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Abstract: Synthetic biology (or chemical biology) is a growing field to which the chemical synthesis
of proteins, particularly enzymes, makes a fundamental contribution. However, the chemical syn-
thesis of catalytically active proteins (enzymes) remains poorly documented because it is difficult
to obtain enough material for biochemical experiments. We chose calstabin, a 107-amino-acid pro-
line isomerase, as a model. We synthesized the enzyme using the native chemical ligation
approach and obtained several tens of milligrams. The polypeptide was refolded properly, and we
characterized its biophysical properties, measured its catalytic activity, and then crystallized it in
order to obtain its tridimensional structure after X-ray diffraction. The refolded enzyme was com-
pared to the recombinant, wild-type enzyme. In addition, as a first step of validating the whole pro-

cess, we incorporated exotic amino acids into the N-terminus. Surprisingly, none of the changes
altered the catalytic activities of the corresponding mutants. Using this body of techniques, ave-
nues are now open to further obtain enzymes modified with exotic amino acids in a way that is
only barely accessible by molecular biology, obtaining detailed information on the structure-
function relationship of enzymes reachable by complete chemical synthesis.
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Introduction

Since the development of peptide solid-phase synthe-
sis,! peptide chemistry has gained more and more
recognition and successes.?® Peptide chemistry was
reborn in many areas of modern pharmacology and
helped develop penetrating peptides,* as well as new
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tools of natural origin and the possibility of synthe-
sizing new pharmacological agents. Peptides are the
source of immense diversity when composed of the
20 natural amino acids, and even greater when the
many available exotic amino acids are concerned.?
The idea of possible complementation between the
targets (essentially proteins) with such small pepti-
des made of the same basic building blocks led many
laboratories to build peptide libraries (e.g..°) as a
potent source of diversity in the search of inhibitors
or other types of interacting compounds, at least as
starting points for medicinal chemistry programs.
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Table I. Reported Synthetic Enzymes

(Reference Size of the Synthesis
Enzyme year) sequence Catalytic activity type strategy®
Ribonuclease S 7 104 aa® RNase S catalytic activity SPPS*
Ribonuclease A 8 124 aa RNase A catalytic activity SPPS
HIV1 protease 9 99 aa® Protease catalytic activity SPPS
4-Oxalocrotonate 10 62 aa Tautomerase activity SPPS

Tautomerase
Phospholipase A2 11 124 aa Phospholipase activity NCL?
Cytochrome b562 12 106 aa? Electron transfer capacity NCL
H-Ras 13 166 aa GTPase®
Lysozyme 14 130 aa Lysozyme-mediated degradation NCL
HTLV protease 15 126 aa® protease catalytic activity NCL
DapA 16 312 aa’ 4-hydroxy-tetrahydrodipicolinate NCL
synthase

(AN59) Sortase A 17 142 aa® Ligase catalytic activity
Barnase 18 113 aa Rnase activity NCL
Calstabin present work 107 aa Proline isomerase NCL

2 SPPS stands for Solid Phase Peptide Synthesis and NCL stands for Native Chemical Ligation. In all cases the SPPS was
used to synthesize the fragments in the NCL approach, while SPPS was used exclusively before the rising of NCL.

> The S47C mutant was produced.
¢ All cysteines were replaced by a-amino-n-butyric acid.
4 In the form of a SeMet’ enzyme.

¢ The measured activity was GTP/GDP exchange, not GTPase activity.
f Including a 10-aa N-terminal His-tag linked to a 10-aa thrombin cleavage site, an alanine to cysteine mutation (A77).

¢ All methionines were replaced by norleucines.

Peptides, such as insulin, Neuropeptide Y,
erythropoietin, various growth factors and interleu-
kins, could nowadays be obtained by chemical syn-
thesis, but reaching proteins (particularly
catalytically active enzymes) by complete chemical
synthesis remains rare. Though the demand for arti-
ficial (or synthetic) proteins is great, only thirteen
such enzymes has been obtained since the first
completely synthetic enzymes of Hirschmann et al.”
and Gutte and Merrifield® (see Table I for details)
Until the rise of chemical ligation, synthesis of long
peptides potentially with catalytic activity, was a
very difficult exercise likely limited by overall
yields.'® Even if each step has a yield of 99%, after
100 steps only 1% of the starting material would
remain. Nevertheless, several dozens of publications
have reported the successful synthesis of long pepti-
des (~100 amino acids). These peptides were some-
times quality-controlled only on the basis of their
biological activities rather than on their biophysical
and physical characteristics. It seems that one of the
reasons for this fact is sometimes the amount of
final material that is obtained that is too small to
permit further characterization (see also the notion
of scalability by Chalker®°).

In our company, we entered the peptide chemis-
try domain a long time ago through various
approaches (see e.g.,>'™23), and only recently did we
decide to explore the possibility of producing, refold-
ing, characterizing, and even crystallizing synthetic
proteins. The goal behind this program was and still
is to master those technologies in our laboratory, in
order to explore several hard-to-produce enzymes, to
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modify Biologics to render them more stable, as well
as to launch some structure/mutations relationship
studies on target enzymes implicated in key physio-
pathological pathways.2® Among these enzymes that
we are currently studying, we chose to present here
the results on calstabin, a peptidyl-prolyl isomerase
also known as FK506 binding protein (FKBP) that
belongs to the general family of protein chaperones
known as immunophilins.?* The many roles of cal-
stabin in physiological pathways make it an inter-
esting target for pharmacology; it also has possible
implications in Tau oligomerization,?®?® heartbeat,?’
and skeletal muscle fatigue.?® From the pharmaco-
logical point of view, many laboratories have
searched and found small molecule ligands with reg-
ulating properties for this particular enzyme (for
review see Liu et al.2?). In other words, calstabin
has been well described and characterized by its
pharmacology or by binding.

In the present study, the complete synthesis of
calstabin on the tens of milligrams scale, its purifi-
cation, characterization, refolding, and peptidyl-
proline isomerase activities, and the crystallization
of wild-type calstabin and mutants are described.
The results show the capacity to produce enzyme of
a fair size (between 100 and 200 amino acids), open-
ing the way for larger molecules.

Results

Calstabin isoforms
Calstabin exists in several isoforms that have been
cloned in the past.?® However, little is known about

Chemical Synthesis of Catalytically Active Calstabin and Mutants
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Figure 1. Characterization of purified peptide 1. Analytical HPLC profile (1 =214 nm) and ESI mass spectra of the chemically
synthesized calstabin (1-21) (average mass: 2334.7 Da, observed: 2337.00 = 0.4 Da). These data were obtained with the puri-
fied synthetic peptide segment (135 mg, 23% vyield for 0.25 mmol).

these isoforms. The shorter cloned and synthetic iso-  advantage of the synthesis strategy to have access

forms lack any proline isomerase activity (F. Cogé, to the main isoforms. Therefore, despite a general
M. Bacchi, and J.A. Boutin, in preparation). We took  description of our strategy, the shorter versions of
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Figure 2. Characterization of purified protein 3. Analytical HPLC profile (1 =214 nm) and electrospray ionization mass spec-
trometry of the chemically synthesized calstabin (22-107) (average mass: 9451.8 Da, observed: 9453.03 = 1.50 Da). These data
were obtained with the purified synthetic peptide segment (120 mg, 2.5% vyield for 0.5 mmol).
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Figure 3. Characterization of purified protein 1. Analytical HPLC profile (1 =214 nm) and electrospray ionization mass spec-
trometry of the chemically synthesized calstabin (1-107) (average mass: 11651.4 Da, observed: 11652.20 + 0.05 Da). These

data were obtained with the purified synthetic protein.

this enzyme were not used in the present study.
Nevertheless, their characteristics in terms of purity
and mass are presented in Supporting Information
Figures S1-S3. We obtained four isoforms that we
discovered or were reported previously®>3! by stan-
dard cloning, expression, and purification. The full
process of refolding and catalytic activity measure-
ment was performed on the four isoforms. Although
the refolding was successful, no catalytic activity
was recorded for the three shorter forms. Therefore,
we concentrated our comparative efforts on the
native form, which spans 1-107 in the protein
sequence. It was important for us to have the native
recombinant enzyme in the same experiments com-
pared to the synthetic forms, comprising the same
sequence, in order to check any step of activity and/
or characterization (including refolding) between
two proteins from different origins.

