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ABSTRACT: To fully explore the substrate specificities of prolyl isomerases, we synthesized a library of 20
tetrapeptides that are labeled with a 2-aminobenzoyl (Abz) group at the amino terminus and a p-nitroanilide
(pNA) group at the carboxy terminus. In this peptide library of the general formula Abz-Ala-Xaa-Pro-Phe-
pNA, the position Xaa before the proline is occupied by all 20 proteinogenic amino acids. A conformational
analysis of the peptide by molecular dynamics simulations and by NMR spectroscopy showed that the mutual
distance between the Abz and pNA moieties in the peptides depends on the isomeric state of the Xaa—Pro
bond. In the cis, but not in the trans form, there are significant chemical shift changes of the Abz and pNA
moieties, because their aromatic rings are close to each other. This proximity also leads to a strong quenching
of Abz fluorescence, which, in combination with a solvent jump, was used to devise a sensitive assay for prolyl
isomerases. Unlike the traditional assays, it is not coupled with peptide proteolysis and thus can be employed
for protease-sensitive prolyl isomerases as well. The peptide library was used to provide a complete set of
Pl-site specificities for prototypic human members of the three prolyl isomerase families, FKBP12,
cyclophilin 18, and parvulin 14. In a second application, the substrate specificity of SlyD, a protease-sensitive
prolyl isomerase from Escherichia coli, was characterized and compared with that of human FKBP12 as well

as with homologues from other bacteria.

The cis—trans isomerization of the peptidyl—prolyl bond
[prolyl isomerization (Figure 1a)] is an intrinsically slow reaction,
because it involves the rotation about the peptide bond, which
has partial double-bond character. Prolyl isomerizations are
important rate-limiting steps in protein folding (/), and they
are used as molecular switches to regulate the biological activity
of proteins (2—10). Prolyl isomerizations are catalyzed by three
distinct families of prolyl isomerases: cyclophilins, FK-506 bind-
ing proteins (FKBPs),' and parvulins (Figure 1b) (11).
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The first prolyl isomerase was discovered using the modified
tetrapeptide succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Suc-Ala-
Ala-Pro-Phe-pNA) in a protease-coupled assay (/2), which
exploits the finding that o-chymotrypsin can hydrolyze the
p-nitroanilide amide bond only when the Ala—Pro bond is in
the trans conformation (13). The hydrolysis leads to an increase
in absorbance at 390 nm. In aqueous solution, the assay peptide
exists as a 90:10 mixture of molecules with the Ala—Pro bond in
trans and cis conformations, respectively (13, /4). In the presence
of chymotrypsin at a high concentration, 90% of the molecules
are thus cleaved rapidly, within the dead time of manual mixing.
The hydrolysis of the remaining 10% is slow, because it is limited
in rate by the cis — trans isomerization of the peptide, and the
acceleration of this slow reaction was used as the basis for
detecting and characterizing the enzymatic properties of prolyl
isomerases (12, 15—17).

This protease-coupled assay procedure, termed isomer-specific
proteolysis (ISP) (18), has two drawbacks. The fraction of the cis
peptide and thus the sensitivity of the assay are low, and it can be
used only for prolyl isomerases that are protease-resistant. The
amount of ¢is isomer and thus the sensitivity of the assay can be
increased by dissolving the peptide in an anhydrous LiCl/TFE
solution prior to the assay (/9). To avoid the coupling with
isomer-specific proteolysis, several variants of the peptide assay
were developed (20—22). In the substrate Suc-Ala-Ala-Pro-Phe-
pNA, a 1—-3% change in absorbance occurs upon isomerization
even in the absence of a protease. This small change was used to
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FIGURE 1: (a) Cis—trans isomerization of a Xaa—Pro bond. (b) Three-dimensional structures of representative members of the three families of
prolyl isomerases, human cyclophilin 18 (PDB entry loca) (66), human FKBP12 (PDB entry 1fkf) (67), and human parvulin 14 (PDB entry

1jd) (68). This figure was prepared using UCSF Chimera (69).

devise a protease-free assay (20). Its sensitivity is low, and it
shows a poor signal-to-noise ratio. Garcia-Echeverria et al.
introduced substrates that were labeled N-terminally with a
2-aminobenzoyl (Abz) residue and C-terminally with either a
nitrophenylalanine residue or a 4-nitrobenzyl moiety, each of
which acts as a quencher of the Abz fluorescence (21, 22). The
extent of quenching is different for the cis and trans forms of the
peptide, and in combination with a solvent jump from a LiCl/
TFE solution, this was exploited in developing a protease-free
prolyl isomerase assay (21, 23).

In the protease-free assays, the shift in the cis—trans equilib-
rium upon solvent transfer is measured, and as a consequence,
the observed macroscopic rate constant is equal to the sum of the
microscopic rate constants for the cis — trans (ko) and trans —
cis (ki) reactions. In the protease-coupled assay, only ke is
measured, because the back reaction is abolished by the rapid
proteolysis of the trans isomer (20).

