pot synthesis proved to be a substantially more
efficient way of producing the crambin molecule. The
synthetic work reported here may serve as a useful model
for the synthesis of more complex protein targets. Successful
application of this one-pot approach to total synthesis
depends on near-quantitative ligation reactions to avoid
residual reactants interfering with subsequent steps. In our
experience, native chemical ligation reactions proceed in
essentially quantitative yield, even with only very modest
excesses of one reactant. Carry-over of residual amounts of
unreacted segments containing Cys thiol groups could
potentially interfere with folding of the full-length polypep-
tide product. However, reaction with thiols in such residual
segments would not normally be expected to be part of a
productive folding pathway and will be reversed by the excess
thiol reactant used in the folding/disulfide-formation step. For
these reasons, using the approach described here we antici-
pate that it will be straightforward to make molecules
containing up to 120-150 amino acids (i.e. from three 40- to
50-residue segments). In principle a similar approach could be
used to assemble larger proteins from more than three
unprotected peptide building blocks, but at some as-yet
undefined point increasing amounts of coproducts will
interfere.
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fully added to the reaction mixture for
adjustment to pH 7.0-7.3. The second
ligation was performed by adding the
peptide Cram[1-15]* thioester to the
reaction mixture at room temperature. The folding reaction was
performed by adding two volumes of 0.Im Tris, pH 8.5 buffer
containing 8 mM Cys-HCl/1 mm cystine to give a solution that was
pH~8 and 2m Gn-HClL.
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