Polypeptide synthesis

The synthetic polypeptides were obtained according
to classical Merrifield solid phase synthesis® using
two-fragment ligation.'®32 Thanks to the SEA resin
and extensive descriptions in the literature, together
with past expertise in our laboratories, the various
polypeptides were obtained with fair yield and puri-
ty. Figures 1-3 recapitulate the analytical data for
the two peptides and the full length protein in terms
of yield for the final purification and mass
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spectrometric analyses. Notably, the yield pertains
to after the two polypeptides were obtained and
ligated together, not the starting points, when yield
is often 99% per amino acid step. Producing several
tens of milligrams was mandatory to our present
program, as the amount of material necessary for
further characterization is often large. For future
enzymatic projects in this area such as systematic
ab initio screening or systematic co-crystallization in
the frame of a discovery program, at least 10 times
more material will be needed (see Chalker®® for fur-
ther discussion on scalability). At this stage it is
important to realize that the products obtained by
chemistry were at least as pure as the material from
recombinant origin used in the same contexts, and
in any case more than 95% pure, although microhe-
terogeneity can be seen especially from the protein 1
(native calstabin) spectrum. The mass spectrometry
analyses clearly showed that a single peptide species
was present in the preparation using the standard,
reverse-phase step of purification followed by lyophi-
lization. Figures 1-3 (peptide 1, protein 3, and pro-
tein 1, respectively, see Table II) show that each
polypeptide was obtained as a single peak with a
molecular weight corresponding to the sequence
(Table III). The structure of the recombinant calsta-
bin clearly shows that this enzyme possesses 2 cys-
teines that are not involved in an S-S bridge, this
leads to two free cysteines (and their corresponding

Chemical Synthesis of Catalytically Active Calstabin and Mutants
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Table III. Summary of the Yields Obtained for the Calstabins Synthesized in the Present Study

Final Final
Protein Peptide A Peptide B product (mg) yield (%) Figure
Native calstabin (Protein 1) Calstabin-SEA° Cys-Calstabin 29.3 40 3
(1-21) 60 mg (22-107) 40 mg
Calstabin (N-e-2,4- Calstabin (K(Dnp))-SEA°T  Cys-calstabin 6.5 31 S7
dinitrophenyl-1-lysine) (1-21) 16.7 mg (22-107) 12 mg
(Protein 4)
Calstabin (N-o-methyl-L-arginine)  Calstabin (R(Me)) SEA°® Cys-calstabin 8 39 S8
(Protein 5) (1-21) 16.7 mg (22-107) 11.3 mg
TAMRA-labeled calstabin TAMRA calstabin SEA° Cys-calstabin 6.9 39 S9

(Protein 6) (1-21) 3.4 mg

(22-107) 14 mg

SH) that can impair a clear analysis of the purity of
the final product.

Folding of synthetic calstabin

From the synthetic process, we anticipated that no
activity could be recorded from the crude material,
even after lyophilization. Therefore, the synthetic
calstabin lyophilizate was refolded using the Pierce
protein refolding kit. The homogeneity of the
refolded enzymes was studied by analytical size
exclusion chromatography (SEC). For all tested con-
ditions, the native (synthetic) protein (protein 2,
Table II) was obtained as two species: P1 and P2
(see Fig. 4). Because of the apparent concentrations
of both species, there was no difference in the
sequence of the two species present in the prepara-
tion, as the analysis of the pure material could not
have missed nearly 50% of species other than the
one recorded in the mass spectrogram (Fig. 3). Fur-
thermore, the recombinant protein in the same
experimental conditions led to a single peak coelut-
ing with P2 (data not shown). Therefore, P2 is the
active, fully refolded protein and was taken as the
reference for refolding optimization. We screened dif-
ferent conditions for denaturation and refolding. For
the denaturation process, different denaturing
agents were tested, including 6M guanidine, SDS,
and TFA 0.1%, each in the presence of 5 mM DTT or
5 mM TCEP, and DMSO. We also tested different
concentrations of the protein during denaturation
(0.1, 0.5, and 1 mg mL ™). For the refolding process,
two methods were tested: successive dialysis against
a non-denaturing buffer (15 different buffers were
screened according to the Pierce refolding kit, vide
supra) or rapid dilution (factor 100) of the protein
solubilized at 10 mg mL™! in DMSO. We made a
couple of attempts to provide the chemically synthe-
sized protein with 1% recombinant protein to help
the refolding. As the ratio of P2/P1 remained the
same, we considered this attempt a failure. Out of
all these conditions, only the concentration of the
protein during denaturation affected the percentage
of P1 versus P2. This optimization led to an
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improvement of the overall repartition between inac-
tive P1 and active P2 from 30% to 50%.

SEC-MALS analysis of the sample did not agree
with a mixture of monomeric form (P2) and dimeric
form (P1). However, the different elution times sug-
gested a higher hydrodynamic radius for P1 com-
pared to P2. To characterize the two species,
refolded material was subjected to preparative SEC,
which led to a good separation. After isolating the
two peaks, we analyzed the proteins separately with
MALS/RI-coupled analytical chromatography (Fig.
5). P2 was homogeneous and pure on SDS-PAGE,
whereas P1 was mainly homogeneous with traces of
a smaller species. SDS-PAGE also showed minute
impurities at lower molecular weights that could
account for 2-3% of the total purity of the prepara-
tion. Furthermore, it is also possible that micro-
heterogeneity (as can be observed from the mass
spectrum of the Fig. 3) was responsible of the lack of
folding/activity of P1. The experiment described on
Figure 6 was therefore conducted, in order to better
appreciate the composition of P2. Two ion popula-
tions can be observed: population A with a measured
mass of 11,649 = 2 Da (monomer) and a minor popu-
lation B with a measured mass of 23,298 +2 Da

£
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Figure 4. Analytical size exclusion chromatography of the
folded synthetic calstabin. The partially folded, chemically
synthesized calstabin (1-107) was submitted to gel filtration
on a Superdex 75 5/150 GL equilibrated with 50 mM Tris/
HCI, 300 mM NaCl (pH 7.5) buffer filtered (0.1 uM) at a flow
rate of 0.2 mL min~ . The protein elution was monitored at
280 nm.
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Figure 5. Analytical size-exclusion chromatogram and SDS-PAGE analysis. After separation by gel filtration, samples of P1
and of P2 were analyzed separately using a Superdex 75 5/150 GL equilibrated with 50 mM Tris/HCI, 300 mM NaCl (pH 7.5)
buffer coupled to a multi-angle light scattering detector and an Rl detector. The differential refractive index was recorded as a
function of time. P1 is represented by a solid line and P2 is represented by a dashed line. Samples of the eluates were ana-
lyzed by SDS-PAGE. 1: sample before size exclusion chromatography, P1: first chromatographic peak, P2: second chromato-

graphic peak. The right lane was filled with protein markers.