The substrate specificities of prolyl isomerases are determined
primarily by the nature of the amino acid at the P1 position,
which participates in the isomerizing peptide bond with the
proline. In initial investigations of human cyclophilin 18
(hCyp18) and FKBP12, we employed limited sets of tetrapeptides
and the protease-coupled assay to evaluate the substrate specifi-
cities of these prolyl isomerases, which are resistant to rapid
proteolysis by chymotrypsin (15).

To fully explore the substrate specificities of prolyl isomerases,
including those that are sensitive to proteases, we synthesized a
library of 20 tetrapeptides that are labeled with an Abz group at
the amino terminus and a pNA group at the carboxy terminus,
which quenches the Abz fluorescence (Figure 2). In this peptide
library of the general formula Abz-Ala-Xaa-Pro-Phe-pNA, the
Xaa position before the proline is occupied by all 20 proteino-
genic amino acids.

We first analyzed the conformations of these peptides by
NMR spectroscopy and molecular dynamics simulations as well

as by absorbance and fluorescence spectroscopy. The cis—trans
equilibria and the isomerization kinetics were measured after
jumps from different solvents to aqueous buffer. Then, this
peptide library in combination with the sensitive protease-free
fluorimetric assay was used to determine the substrate specifi-
cities of human members of the three PPlase families, namely,
FKBP12, cyclophilin 18, and parvulin 14. In a second applica-
tion, the substrate specificity of SlyD, a protease-sensitive prolyl
isomerase from Escherichia coli, was characterized and compared
with those of human FKBP12 and SlyD homologues from six
other bacterial species.

MATERIALS AND METHODS

Materials. Chemical reagents and solvents were purchased
from Sigma Aldrich. The amino acid derivatives, coupling
reagents, and the resin were purchased from Novabiochem.
The proteins hFKBP12, hCyp18, hPar14, and SlyD were purified
as described previously (16, 24—26). The peptide Suc-Ala-Glu-
Pro-Phe-pNA was purchased from Bachem.

Peptide Synthesis. The Abz/pNA-tetrapeptide derivatives
were synthesized employing N®-9-fluorenylmethoxycarbonyl
(Fmoc)-protected amino acid derivatives by manual solid-phase
peptide synthesis. Trifunctional amino acids were used as the side
chain-protected derivatives carrying the following side chain
protection: trityl (Trt) for Gln, Asn, His, and Cys; tert-butyl
(tBu) for Glu, Asp, Tyr, Thr, and Ser; tert-butyloxycarbonyl
(Boc) for Lys and Trp; and 2,2,4,6,7-pentamethyldihydrobenzo-
furan-5-sulfonyl (Pbf) for Arg. The 2-aminobenzoic acid was
introduced as the Boc-protected derivative [Abz(Boc)].

The peptides Abz(Boc)-Ala-Xaa-Pro-OH were assembled on a
chlorotrityl chloride resin. After the resin had been loaded with
Fmoc-Pro-OH according to the protocol given elsewhere (27),
the peptides were elongated using activation by benzotriazol-1-
yloxytrispyrrolidinophosphonium hexafluorophosphate (PyBop).
Four equivalents of PyBop, 4 equiv of the Fmoc-protected amino
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FIGURE 2: Schematic structure representation of the doubly labeled
tetrapeptide Abz-Ala-Ala-Pro-Phe-pNA.

acid derivative, and 8 equiv of the auxiliary base N,N-diisopro-
pylethylamine (DIPEA) were incubated with the resin in N,N-
dimethylformamide (DMF) for 1 h at room temperature under
continuous stirring to form the amide bonds. Removal of the
Fmoc protection group was accomplished by incubating the resin
in a 20% piperidine/DMF mixture for 15 min twice. The fully
protected peptides were cleaved from the resin via application of
33% 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) in dichloro-
methane (DCM) (28). Condensation of the Abz-tripeptide deri-
vative to H-Phe-pNA HCI was conducted in tetrahydrofuran
(THF) via application of 2 equiv of H-Phe-pNA HCI, 2 equiv of
PyBop, and 4 equiv of DIPEA for 1 h at room temperature.
Subsequently, the THF was evaporated, the crude reaction
mixture dissolved in DMF, and the product precipitated by the
addition of 0.3 M sodium acetate buffer (pH 5.0). The precipitate
was washed with HyO and dried overnight under vacuum.
Removal of the protection groups was accomplished by treat-
ment with a mixture of trifluoroacetic acid (TFA, 95%, v/v),
triisopropylsilane (TIS, 2.5%, v/v), and H,O (2.5%, v/v) for 1 h.

The peptide Abz-Ala-Glu-Pro-Phe-Glu-NH, was synthesized
according to the procedure given above on a Rink amide
resin. Cleavage from the resin was accomplished by treatment
with a TFA (95%, v/v)/TIS (2.5%, v/v)/H,0 mixture (2.5%, v/v)
for 1 h.