(dimer). Their charge state distributions are compat-
ible with the retention of a compact native-like con-
formation in the gaz-phase.

Secondary structure of refolded materials P1
and P2

To study the secondary structures of these two spe-
cies, we recorded their far-UV CD spectra and that
of one of the recombinant proteins under the same
conditions (Fig. 7). Recombinant and isolated syn-
thetic calstabin (P2) had very similar far-UV CD
spectra with a well-defined minimum at 213 nm and
maximum at 201 nm. This spectral identity supports
conservation of the overall secondary structure after
refolding the chemically synthesized calstabin in

A6+
100 7

A7+

%

B9+

O T TT——————
1000 1100 1200 1300 1400 1500 ' 1600 ' 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900

m/z

Figure 6. Nano-ESI of synthetic calstabin, fraction P2 in
native conditions. Nano-ESI spectra of synthetic calstabin
(P2) in native conditions (200 mM ammonium acetate pH
7.4).

Bacchi et al.

solution. This type of conclusion was reached on the
basis of similar experiments on the phospholipase
A2, also chemically synthesized and compared, as in
here, to its recombinant counterpart.!! Both spectra
were in agreement with a secondary structure com-
posed mainly of beta-sheets, which is in agreement
with the published structure of calstabin (PDB refer-
ence: 1C9H). Interestingly, the isolated synthetic
calstabin (P1) had a far-UV CD spectrum of a poorly
to non-folded protein as previously suggested by the
SEC-MALS analysis. This finding strongly suggests

Wavelength (nm)

n .‘_
0 +——f— v

MCD (mdeglcm*uM)

34

Figure 7. CD spectra of the chemically synthesized cal-
stabins after separation by gel filtration compared to
recombinant calstabin. P1-synthetic calstabin (dotted line),
P2-synthetic calstabin (dashed dotted line), and recombinant
calstabin (solid line). Spectra were recorded at 20°C in

20 mM potassium phosphate buffer (pH 7.7).
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Figure 8. Thermal denaturation curve of synthetic calsta-
bin. Molar CD of P2 at 202 nm in 20 mM potassium phos-
phate buffer (pH 7.7) during thermal denaturation at

1°C min~". The solid line is the theoretical curve fitted to the
experimental data points.

that part of the synthetic protein was not refolded
and, therefore, behaved differently than the recom-
binant or synthetic P2 species. In addition, unchar-
acterized synthetic proteins, particularly those
adjudged on the basis of their biological activity,
may be composed of two or more species, all with
the correct molecular weight and the same retention
time under analytical chromatographic conditions,
but one folded, the other not.

Thermal stability of refolded synthetic calstabin
(P2)

We compared the stability of the refolded synthetic
protein (P2) to the stability of the recombinant pro-
tein by measuring their melting temperatures (7',,)
via CD (Fig. 8). The thermal denaturation curve fit
a single sigmoid, which is consistent®® with a cooper-
ative two-state thermal denaturation mechanism as
expected from the literature.3* The fit of the thermal
denaturation curve gave us access to the T, of the
proteins and showed that the synthetic and recombi-
nant calstabin have the same thermal stabilities
(52.2°C = 0.4°C and 52.4°C = 0.07°C, respectively, at
50 puM in 20 mM potassium phosphate buffer, pH
7.7). Therefore, the proteins are not only similar in
sequence, as expected, but also have probably identi-
cal secondary structures.

Structural study

To further prove the lack of differences between the
synthetic and natural enzymes, we crystallized and
determined the X-ray crystal structure of the syn-
thetic calstabin in complex with a binder: rapamy-
cin, with a resolution of about 1.5 A (Table IV). The
overall structures of the synthetic and recombinant
calstabin are very similar. Superposition of synthetic
and recombinant calstabin [Fig. 9(B)] highlighted
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that they are isomorphous, with an average root
mean square deviation (rmsd) value calculated onto
all 107 Ca atoms of 0.263 A (see statistics in Table
IV). Small conformation changes are localized in
solvent-exposed regions belonging to loops and not
involved in ligand binding. Five B-strands define one
side of the molecule whereas a small «—helix
(58-65) spans three of these strands: (3-8), (72-77),
(99-109) on the other side. Residues belonging to
the other three B-strands (22-31), (35-39), (46-50),
the helix and two long loops (51-57), (80-98) form a
hydrophobic binding pocket that harbors rapamycin.
Hydrogen bonds that rapamycin establishes with
residues D37, Q53, 156, Y82 are conserved both in
the recombinant and synthetic calstabin structures
[Fig. 8(C)]. The structure of the synthetic enzyme
(corresponding to the native sequence in complex
with rapamycin) was deposited into the protein data
bank (PDB) under access code SHKG. To the best of
our knowledge, there is less than a handful of syn-
thetic crystallized enzymes deposited in the PDB,
for example, the human lysozyme code 1IWT,** ribo-
nuclease A, code: 2NUI®® and many cocrystals of the
HIV protease, see for instance code 3HLO.3®

Catalytic activity of synthetic calstabin
The peptidyl-prolyl cis-trans isomerase (PPlase)
activities of the synthetic and recombinant wild-type

Table IV. Data Collection and Refinement Statistics of
Chemically Obtained Calstabin 2 Crystal

Data collection

Space group P2,2,2;
a, b,c(A) 45.2 48.61 53.36
o, B,y (°) 90.0, 90.0, 90.0
Wavelength (A) 0.97857
Molecules per ASU 1

Resolution (A)
No. reflections

Total

Unique
Completeness (%)
Redundancy
Mean I/sigma (I)
Rsym (%)
Refinement
Resolution (A)
Rfree/Rfactor (%)

Root mean square deviation:

Bond distances (A)
Bond angles (°)

Number of atoms
Macromolecule
Drug
Water

Ramachandran plot
Most favored regions (%)
Additionally allowed (%)
Outliers (%)

50-1.50 (1.59-1.50)

99,026 (16,092)
19,433 (1891)
99.93 (99.27)

5.14 (5.25)
23.06 (11.92)
4.5 (14.1)

10-1.5 (1.55-1.50)
19.46 (23.91)/17.31 (17.90)

0.014
1.93

846
84
147

97
3
0

Values in parentheses are for the highest resolution shell.