Finally, the peptides were purified by reversed-phase HPLC
using a Hibar 250-25 LiChrospher 100 RP-8 RP column (Merck,
Darmstadt, Germany). The respective sample was loaded onto
the column and eluted with a linear gradient from 10 to 65% (v/v)
acetonitrile (ACN) with 0.1% TFA ina H,0/0.1% TFA mixture
over 90 min at a flow rate of 16 mL/min. Fractions containing the
product were combined, and the purity was checked by analytical
HPLC using a gradient from 10 to 80% (v/v) ACN with 0.1%
TFA ina H,0/0.1% TFA mixture over 30 min (Grace Vydac C8
column). The identities of the products were verified by electro-
spray mass spectrometry (ESI-MS, Dionex, MSQ Surveyor). The
yields of the isolated and purified peptides were between 20 and
40% referenced to the resin loading.

Isomer-Specific Proteolysis of the Peptides. Isomer-spe-
cific proteolysis was initiated by the addition of 240 uM o-
chymotrypsin (final concentration) to 12 uM peptide in 50 mM
HEPES (pH 7.8) at 15 °C and followed by the increase in
absorbance at 390 nm. The fraction of the cis isomer in various
solvents was measured after a solvent jump to 50 mM HEPES
(pH 7.8) containing 240 uM a-chymotrypsin at 15 °C. The
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samples were stirred at a constant velocity during the measure-
ments. The temperature was controlled with a Peltier element.
Monoexponential functions were fitted to the reaction progress
curves.

Fluorimetric Analysis of the Peptides and Protease-Free
Assay. The assay peptides were dissolved in 50 mM HEPES (pH
7.8) in MMIM Me,SOy, or in an anhydrous 0.55 M LiCl/TFE
mixture. Fluorescence emission spectra (3 nm bandwidth) of
1 uM Abz-peptides were measured after excitation at 316 nm
(3 nm bandwidth) in 0.1 M potassium phosphate and 1 mM
EDTA (pH 7.5) at 15 °C using a Jasco FP 6500 or a Hitachi
F4010 spectrofluorimeter. Isomer-specific proteolysis was in-
itiated by addition of 240 uM a-chymotrypsin (final con-
centration). Time courses were measured at 416 nm (3 nm
bandwidth) after excitation at 316 nm (3 nm bandwidth). The
samples were continuously stirred. Peptide concentrations were
between 4 and 20 uM.

The protease-free assays were performed in a similar way. The
reaction was initiated by a dilution of the peptide in an anhydrous
0.55 M LiCl/TFE mixture or in MMIM Me,SO4 with 0.1 M
potassium phosphate and | mM EDTA (pH 7.5). Typically, these
solvent jump experiments were performed as 200-fold dilutions of
600 uM peptide stock solutions. Time courses were measured at
416 nm (5 nm bandwidth) after excitation at 316 nm (3 nm
bandwidth).

For all peptides, the cis—trans isomerization reactions were
independent of the peptide concentration at concentrations of
<5 uM and followed monoexponential time courses. At high
peptide concentrations (> 10 uM) and high salt concentrations
(>0.5 M NacCl), several hydrophobic peptides exhibited more
complicated kinetics, probably because isomerization was ac-
companied by aggregation.

The cis—trans isomerization reaction could be followed in
several widely used buffers (Tris, HEPES, MOPS, and
cacodylate), in the presence of denaturants such as urea or
GdmCl, in the presence of redox reagents such as TCEP or
DTT, in the presence of metal ions (Ni**, Co*", and Mg>"), and
even in turbid media, demonstrating that the solvent jump assay
is robust and can be used under widely differing conditions.

The quantum yield @ of Abz-Ala-Glu-Pro-Phe-Glu-NH, in
0.1 M potassium phosphate buffer (pH 7.5) at 10 °C was cal-
culated from the integrated emission intensity (Ao, = 316 nm;
OD36 = 0.01) using 1,4-bis(5-phenyloxazol-2-yl)benzene in cyclo-
hexane (D¢ = 0.97) (29) as a standard. The @ value was corrected
for refractive index variation of sample and reference (30).
The Forster distance Ry was calculated using a 1> of 2/, an ey
of 14000 M~" cm™" (31), and a refractive index of 1.34 (32).

Protease-Free PPlase Assay. Peptide (~0.5 mg) was dis-
solved in 1 mL of an anhydrous 0.55 M LiCl/TFE solvent
mixture and stored at 4 °C in an exsiccator filled with hygroscopic
material (silica gel, P,Os powder). Solvent jumps were initiated
by addition of the 5 uL aliquot of the 750 uM peptide stock
solution in a 0.55 M LiCl/TFE mixture to 995 uL of 0.1 M
potassium phosphate and 1 mM EDTA (pH 7.5) in a fluores-
cence cell in the absence and presence of PPlase. Fluorescence at
416 nm was measured after excitation at 316 nm. The time
courses of the cis—trans isomerization were analyzed as single-
exponential reactions, and the apparent rate constants are plotted
as a function of enzyme concentration. The time course of the
reaction is described by the rate constant kup, = ko + [E] x
kear/ Ky, Where ky is the rate constant of the uncatalyzed reaction,
[E] is the enzyme concentration, and k., and Ky, are the turnover
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number and the Michaelis constant, respectively. A plot of &y,
versus enzyme concentration gives a slope equal to the catalytic
efficiency, kea/ Knm.