Chemical Synthesis of Catalytically Active Calstabin and Mutants
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Figure 9. Visualization of the synthetic calstabin crystal. A. Picture of a crystal of the chemically synthesized, wild-type

sequence, calstabin in complex with rapamycin. Microphotograph of a crystal of the chemically synthesized calstabin. B. Stereo
diagram of the binding pocket of the calstabin-rapamycin complex. The recombinant and synthetic complexes are shown in
light blue (calstabin)/orange (rapamycin) and slate (calstabin)/yellow (rapamycin), respectively. O atoms and N atoms are shown
in red and blue, respectively, in both the structures. Hydrogen bonds are shown as dashed black lines. C. Superposition of the
complexes of rapamicyn with the recombinant (grey) and synthetic Calstabin (violet). (Protein and ligand are represented in car-
toon and stick mode, respectively). Protein coordinates were deposited under the PDB ID: 5SHKG).Structural identity between
the native recombinant calstabin and chemically synthesized calstabine. Reconstruction of X-ray diffraction maps led to identi-
cal structures for the synthetic and recombinant calstabin proteins. The coordinates were deposited in the Protein Data Bank

under the entry 5HKG.

calstabin were measured by the protease-coupled
assay described by Harrison and Stein®’ (Fig. 10).
This convenient assay takes advantage of the fact
that chymotrypsin hydrolyzes peptide Xxx-Xaa-Pro-
Phe-pNA when the Xaa-Pro bond is in its cis confor-
mation, but not when it is in its ¢trans conformation.
Therefore, the authors designed an assay in which
the chymotrypsin is given a peptide substrate in its
trans conformation. In the presence of calstabin, it
will be transformed into its cis conformer and
become a substrate for chymotrypsin. The para-
nitroaniline is then released and is measurable. The
synthetic calstabin had a similar catalytic activity as

Bacchi et al.

the recombinant enzyme (Table V), with undistin-
guishable affinity and catalytic parameters.

Modification of the native sequence

As a first step toward systematic incorporation of
exotic amino acids one at a time in precisely defined
and unique locations along the sequence, we chose
the easy way of modifying calstabin, in the small
N-terminal fragment (from amino acid 1 to amino
acid 21). The mutants were prepared with altered
peptides as summarized in Table II. Peptides 2, 3,
and 4 were ligated with protein 3, creating proteins
4, 5, and 6, respectively. These peptides and proteins
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Figure 10. PPlase activities of the synthetic and recom-
binant calstabins. Absorbance of the p-Na group
released after digestion of the peptide Nsuc-Ala-Leu-Pro-
Phe-pNa in the presence of a large excess of chymotryp-
sin without calstabin (black line) or with synthetic calstabin
(0.52 uM, orange line), TAMRA-calstabin (0.7 puM, green
line), K18(Ne-(2,4-dinitrophenyl)-L-lysine) calstabin (0.52 uM,
blue line), R13 (N-ow-methyl-L-arginine) calstabin (0.52 uM,
purple line), or recombinant calstabin (control; same con-
centration as synthetic proteins, red line). 2 The abbrevia-
tions used are: MALS, multi-angle light scattering; pNa:
para-nitroaniline; PPlase: peptidyl-prolyl cis-trans isomer-
ase; RI: refractive index; rmsd: root mean square devia-
tion; SEC: size-exclusion chromatography; SDS-PAGE:
sodium dodecyl sulfate polyacrylamide gel electrophoresis;
TAMRA: 5-carboxytetramethylrhodamine; T,,: melting
temperature.
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Table V. Specific Activity (K;s) and K..:/ K, Value of
Refolded Synthetic Calstabin Versus Recombinant
Calstabin

kiso [Sil] kcat/Km
(X1072)® [mM~*s P
Recombinant calstabin 23.3+0.06 442 + 29
(protein 1)
Synthetic calstabin 23.8+0.1 438 = 11
(protein 1)
Chymotrypsin only 1.03

2 Recorded at 0.52 uM for calstabin concentration.
b Calculated for enzyme concentrations between 0.4 and 1
uM.

were analyzed and the results presented in Support-
ing Information Figures S4-S9. The corresponding
proteins were refolded in the same way as the wild-
type calstabin and tested for catalytic activity. We
achieved the refolding of a TAMRA-tagged synthetic
calstabin, R'(N-o-methyl-L-arginine), and K'®(Ne-
(2,4-dinitrophenyl)-L-lysine) (data not shown). All of
the synthetic calstabins had similar catalytic activi-
ty, whether they were native or slightly modified by
exotic amino acids. Interestingly, after isolation of
the well-folded proteins by SEC, they had recovered
100% of the catalytic activity of the recombinant
enzyme (Fig. 10, Table VI).

Discussion

A recent review by Engelhard®® reminds us that the
chemical synthesis of proteins has been around for
many years. The author stressed that the progress
made in this area has been slow but benchmarked
by the solid-phase synthesis discovery by Merri-
field,! the chemical ligation discovery by Kent’s
group,’® and its further development by Muir
et al.® It is interesting that, despite these available
tools, there are still “only” 13 reported enzymes that
have been synthesized chemically (see Table I for
details). The first complete synthesis of an enzyme,
probably ribonuclease A,*° was a tour-de-force. It is
clear that, even at that time (1969), beyond pure
novelty, this technology permitted to anticipate in a

Table VI. k.. /K,, Value of Synthetic Native and
Refolded Mutant Calstabin Versus Recombinant
Calstabin

kcat/Km
Enzyme (mM™ s
Recombinant calstabin (protein 1) 438 +17
Synthetic calstabin (protein 1) 438 =17
R (V. -o-methyl-L-arginine) 470 +41
calstabin (protein 5)
K!8 (Ne-(2,4-dinitrophenyl)-L-lysine) 508 =18
calstabin (protein 4)
TAMRA-calstabin (protein 6) 494 + 37

Calculate +d for enzyme concentrations between 0.4 and

1 puM.
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distant future, the possibility to master mutagenesis
via solid-phase chemical modifications in the protein
sequence created by inserting natural amino acids,
while directed mutagenesis by molecular biology
was still in its infancy. The second paper dealing
with enzyme synthesis was from Stephen Kent’s
group.® The HIV-1 protease was chosen as the target
of this synthesis because the D-protease is obtained
by total synthesis, the only option for having access
to such an unnatural enzyme. This completed the
historical observations of Pasteur and Fischer con-
cerning the natural structure of peptide backbones
and their (only) influence on the secondary, ternary,
and quaternary structures related to the recognition
of their substrates, which can be no other than chi-
ral (D-peptides serving as a substrate for the p-prote-
ase instead of L-peptides). Of note, this seminal
work led to considerable progress in the discovery of
HIV protease inhibitors including further cocrystalli-
zations of those inhibitors with the synthetic
enzyme, a unique example in the literature (see
Kent*! for review). Later, the same group synthe-
sized the 106-amino-acid cytochrome b562 and the
130-amino-acid lysozyme, and even more recently
the 142-amino-acid sortase AAN59.'2 The closest rel-
ative of the present article is certainly the work on
ras by Becker et al.*® In that paper, the 166-amino-
acid synthetic enzyme was refolded and tested for
its capacity to exchange GTP and GDP. Completion
of the refolding was not demonstrated, as the
authors probably thought that 100% of the polypep-
tide refolded uniformly rather than 50% as in our
case. Each time the goal has been the same, demon-
strating that the length of the sequence was less of
a problem despite low yields, leading to minute
amounts of enzyme at the end of the process, until
finally one group synthesized the 312-amino-acid 4-
hydroxy-tetrahydrodipicolinate synthase (DapA).'®
This work stresses, at least to a certain extent, the
lack of practical boundaries whenever protein syn-
thesis is concerned.

Wu and Schultz?? stated that the need for
chemical proteins is
“generation of therapeutic proteins with enhanced
pharmacology,” “use of p-nitrophenylalanine mutants
to break immunological self-tolerance,” “use of pho-
tocaged amino acids to photoactivate enzymatic
activity,” “use of redox amino acids as mechanistic
probes in enzymes,”
“a-hydroxyl acids for protein purification with ‘trace-
less’ affinity tags.” All of these reasons to explore
this domain further are still valid. Introducing
diversity into proteins (and particularly, but not
exclusively in enzymes) will permit exploration of
the intimate mechanisms of action of catalysis or
ameliorate the performance and specificity of
enzymes. There are two ways to reach such diversi-
ty, which Schultz called “expanding the genetic

immense because of the

of electron transfer and
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code”; one is the beautiful manipulation of microor-
ganisms in which one can force specific t-RNAs to be
acylated with unnatural (or exotic) amino acids*>**
and to encode a protein in which an amino acid has
been introduced at a particular location. By consid-
ering the large number of publications generated by
the Schultz group and others on the basis of these
technologies, it seems that an alternative approach
would not be necessary. Unfortunately, due to the
tremendous amount of molecular biology and cellu-
lar biology work needed to get these approaches up
and running, alternative routes are welcome. Anoth-
er possible route to obtain exotic amino acid-
modified proteins would be the use of chemical syn-
thesis of peptides ultimately linked together by
chemical ligation.?? Ligation is an excellent solution
for obtaining proteins. Another limitation of solid-
phase peptide synthesis is that the polypeptide
grows longer, increasing the insolubility and leading
to objects that are very difficult to handle. The use
of chemical ligation obviously permits the use of
shorter fragments and results in higher final
yields. 4?46

Though long peptides (not to mention proteins
or enzymes) have been synthesized for quite a long
time, they are quite often poorly biophysically char-
acterized. Beside its purity, as measured by liquid
chromatography coupled to mass spectrometry, the
purity of a peptide is too often adjudged by its bio-
logical activity, such as binding to its receptor or its
activity as a growth factor, regardless of any other
considerations, regardless to the possible lack of
appropriate folding, as in the present example of at
least 50% of the pure preparation. Of course, there
are many examples of such peptides characterized in
minute details, but many others are not.

In the present study, we chose to synthesize the
107-amino-acid calstabin using a two-fragment liga-
tion process. The final protein, as well as its two ini-
tial fragments, was more than 95% pure in LC-MS
analysis. A refolding process was performed after a
series of trials and errors, followed by purification
onto a gel filtration column. The chromatogram
clearly showed two species in the calstabin prepara-
tion. We separated out the two species, one being
folded (P2) the other not (P1), despite our renewed
efforts. Regarding the nonrefolded part of the sam-
ple, calstabin seems to not be able to form dimeric
or multimeric species. It will be important to
improve the yield of refolding in order to use all of
the advantages of the chemistry while expanding its
application to enzymes, and more generally, pro-
teins. Interestingly, even if P1 could not be refolded
well, it does not lead to aggregation. The impurities
on SDS-PAGE could be explained by traces of some
deletion, though they are invisible in the mass spec-
trum of the final product. Oxidation of residues,
such as methionine or cysteine, could also explain
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the inability of P1 to refold properly. Mass spectro-
metric analysis of P1 has not provided more infor-
mation because of a broad signal, probably caused
by hard ionization of the species or the heterogenei-
ty of the sample. To the contrary, the minute exami-
nation of the mass spectrum of P2 leads to fine
signal, translating the purity of the sample.

To benefit from the fact that the synthesized
enzyme could incorporate exotic amino acids, we
decided to produce several mutants with amino acids
placed in easy to reach locations (e.g., in the rather
short peptide 1, see Table II). Here, we limited our-
selves to the description of the N-terminal variants
obtained from full chemical synthesis. With the liga-
tion approach it was “easy” to synthesize a peptide
(protein 3, spanning amino acids 22-107) and to
ligate it to the various variants of the N-terminal
region, such as peptide 1 (the natural sequence),
peptide 2 (the variant in which an analogue of lysine
was introduced at position 13), peptide 3 (in which
an arginine analogue was inserted at position 18
instead of an arginine), and peptide 4 (in which the
fluorescent probe was introduced at the N-terminal
glycine). The results demonstrate that the chemical
synthesis of calstabin and its refolding result in a
fully structured enzyme and that the modification of
the N-terminal fragment by the exotic amino acids
does not impair the refolding of the enzyme nor
change its catalytic activity. Chemical synthesis is a
way to introduce a fluorescent group into an enzyme
without tryptophan. This protocol could also be used
to introduce some non-natural amino acids, creating
a protein that could be grafted onto a surface or
covalently reacted with another enzyme or chemical.

Interestingly, alternative splicing of calstabin
(as in isoforms 1 and 2) led to two proteins of 107
and 79 amino acids, as well as other shorter ver-
sions. These isoforms are present in biological sam-
ples but lack any proline isomerization activity,
strongly suggesting that calstabin has roles other
than its chaperone-like capacity.

It is probably the low yield that prevented pro-
gress in this area of chemical synthesis of enzymes.
By producing milligrams of protein, the use of the
polypeptides was naturally limited and a systematic
approach difficult to obtain, mainly because of the
final cost of such a project. We thought that the
main interests in the complete synthesis of enzymes
resided in the new capacity to better understand a
structure-function relationship (see discussions in
Craik et al.,> Young and Schultz*’ and Wright
et al.*®). In other words, how would the modification
of a given amino acid at a single position change the
features of an enzyme in terms of characteristics,
catalytic activity, and crystal structure? Of course,
at that stage, the use of natural amino acids would
be useless, as the production of recombinant pro-
teins would lead to the same protein with much less
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effort. It would then be of major interest to change
amino acids to their exotic analogues, going beyond
the D-unnatural amino acids for the synthetic/exotic
ones.'®*? Incidentally, more than a thousand alter-
native amino acids are commercially available. The
recent literature shows the systematic introduction
of the chemical ligation approach, and important
progress in terms of yields.?°

One step further in protein science would be the
availability of techniques leading to the production
of greater amounts of synthetic proteins. For
instance, it is not possible, in this context, to work
on the basis of 30 pug obtained after the complete
synthesis of one of the F-ATPase subunits.’! Cur-
rently, yield is the main obstacle to a generalized
use of synthetic proteins as an alternative to other
techniques leading to the incorporation of exotic
amino acids in enzymes.** The use of the chemical
approach to modify enzymes with unnatural (or
exotic) amino acids will open up new avenues in
understanding the
enzyme catalysis and ways to produce enzymes with
alternative, unnatural specificities.