NMR Measurements. The NMR samples generally con-
tained 2—2.5 mM peptide in 100 mM potassium phosphate
buffer (pH 7.5, 5% D,0). Standard one-dimensional (1D) and
two-dimensional (2D) (‘"H-'H TOCSY, 'H-'H NOESY,
"H-"H ROESY, and 'H-""C HSQC) pulse sequences were
employed to collect data at 10 °C with a Bruker DMX 500
spectrometer operating at a proton resonance frequency of
500.13 MHz and equipped with a 5 mm triple-resonance
"H{"3C/"*N} probe that had XYZ gradient capability. The data
were collected with the carrier placed in the center of the spectrum
on the water resonance, which was suppressed by presaturation
or gradient pulses. Quadrature detection in the indirectly detected
dimension of 2D experiments was achieved by the States—TPPI
or echo—antiecho method. TOCSY spectra were collected with
80 and 6 ms spin-lock times and NOESY and ROESY spectra
with 300 and 225 ms mixing times, respectively. All NMR spectra
were acquired, processed, and analyzed on Silicon Graphics
computers using XWINNMR version 3.5 (Bruker Bio-Spin,
Rheinstetten, Germany). A 90° phase-shifted squared sine-bell
function was used for apodization in all dimensions. Polynomial
baseline correction was applied to the processed spectra in
the directly detected 'H dimension. The chemical shifts were
referenced to external DSS to ensure consistency among all
spectra (33, 34).

Molecular Dynamics Calculations. Initial conformations
of the peptides Abz-Ala-Xaa-Pro-Phe-pNA (Xaa is Gly, Ala, or
Glu) with Pro in either the trans or the cis conformation were
generated in MOE (35). The molecular dynamics study was
performed using the GROMOS0S simulation package (36) in
combination with the GROMOS-53A6 force field (37). Force
field parameters used for uncommon parts of the Abz and pNA
end groups were prepared individually and implemented in the
GROMOS05 simulation package (Tables S1 and S2 of the
Supporting Information). All bonds were constrained, using
the SHAKE algorithm (38) with a relative geometric accuracy
of 107*, allowing for a time step of 2 fs used in the leapfrog
integration scheme (39). Rectangular periodic boundary condi-
tions were applied. After a steepest descent minimization to
remove bad contacts between molecules, initial velocities were
randomly assigned from a Maxwell—Boltzmann distribution at
300K, according to the atomic masses. The temperature was kept
constant using weak coupling to a bath of 300 K with a relaxation
time of 0.1 ps (40). The peptide and the solvent [2012 explicit
SPC (41) water molecules] were independently coupled to the
heat bath. The pressure was controlled using isotropic weak
coupling to atmospheric pressure with a relaxation time of
0.5 ps (40). van der Waals and electrostatic interactions were
calculated using a triple-range cutoff scheme. Interactions within
a short-range cutoff of 0.8 nm were calculated every time step
from a pair list that was generated every five steps. At these time
points, interactions between 0.8 and 1.4 nm were also calculated
and kept constant between updates. A reaction field contribution
was added to the electrostatic interactions and forces to account
for a homogeneous medium outside the long-range cutoff, using
the relative permittivity of 61 of SPC water (42). The system was
equilibrated for 2 ns, and the length of the production run was
120 ns. Coordinates of atoms were stored every 4 ps. Cluster
analysis of peptides was performed using gromos++ tool
cluster (43) with a rmsd cutoff of 0.25 nm.
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Table I: Chemical Shift Values (in parts per million) for the Abz and pNA
Ring Protons (Figure 2) of the Peptides Abz-Ala-Glu-Pro-Phe-pNA, Suc-
Ala-Glu-Pro-Phe-pNA, and Abz-Ala-Glu-Pro-Phe-Glu-NH,¢

Abz moiety pNA moiety
peptide H3 H4 H5 H6 H2/H6 H3/H5
Abz-Ala-Glu-Pro-Phe-pNA
trans-Pro 7.52 6.85 7.34 6.88 7.50 8.21
cis-Pro 7.34 6.72 7.25 6.76 7.39 8.08
Suc-Ala-Glu-Pro-Phe-pNA
trans-Pro - - - - 7.49 8.21
cis-Pro - - - - 7.52 8.22

Abz-Ala-Glu-Pro-Phe-Glu-NH,

trans-Pro 7.50 6.85 7.35 6.89 - -
cis-Pro 7.52 6.85 7.35 6.89 - -

“The 'H chemical shift values were obtained from 'H—'H TOCSY
spectra collected with a spin-lock time of 80 ms. Measurements were
performed at 10 °C using 2—2.5 mM peptide dissolved in 100 mM
potassium phosphate buffer (pH 7.5, 5% D,0).