intimate mode of action of

Materials and Methods

Materials

All reagents were purchased from Sigma-Aldrich
(Saint Louis, MO) unless otherwise indicated. Super-
dex 75 columns were purchased from GE Healthcare
(Orsay, France). Peptide Nsuc-Ala-Leu-Pro-Phe-pNa
was purchased from Bachem (Bubendorf, Switzer-
land). Absorbance and UV-visible spectra were
recorded on a Nanodrop 2000c Thermoscientific.
Analytical chromatography was performed on a
HPLC Agilent 1260 Affinityy, a MALS DAWN
8+ (Wyatt Technology, CA), and a RI Optilab T-rEX
(Wyatt Technology, CA). Preparative chromatogra-
phy was performed with a FPLC AKTA Explorer
(GE Healthcare, Orsay, France). All columns were
purchased from GE Healthcare. CD experiments
were performed with a Jasco J-815 CD Spectropho-
tometer (JASCO UK, Great Dunmow, Essex,
England). Stopped Flow experiments were per-
formed with a SFM 300 (Bio-Logic, Claix, France)
and PMS 250 for UV measurement (Bio-Logic, Claix,
France). Dialysis was performed with Slide-A-Lyzer
dialysis cassettes of 2 kDa MWCO (Life Technolo-
gies, Thiais, France). Ethyl (hydroxyimino) cyanoa-
cetate (Oxyma), N,N'-diisopropyl-carbodiimide (DIC),
and N-Fmoc-protected amino acids were obtained
from Iris Biotech GmbH (Marktredwitz, Germany).
Side-chain protecting groups used for the amino
acids were Fmoc-Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH,
Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-
GIn(Trt)-OH, Fmoc-Glu-(OtBu)-OH, Fmoc-His(Trt)-
OH, Fmoc-Lys(Boc)-OH, Fmoc-Thr(tBu)-OH, and
Fmoc-Tyr(tBu)-OH. Fmoc-Asp(OtBu)-(Dmb) Gly-OH,
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Fmoc-Asp(OtBu)-Ser(psiMe,Mepro)-OH, Fmoc-Arg(-
Me,Pbf)-OH, Fmoc-Lys(Dnp)-OH, Fmoc-Lys(Boc)-OH
and 5(6)-carboxy-tetramethyl-rhodamine (TAMRA)
were purchased from Novabiochem (Merck-Milipore,
Darmstadt, Germany) and Iris Biotech (Marktred-
witz, Germany). Bis(2-sulfanylethyl)-aminotritylp-
oly-styrene (SEA PS) and pre-loaded Wang resin
were obtained from X’prochem (Lille, France) and
Iris Biotech (Marktredwitz, Germany), respectively.
Triisopropylsilane (TIS), 2,4,6-trinitrobenzenesul-
fonic acid solution 1% (w/v) in DMF (TNBS), tris(2-
carboxy-ethyl)phosphine hydrochloride (TCEP), gua-
nidine hydrochloride, and 4-mercap-tophenyl acetic
acid (MPAA) were purchased from Sigma-Aldrich
(St Louis, MO). All reagents were purchased at the
purest grade available. Peptide synthesis grade N,N-
dimethyl-formamide (DMPF), dichloromethane
(CHyCl,, DCM), diethylether (Et,0), acetonitrile
(CH3CN), N,N-diisopropylethylamine (DIEA), acetic
anhydride (Acg0O), piperidine, and trifluoroacetic
acid (TFA) were purchased from Sigma—Aldrich (St
Louis, MO) or Iris Biotech GmbH (Marktredwitz,
Germany). All buffers were prepared with MilliQ
water (Millipore, Darmstadt, Germany). The pH of
buffer solutions was adjusted using NaOH or HCI.

Analysis and purification

Reactions were monitored by analytical UPLC-MS
(UPLC Acquity HClass coupled to a SQ Mass Detec-
tor 2 [Waters Corp, Guyancourt, France)] on a
reverse phase column [BEH C18, 150 X 2.1 mm?
Waters Corp, (Guyancourt, France)], at 60°C using
an appropriate gradient of increasing buffer B con-
centration in buffer A (flow rate 0.6 mL min !, buff-
er A=0.05% formic acid in H5O; buffer B =0.05%
formic acid in CH3CN). The column eluate was mon-
itored by UV at 214 nm. The mass spectra were
acquired on a quadrupole detector [SQ Mass Detec-
tor 2 (Waters Corp, Guyancourt, France)] equipped
with an electrospray source: flow rate, 5 pL min ™ ;
ionization mode, ES+; m/z range, 300—2000; source
voltage, capillary voltage 3 kV and cone voltage 30
V; source temperature, desolvation temperature
500°C; source gas flow, desolvation 900 L h™!; tune
resolution, source temperature 150°C; extractor, 3 V;
RF lens, 2.5 V. Calculated masses were based on the
average isotope composition. The purification of
crude peptides was performed with a preparative
reverse phase HPLC system (Waters Delta Prep
4000) using a preparative C18 reverse phase column
(10 pm, 120 A, 50 X 300 mm?2, (Vydac Denali, ISS,
Dartford, UK) and appropriate gradient of increas-
ing concentration of buffer B in buffer A (flow rate
80 mL min~1). The fractions containing the purified
target peptide were identified by UV measurement
(Waters 2489 UV/Visible detector) at 214 nm and
selected fractions combined and lyophilized.
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Protein synthesis strategies

Calstabin, a small 12 kDa enzyme composed of 107
amino acids, does not require cofactors or metal ions
for folding or catalytic activity. The protein has three
shorter isoforms (31, 56, and 79 amino acids in
length). Because of the shorter lengths, these calsta-
bins were synthesized using step-by-step SPPS
methodology. For the longer isoforms and deriva-
tives, we used the native chemical ligation (NCL)
method and assembled smaller fragments synthe-
sized by solid-phase peptide synthesis (SPPS). All of
the isoforms share the same N-terminal sequence,
which contains a cysteine in position 21 that can be
used as the ligation site during NCL. In addition to
the four isoforms, we also synthesized other non-
native derivatives based on the full-length calstabin.
All calstabin proteins and derivatives were synthe-
sized using the same cysteine ligation site, except
the 31 and 56-amino-acid isoforms, which were syn-
thesized step-by-step.

Synthesis of shorter calstabin isoforms

Peptide elongation was performed on Fmoc-
Glu(OtBu)-Wang resin (Tentagel, 0.25 mmol g %) or
Fmoc-Phe-Wang resin (Tentagel, 0.25 mmol g~ %) and
Fmoc-Cys(Trt)-Wang resin (Tentagel, 0.25 mmol g~ ')
using the standard Fmoc/tert-butyl chemistry
described above. During synthesis, the pseudo pro-
line Dbuilding block Fmoc-Asp(OtBu)-Ser(psiMe,
Mepro)-OH was used for the sequence-specific intro-
duction of Asp-Ser residues. After complete synthe-
sis of the peptide fragment, deprotection and
cleavage were performed with TFA/TIS/EDT/H20
(94/1/2.5/2.5 by vol; 10 mL for 0.1 mmol of resin) for
3 h.

Preparation of synthetic calstabin

Peptide elongation was performed using standard
Fmoc/tert-butyl chemistry on an automated peptide
synthesizer (SymphonyX Synthesizer, Protein Tech-
nologies, Tucson, AZ) on a 0.5 mmol scale. Double
couplings were performed using a fivefold molar
excess of each Fmoc-L-amino acid, fivefold molar
excess of Oxyma, and fivefold molar excess of DIC.
A capping step was performed after each coupling
with AcyO in DMF. The various sequences of the
proteins are summarized in Table II. More details
are given about the main proteins synthesized in
Table III, with some details on the yields and
amounts obtained.

Synthesis of SEA peptide fragment (general

procedure)
Peptide elongation was performed on Fmoc-
Thr(OtBu)-SEA PS resin (0.5 mmol, 0.077

mmol g 1) using the standard Fmoc/tert-butyl chem-
istry described above. During synthesis, the building
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block Fmoc-Asp(OtBu)-(Dmb)Gly-OH was used for
the sequence-specific introduction of Asp-Gly resi-
dues. Typical procedures for the synthesis and puri-
fication of SEAoff peptide segments were described
previously.??* Briefly, peptide fragment deprotec-
tion and cleavage were performed with TFA/TIS/
H20/EDT (94/1/2.5/2.5 by vol; 30 mL for 0.25 mmol
of resin) for 3 h.

Synthesis of Cys peptide fragment (general
procedure)

Peptide elongation was performed manually on
Fmoc-Glu(OtBu)-Wang resin (Tentagel, 0.5 mmol,
0.25 mmol g 1) using the standard Fmoc/tert-butyl
chemistry described above. During synthesis, the
pseudo proline building block Fmoc-Asp(OtBu)-
Ser(psiMe,Mepro)-OH was used for the sequence-
specific introduction of Asp-Ser residues. After com-
plete synthesis of the peptide fragment, deprotection
and cleavage were performed with TFA/phenol/H20/
thioanisole/EDT/DMS/NH4I  (81/5/3/5/2.5/2/1.5 by
vol; 30 ml for 0.25 mmol of resin) for 3 h.

Ligation (general procedure)

MPAA (34 mg, 0.2 mmol) and tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) (58 mg, 0.2 mmol)
were dissolved in 6 M guanidine-HCI, 0.1 M pH 7.2
sodium phosphate buffer (1 mL). NaOH (6 M) was
then added to adjust the pH to 7. SEAoff-peptide A
and Cys-peptide segment B (2.7 eq) were dissolved
together in the above solution (final peptide concen-
tration 3 mM). The solution was stirred for 60 h at
room temperature under argon atmosphere and the
progress of the ligation monitored by LC-MS. After
60 h, the reaction mixture was diluted with water
(8 mL), acidified with 10% aqueous TFA (200 pL),
and extracted with diethylether to remove the excess
MPAA. TCEP (36.5 mg) was added to the aqueous
phase and agitated for 20 min. The crude product
was directly purified by reversed-phase HPLC using
a linear water (buffer A: HyO 0.1% TFA)-acetonitrile
(buffer B: ACN 0.1% TFA) gradient (0—20% of buffer
B in 1 min then 20 to 80% of buffer B in 121 min) to
obtain the purified synthetic protein (see Table III).

Production and purification of recombinant
calstabin

A 100 mL of 2YT medium [1.6% (w/v) Tryptone; 1%
(w/v) yeast extract; 0.5% (w/v) NaCl] supplemented
with 100 ug mL ™! ampicillin was inoculated in a 1-L
Erlenmeyer flask with an aliquot of a glycerol stock
of the Escherichia coli strain BL21(DE3)/
hFKBP12.6-GST pGEX6P3 at 37°C for 16 h under
agitation (200 rpm). A total of 5 L of 2YT medium
supplemented with 100 pg mL™ ! ampicillin was
inoculated with this preculture in a 7-L bioreactor
at 37°C, aerated at 1 v.v.m, and under agitation at
300 rpm. The production was induced by the

2238 PROTEINSCIENCE.ORG

addition of 1 mM IPTG at an ODggo of 1 for 21 h at
23°C. The cells were harvested by centrifugation at
6000g for 10 min at 4°C. The cell pellet was frozen
at —20°C. A pellet equivalent to 5 L of production
was resuspended in 500 mL of lysis buffer (10 mM
imidazole, 300 mM sucrose, 1 mM DTT, 10 uM pep-
statin A, 8.5 uM bestatin, 1 uM E64, 1 mM PMSF
adjusted to pH 7.4). The suspension was homoge-
nized and the cells sonicated three times for 1 min
with pulses of 0.5-in. at 100% power. The soluble
fraction was recovered by centrifugation at 16,000g
for 1 h at 4°C. Purification procedures were per-
formed at 4°C. A total of 500 mL of intracellular sol-
uble fraction was loaded onto 50 mL of glutathione
agarose resin equilibrated in buffer A (Buffer A:
10 mM imidazole, 300 mM sucrose, 1 mM DTT pH
7.4; Buffer B: 10 mM imidazole, 300 mM sucrose,
1 mM DTT, 10 mM glutathione pH 7.4). The lysate
was fixed for 16 h, washed with buffer A for 5 min,
and then eluted three times with buffer B for 25
min each. Nearly 240 mg of GST-calstabin was used
for the PreScission cleavage. This quantity was con-
tained in elutions 1 and 2. Then, 170 mL of 2X
cleavage buffer (100 mM Tris-HC1 pH 7.5, 300 mM
NaCl, 2 mM DTT, 2 mM EDTA) was added to
170 mL of GST elution (elutions 1 and 2). A total of
2400 U of PreScission protease was added. The mix
was incubated at 4°C under agitation for 16 h. The
cleaved calstabin was extensively dialyzed with a
Spectra/Por Membrane (MWCCO of 3.5 kDa) at least
three times for 3 h against 2 L of buffer C (10 mM
imidazole, 300 mM sucrose, 1 mM DTT, 10% glycer-
ol, pH 7.4). The purification procedures were per-
formed at 4°C using an AKTA explorer. The cleaved
calstabin was loaded on a 33 mL glutathione agarose
column previously equilibrated with buffer A. The
column was washed with 100 ml of buffer A and
then eluted with 10 X 10 mL of buffer B (10 mM
imidazole, 300 mM sucrose, 1 mM DTT, 10 mM glu-
tathione, pH 7.4). Flow through and first wash frac-
tions containing calstabin were concentrated three
times until 0.5 mg mL ™! using an AMICON system
with a 5 kDa cut off membrane. Five milligrams of
total protein were injected into a S75 26/60 prep-
grade 320 ml column and eluted with 1 column vol-
ume of buffer A (PBS, 1 mM DTT). The purified cal-
stabin was concentrated until near 1 mg mL ™! using
an AMICON system with a 5 kDa cut off membrane.
Then, calstabin was dialyzed with a Spectra/Por
Membrane (MWCCO of 3.5 kDa) twice for 3 h
against 2 X 2 L of 1X PBS.

Molecular biology

Gene sequencing and MS analysis were in agreement
with the sequence GPLGSMGVEI ETISPGDGRT
FPKKGQTCVV HYTGMLQNGK KFDSSRDRNK
PFKFRIGKQE  VIKGFEEGAA QMSLGQRAKL
TCTPDVAYGA TGHPGVIPPN ATLIFDVELL NLE.
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The GPLGS fragment, which is the only difference
from the sequence of synthetic calstabin, comes from
the GST tag.

Protein refolding

The lyophilized peptide was solubilized at 0.5 mg/ml
in a buffer containing 100 mM Tris-HCl, 6M guani-
dinium hydrochloride, and 5 mM DTT (pH 8) and
incubated at 37°C for 30 min. At that stage, numer-
ous tests were performed using the Pierce® refolding
kit (ThermoFisher Scientific, Illkirch-Graffenstaden,
France), but only the following condition led to an
active synthetic enzyme. Therefore, the protein was
refolded by dialysis 2 X 2 h at 4°C against a buffer
containing 50 mM Tris-HCI and 20 mM NaCl (pH
7.5).
against an analysis buffer. For refolding by dilution,
the lyophilized peptide was solubilized at 8 mg/ml in
DMSO and diluted drop by drop in a Tris buffer
(560 mM NaCl, 20 mM KCl, 0.8 mM, pH 7.7) + 5 mM
DTT in order to obtain 1% DMSO. After 4 h at 4°C,
the samples were concentrated to a final concentra-
tion of ~0.5 mg mL ™.