RESULTS AND DISCUSSION

Conformational Analysis by NMR Spectroscopy. The
conformation of the doubly labeled peptide Abz-Ala-Glu-Pro-
Phe-pNA was analyzed by one- and two-dimensional NMR
spectroscopy. The respective 'H and *C resonance assignments
are listed in Table S3 of the Supporting Information. Individual
sets of resonances were identified for the trans-Pro form and the
cis-Pro form of the peptide. The different proline conformers
could be discerned on the basis of NOE and ROE connectivities
between the Ho atom of the preceding glutamate and either the
Ha or Ho atom(s) of the proline residue (44) and on the basis of
the characteristic '*C chemical shift values of the proline Cf and
Cy nuclei (49). Furthermore, the apparent lack in the NOESY
and ROESY spectra of dipolar couplings between the Abz and
pNA ring moieties implies that the average distance between the
Abz and pNA moieties is >5 A. In the cis-Pro form, the 'H
resonances of the Abz and pNA ring protons are shifted upfield
by 0.1-0.2 ppm, compared to those of the trans-Pro form
(Table 1), suggesting that the isomeric state of the proline
influences the chemical environment of the two fluorophores
(Figure 3). The phenylalanine ring is hardly affected by the
proline conformation, and only a minor chemical shift change of
0.04 ppm was observed for the HE resonance. The cis:trans ratio
in the doubly labeled peptide was 0.22:0.78, as determined from
an integration of the pNA H3/HS5 signals in the 1D spectrum.

NMR spectra were also recorded for two control peptides that
lacked either the Abz moiety (Suc-Ala-Glu-Pro-Phe-pNA) or the
pNA moiety (Abz-Ala-Glu-Pro-Phe-Glu-NH,). The corre-
sponding 'H and "*C resonances are listed in Tables S4 and S5
of the Supporting Information, respectively. In both control
peptides, the remaining chromophore (Abz or pNA) exhibited
virtually identical chemical shift values in the trans-Pro form and
the cis-Pro form (Table 1); moreover, these chromophore reso-
nances coincided with the ones obtained for the trans form of the
doubly labeled peptide (Figure 3). This resonance congruence
indicates that, in the trans-Pro form of the doubly labeled
peptide, the chemical environment of each chromophore is not
affected by the respective other chromophore, because they are
remote from each other.



Article
(a)
. 6.8
¥ 9 L]
7.0
pNA
| ci 7:2
trans| |~ . )
j : 0 W ) i0 |34 =
0 0 o [ " g
' [ t16 &
lrans‘ 2 | 7.8 w©
0 Abz
8.0
0 0 - 8.2
0
; ; ; : ; ; 8.4
82 80 78 76 7.4 72 70 6.8

8,(ppm)

Biochemistry, Vol. 48, No. 43, 2009 10427
(b) |
) - 6.8
¥ @
- -7.0
pNA ¢
j | cis L7.2
trans L M —_—
0 0 o0 [, E
0 [T =3
0 Wi
trans‘ i 2%
Abz
- 8.0
0 0 - 8.2
8.4

82 80 78 76 74 72 70 6.6

3, (ppm)

FIGURE 3: (a) Overlay of the aromatic regions of the "'H—"H TOCSY spectra of Abz-Ala-Glu-Pro-Phe-pNA (black/gray contours) and Suc-Ala-
Glu-Pro-Phe-pNA (red contours), showing the congruence of the signals that represent the Abz ring protons of Suc-Ala-Glu-Pro-Phe-pNA and of
the trans-Pro form (black contours) of Abz-Ala-Glu-Pro-Phe-pNA. In the cis-Pro form (gray contours) of Abz-Ala-Glu-Pro-Phe-pNA, the
fluorophore signals are all shifted upfield relative to the control, indicating a parallel stacking interaction between the Abz and pNA ring planes.
(b) Overlay of the aromatic regions of the "H—"H TOCSY spectra of Abz-Ala-Glu-Pro-Phe-pNA (black/gray contours) and Abz-Ala-Glu-Pro-
Phe-Glu-NH; (cyan contours). Again, the signals of the Abz ring protons in Abz-Ala-Glu-Pro-Phe-Glu-NH; coincide with those of the trans-Pro
form (black contours) of Abz-Ala-Glu-Pro-Phe-pNA, while the cross-peaks of the Abz-Ala-Glu-Pro-Phe-pNA cis-Pro form (gray contours) are

all shifted upfield.

The pronounced upfield shifts observed for resonances of the
cis-Pro isomer (relative to the frans-Pro form) of the doubly
labeled peptide, on the other hand, originate from mutual ring
current effects between the Abz and pNA moieties. Such effects
require ring-to-ring distances of <7 A, suggesting that, in the cis-
Pro form, the Abz and pNA ring planes can approach each other
at such a short distance in an approximately parallel fashion. At
the same time, the above-mentioned lack of both NOE and ROE
connectivities between the chromophores, in the ¢is-Pro form of the
doubly labeled peptide, implies that the Abz and pNA rings are on
average more than 5 A apart. Hence, an average inter-ring distance
of 5—7 A can be assumed in the cis-Pro form, whereas the distance
between the two rings is apparently larger in the trans-Pro form.