A final extensive dialysis was performed

Preparative size-exclusion chromatography

For preparative SEC, samples were concentrated to
2.5 mg mL ! using an Amicon Ultra-4 concentrator
with an MWCO of 2000 Da and centrifuged at
20,300g for 20 min. Proteins were injected on a
Superdex 75 10/300 GL (GE Healthcare, Orsay,
France) equilibrated with 50 mM Tris/HCl and
300 mM NaCl (pH 7.5) buffer at 0.8 mL min '. The
protein elution was monitored at 280 nm.

Electrophoresis

SDS-PAGE was performed using Nu-PAGE 4-12%
in MES buffer (Invitrogen). Samples were boiled for
5 min at 95°C with LDS sample buffer (Invitrogen)
and 50 mM DTT. Migration was done under 200 V
for 40 min.

Analytical size-exclusion chromatography with
MALS

For SEC, samples were concentrated to at least at
0.3 mg mL ! using an Amicon Ultra-4 concentrator
with an MWCO of 2000 Da and centrifuged at
20,300g for 20 min. Proteins were analyzed on a
Superdex 75 5/150 GL column (GE Healthcare,
Orsay, France) equilibrated with 50 mM Tris/HCl
and 300 mM NaCl (pH 7.5) buffer filtered (0.1 pM)
at a flow rate of 0.2 mL min . Protein elution was
monitored at 280 nm. HPLC was equipped with a
multi-angle light scattering detector (DAWN
8+ Wyatt Technology, Santa Barbara, CA) and an RI
detector (Optilab T-rEX Wyatt Technology, Santa
Barbara, CA).
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Native mass spectrometry

Nano-ESI mass spectra were acquired on a time-of-
flight mass spectrometer (LCT Premier XE, Waters,
Milford, MA) upgraded with the Non-Covalent
Enhancement kit and fitted with an automated chip-
based NanoESI system (Nanomate 200, Advion Bio-
sciences, Ithaca, NY). Standard nanospray parame-
ters were used (chip voltage 1500 V, gas pressure
0.3 psi). Before native ESI-MS measurements, syn-
thetic calstabin sample (Fraction 2) was desalted in
200 mM ammonium acetate (pH 7.4) by five succes-
sive concentration/dilution buffer-exchange steps
with Amicon Ultra centrifugal filter (3 kDa cut-off,
Pierce, Rockford, IL). Synthetic calstabin was dilut-
ed to 10 pM. The mass spectrometer was carefully
tuned with gentle desolvation parameters to pre-
serve protein folding during the ionization/desorp-
tion process. The cone, ion guide 1 and aperture 1
voltages were optimized to 50 V, 50 V, and 10 V,
respectively. The pressure in the source region was
1.9 mbar. Ions were detected with a multichannel
plate (MCP) detector set at 2200 V. Native mass
spectra were recorded in the positive V mode on the
mass range m/z 500-5000 after calibration with 2
uM horse heart myoglobin dissolved in acetonitrile/
water/formic acid (50:50:1, v/v). Data were acquired
and processed using MassLynx v4.1 (Waters, Mil-
ford, MA). Spectra acquired for 1-2 min were com-
bined and smoothed before centering.

Circular dichroism

CD measurements were performed after extensive
dialysis against a 20 mM potassium phosphate buff-
er (pH 7.7). For secondary structure analysis at
20°C, spectra were acquired at 20°C with a 0.1 cm
path at 50 nm min ' scanning speed. For denatur-
ation analysis, spectra were acquired between 20
and 80°C with a 0.1 cm path and an increase of
1°C min .

Peptidyl-prolyl cis-trans isomerase (PPlase)
catalytic activity

The PPlase activity of calstabin®"*>*¢ was measured
in a spectrophotometric assay. The protease-coupled
assay relied on chymotrypsin’s inability to cleave
peptide substrates with a cis-Pro at the P2 position,
such as in the peptide Suc-Ala-Ala-Pro-Phe-pNA.
The progress of the reaction was followed with an
increase of absorbance at 390 nm corresponding to
free pNa (€390nm = 13,400 M ! em ™). The reaction
occurred at 10°C with a stopped flow for 120 s. Chy-
motrypsin was prepared at 12 mg mL ™! in 50 mM
Hepes and 100 mM NaCl (pH 8) buffer. The stock
solution of substrate (Nsuc-Ala-Leu-Pro-Phe-pNa)
was 10 mM in DMSO. The peptide was then diluted
in 50 mM Hepes and 100 mM NaCl (pH 8) buffer at
a final concentration of 200 uM. Calstabin was four
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times more concentrated by the addition of working
buffer. For each measure, 50 uL of chymotrypsin, 50 pL
of enzyme, and 100 pL of substrate was expulsed at 10
mL s~ . There were six shots for each condition. Harri-
son and Stein®” showed that, in the presence of excess
chymotrypsin, the progress curves for the production of
p-nitroaniline were in first-order in substrate with a
rate constant kg, corresponding to the specific activity
of the PPlase after the burst of the initially present
trans-substrate. The experimental data could be fitted
with two exponentials, the first one corresponding to
the reaction of the initially present trans-substrate and
the second to the kinetics of the PPlase activity, giving
us the specific activity of the enzyme depending on its
concentration. To avoid dependence on the concentra-
tion of this parameter, we can calculate the & ./K,, val-
ue using the formula k /K, = (Riso— Echimo)/[PPlasel],
where kg,imo corresponds to the parameters calculated
without the enzyme and to the natural isomerization of
proline in water.

Protein crystal

The synthetic calsatbin (residues 1-107) was solubi-
lized at a final concentration of 66 uM in 50 mM
HCI-Tris and 150 mM NaCl (pH 8). The enzyme (at
66 M) was mixed with rapamycin at a final concen-
tration of 369 pM in the presence of 6.4% MeOH
and then incubated for 1 h on ice. The enzyme com-
plex was subsequently concentrated at 492 uM. The
sample was centrifuged at 11,000g for 15 min before
crystallization. Hanging drops of synthetic calstabin
were set up by mixing equimolar ratio of the com-
plex and the reservoir containing 16% PEG 8K, 10%
glycerol, 500 mM KCI, and 50 mM Hepes (pH 7).
First crystals appeared after 2 days at 17°C by vapor
diffusion and were optimized using the micro-
seeding technique. The optimized crystals were long
rods [Fig. 9(A)] that were cryo-cooled in a final solu-
tion containing 18% PEG 8K, 10% glycerol, 500 mM
KCl, and 50 mM Hepes (pH 7).

X-ray diffraction

X-ray data sets were collected in the Proxima 1
beamline station at the Synchrotron SOLEIL
(Saclay, France). Diffraction data were indexed and
scaled with XDS.5” Molecular replacement solution
was obtained with Phaser, CCP4 suite®® using
recombinant calstabin bound to rapamycin (PDB
entry ID: 1C9H) as search model. Model building
and refinement were carried out with the Coot®® and
Buster programs.®® Data collection and refinement
statistics are summarized in Table IV. Figures were
made using PyMOL software (Molecular Graphics
System, Version 1.5.0.4 Schrodinger, LLC).
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