Molecular Dynamics Simulations of the Doubly Labeled
Peptides. The conformational dynamics of the doubly labeled
peptide Abz-Ala-Glu-Pro-Phe-pNA was also analyzed by mole-
cular dynamics simulations for the trans form and the cis form.
Both can adopt wide ranges of conformations, indicating that,
overall, the peptides are unstructured. Nevertheless, the statistical
analysis of the entire ensembles of structures (Figure 4) reveals
pronounced differences between the two forms of the peptide.
The cis isomer exists partially in a closed form, and the distribu-
tion of the distances between the centers of the terminal chro-
mophores shows a narrow peak around 5 A (Figure 4a) for
~46% of all molecules. The remaining molecules show more
extended conformations (Figure 4). In contrast, the trans isomer
exists mostly in an extended conformation in which the centers of
the chromophoric groups are approximately 18 A from each
other. The different intramolecular distance distributions for the
two forms of the peptide (Figure 4a) are also reflected in different
average radii of gyration (Figure 4b).

Similar distance distributions (Figure 4c) and radii of gyration
(Figure 4d) were also found for the cis and trans forms of the
peptide in which Pro is preceded by Ala (Abz-Ala-Ala-Pro-Phe-
pNA). Representative structures of the cis and trans isomers of
the peptides in different conformations are shown in Figure S1 of
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centers of mass of the aromatic rings of the Abz and pNA moieties for
the cis (red curves) and transisomers (black curves) for Abz-Ala-Xaa-
Pro-Phe-pNA peptides: (a) Xaa = Glu, (c) Xaa = Ala, and (e)
Xaa = Gly. (b, d, and f) Distribution of the radii of gyration for the
cis (red curves) and trans isomers (black curves) for Abz-Ala-
Xaa-Pro-Phe-pNA peptides: (b) Xaa = Glu, (d) Xaa = Ala, and
(f) Xaa = Gly. The distributions were calculated from the time series
of the distances and gyration radii of the simulated peptides. They
were obtained from molecular dynamics simulations as described in
Materials and Methods.

the Supporting Information. The cis isomer shows two alter-
native conformations (Figure Slab), while the frans isomer
predominates in a single conformation (Figure Slc). Different
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FIGURE 5: (a) Absorbance and (b) fluorescence spectra of the Abz-
Ala-Glu-Pro-Phe-pNA peptide before (———) and after (—) proteo-
lysis by 24 uM o-chymotrypsin. The spectra of a-chymotrypsin were
subtracted. The absorbance spectra were measured with 10 yM
peptide and the fluorescence spectra with 1 uM peptide, both in
50 mM Hepes (pH 7.8) at 15 °C.

results were obtained when Pro was preceded by Gly (in the Abz-
Ala-Gly-Pro-Phe-pNA peptide). In this case, broad distance
distributions were found, which are similar for the cis and the
trans forms of the peptide (Figure 4e), indicating that the
inherently high backbone flexibility at Gly residues compensates
for the differences in the static bending of the backbone at the
Gly—Pro bond. Moreover, the two isomers of the Gly peptide
exhibited nearly the same average radii of gyration (Figure 4f).

In the MD simulations, a significant fraction of molecules with
end group distances of <35 A is observed only for the cis isomers
(Figure 4). This agrees well with the NMR result that the
chemical shifts of the chromophores affect each other in the cis
but not in the trans forms of the peptides (72).

Spectral Properties of the Labeled Peptides. The doubly
labeled tetrapeptides exhibit nearly identical absorbance spectra
with a maximum at 315 £ 2 nm, which originates predominantly
from the pNA group. The spectrum for Abz-Ala-Glu-Pro-Phe-
pNA is shown in Figure 5a. The cleavage by o-chymotrypsin
leads to the release of p-nitroaniline and to a corresponding
bathochromic shift of the pNA absorption band by 65 nm. This
shift and the comparison with the spectrum of p-nitroaniline
allowed us to calculate the contribution of the Abz group to the
absorbance spectra of the peptides before and after proteolysis. It
indicates that, in the doubly labeled peptides, only ~20% of the
absorbance at 316 nm originates from the Abz moiety.

The fluorescence spectra of the doubly labeled peptides
showed a maximum near 420 nm (after excitation at 316 nm),
as shown for Abz-Ala-Glu-Pro-Phe-pNA in Figure 5b. The
fluorescence intensity increased strongly (5—6-fold) upon pro-
teolytic removal of the pNA group, which indicates that, in the
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doubly labeled peptides, the Abz fluorescence is strongly
quenched. The spectral overlap between the emission band of
the Abz group and the absorption band of the pNA group is
rather small but allows, in principle, Forster resonance energy
transfer. The quantum yield of the Abz moiety in the absence of
the quencher has been determined (®p, = 0.48 £ 0.04) using the
Abz-Ala-Glu-Pro-Phe-Glu-NH; peptide and 1,4-bis(5-phenylox-
azol-2-yl)benzene in cyclohexane (®,r = 0.97) as a standard (29).
The Forster distance calculated from the spectra is ~16 A (using
a k” of ?/5 and a refractive index of 1.34). The average intramo-
lecular distances between the two chromophores, as calculated
from the molecular dynamics simulations (~18 A for the trans
form and ~5 A for the cis form), are both within the range suitable
for energy transfer, suggesting that it contributes to the observed
strong reduction of the Abz fluorescence in the doubly labeled
peptides. An additional decrease in Abz fluorescence originates
probably from dynamic or static quenching by the pNA moiety (46).

The strong increase in fluorescence upon cleavage at a high
protease concentration provides a straightforward method for
following the kinetics of the cis—trans isomerization. The extent
of intramolecular quenching depends on the cis:trans ratio at the
Xaa—Pro bond, and as described later, solvent jump experiments
monitored by fluorescence can be used to follow the cis—trans
isomerization in the intact peptides.

Measurement of the Cis—Trans Xaa— Pro Equilibria in
the Peptide Library by Isomer-Specific Proteolysis. The
Abz peptides in our library were designed such that they could be
employed for both the protease-free fluorescence assay and the
isomer-specific proteolysis (ISP) assay with a-chymotrypsin
(12, 13, 18). Proteolysis of the trans peptide by 240 uM o-
chymotrypsin, as measured by the increase in p-nitroaniline
absorbance at 390 nm, is complete within the dead time of mixing,
as shown in Figure 6a for the Ala peptide. At this o-chymotrypsin
concentration, there is no cleavage of the cis isomer. Conse-
quently, the second slow phase is limited in rate by the cis — trans
isomerization, and its amplitude reflects the fraction of the
molecules with a cis prolyl bond, as present before the proteolysis.

Prior to ISP, the peptides were equilibrated in aqueous buffer
[0.1 M potassium phosphate (pH 7.5)] or in a 0.55 M LiCl/TFE
mixture. The preincubation of the doubly labeled Ala peptide in
the different solvents had virtually no effect on the time course of
cis — trans isomerization after dilution into aqueous buffer. All
time courses were described well by single-exponential functions,
giving time constants of 77 and 72 s for the cleavage of the peptide
after preincubation in aqueous buffer or in a 0.55 M LiCl/TFE
mixture. Increasing the concentration of a-chymotrypsin to 480
uM also had no effect on the amplitudes and rates of the slow
reaction in the ISP assay. The solvents affected the cis—trans
equilibrium differently, and as a consequence, the slow phase in
isomer-specific proteolysis showed amplitudes different in mag-
nitude (Figure 6). The analysis of these amplitudes provides a
simple and direct means of determining the cis—trans equilibria in
the different solvents for the peptides. For the Ala peptide
(Figure 6), cis isomer contents of 20 and 41% were derived after
incubation in aqueous buffer and a 0.55 M LiCl/TFE mixture,
respectively. This confirms that the cis isomer content is sig-
nificantly increased in the presence of the LiCl/TFE mixture (19).

Upon cleavage by chymotrypsin, the two chromophores
become fully separated, and the fluorescence intensity of the
Abz moiety increases strongly. This increase provides an extre-
mely sensitive probe for following the kinetics of cis — trans
isomerization by ISP with a high signal-to-noise ratio, even at
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regression. The absorbance kinetics in panel a give the following rate constants: 4 = 0.011 s~ (blue), and A = 0.012 s~ ' (red). The fluorescence
kinetics in panel b give the following rate constants: 1 = 0.012 s~ (blue). and 2 = 0.015 s ! (red).

Table 2: Equilibrium and Kinetic Properties of the Cis— Trans Isomerization Reactions of the Doubly Labeled Peptides

ISP LiCl/TFE* ISP buffer’ protease-free,” 0.55 M LiCl/TFE — buffer
residue Xaa cis content (%) cis content (%) ke (571 kel 571 A=ke+ki (G E (s amplitude” (%)
Ala 41 £3 21+1 0.012 0.0032 0.015 0.012 43
Cys 26+1 13£1 0.014 0.0021 0.016 0.021 7.3
Asp 11£1 19+1 0.0070 0.0017 0.0090 0.0083 -1.6
Glu 41+£3 22+1 0.0074 0.0021 0.0095 0.0081 27
Phe 7243 53+2 0.0069 0.0078 0.015 0.016 72
Gly 13£1 13£2 0.022 0.0033 0.025 0.022° -1
His 17+1 33+2 0.018 0.0089 0.027 0.021 5.2
Ile 43+3 19+1 0.0087 0.0021 0.011 0.010 28
Lys 28+1 1741 0.016 0.0032 0.019 0.013 30
Leu S0+1 101 0.018 0.0020 0.020 0.013 20
Met 61+3 362 0.011 0.0062 0.017 0.015 36.7
Asn T+1 12+1 0.016 0.0022 0.018 0.016 3.5
Pro 95+1 40+ 1 0.0027 0.0018 0.0045 0.0043 59
Gln 43+1 19+1 0.011 0.0026 0.014 0.012 61
Arg 55+1 16+1 0.013 0.0026 0.016 0.026 50
Ser 8§+1 21£2 0.0069 0.0018 0.009 0.011 —4
Thr 9+1 16+2 0.025 0.0048 0.030 0.026 -23
Val 39+ 1 161 0.010 0.0019 0.012 0.0081 30
Tyr 66+ 1 51+2 0.0091 0.0095 0.019 0.014 68
Trp 80+2 61+2 0.0034 0.0053 0.010 0.011 8

“The cis contents were obtained from the relative amplitude of the slow proteolysis reaction in ISP experiments as described in the legend of Figure 6a. Before
the proteolysis reaction, the peptides were incubated in a 0.55 M LiCl/TFE mixture. “Data obtained after incubation of the peptides in 50 mM HEPES buffer
(pH 7.8) followed by ISP under the same conditions. ‘Data obtained after incubation of the peptides in a 0.55 M LiCl/TFE mixture followed by the protease-
free solvent jump experiment and monitored by the change in Abz fluorescence. “The rate constant k, for cis—trans isomerization in buffer was measured
directly. “The rate constant k. for the trans—cis isomerization was calculated from k¢ and Keq (=fkio/keo). 'The calculated macroscopic rate constant A =
ki + ke from ISP assays. Apparent rate constants as measured in the protease-free assay (e.g., Figure 8a). "The amplitudes measured after the solvent jump
from a 0.55 M LiCl/TFE mixture to buffer relative to the final fluorescence value. ‘Rate constant and amplitude obtained after a solvent jump from MMIM
Me,POy, to buffer.

a very low peptide concentration (Figure 6b). The rates of isomeriza-
tion were identical with those measured by p-nitroaniline absor-
bance (Figure 6a), and there was a good correlation between the
relative amplitudes obtained by absorbance or fluorescence after
incubation of the peptide in aqueous buffer orin a 0.55 M LiCl/
TFE mixture. The relative concentrations of the cis and trans
isomers can be calculated more easily, however, from the
absorbance measurements because, in the analysis of the fluore-
scence data, the different quantum yields of the Abz group in the
cis and trans isomers must be included.

We used preincubation in aqueous buffer or in a 0.55 M LiCl/
TFE mixture and the ISP assay based on absorbance measure-
ments to determine the cis contents for all peptides of our library.

The results are listed in Table 2 and shown in Figure 7. High cis
isomer contents were found for the peptides in which Pro was
preceded by an aromatic residue, in particular in the presence of a
0.55 M LiCl/TFE mixture (up to 80% cis for the Trp peptide).
For most peptides, the cis content was higher in a 0.55 M LiCl/
TFE mixture than in aqueous buffer. Particularly strong
increases were observed for the aliphatic residues and for Arg
and Glu, but not for Asp. For polar side chains such as Ser, Thr,
Asn, and His, the cis content was lowered in the presence of a
0.55 M LiCIl/TFE mixture.

Interestingly, the Gly peptide shows the same cis:trans ratio in
the 0.55 M LiCl/TFE mixture and in aqueous buffer. Thus, a
jump between the two solvents cannot be used to measure the
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FIGURE 7: Cis isomer contents of the Abz-Ala-Xaa-Pro-Phe-pNA
peptides in 50 mM HEPES (pH 7.8) (blue bars) orin a 0.55 M LiCl/
TFE mixture (red bars) at 15 °C. The abscissa shows the nature of
residue Xaa in the peptide. The content of the cis isomer was
calculated from the amplitude of the slow reaction in isomer-specific
proteolysis reactions with 240 uM a-chymotrypsin. The measure-
ments were performed as described in the legend of Figure 6a. For
Abz-Ala-Pro-Pro-Phe-pNA, only apparent values are given, because
two different cis—trans isomerization equilibria can occur resulting in
four different molecular species (48).

isomerization of this peptide. Possibly, the interactions of the
solvent are identical for the cis and trans isomers of the Gly
peptide, as suggested by the molecular dynamics simulations,
which indicated that the cis and trans isomers of the Gly peptide
have nearly the same compactness (Figure 4f) and accessible
surface area (data not shown).

Recently, the ionic liquid 1,3-dimethylimidazolium dimethyl-
phosphate (MMIM Me,POy,) has been shown to affect the prolyl
cis—trans equilibrium in peptides, thus providing an alternative
to using a LiCl/TFE mixture (47). Accordingly, the doubly
labeled Gly peptide was dissolved in pure MMIM Me,PO,4 and
then transferred to aqueous buffer for the ISP assay. This
preincubation of the peptide in the ionic liquid solvent had
virtually no effect on the rate of cis — trans isomerization after
dilution into aqueous buffer, but it enhanced the percentage of
the cis isomer from 13% (as in aqueous buffer) to 37% (Table S6
of the Supporting Information). Similar measurements were also
performed for the peptides with Asn, Glu, or Ala before proline.
In these peptides, the percentage of the cis isomer is decreased in
the presence of the ionic liquid (Table S6 of the Supporting
Information). Apparently, interactions with the ionic liquid can
shift the cis—trans equilibrium distribution in either direction
depending on the amino acid preceding the proline residue.

Generally, the doubly labeled peptides of our library exhibited
higher cis-Pro contents than the unlabeled more hydrophilic
pentapeptides Ac-Ala-Xaa-Pro-Ala-Lys-NH, as used in the
work of Reimer et al. (48) (Figure S2 of the Supporting
Information) or in a protein Xaa—Pro library (49). The differ-
ences do not follow a simple correlation, suggesting that several
factors might contribute. When only the Abz moiety was
removed or replaced by the more hydrophilic succinyl group
(in Suc-Ala-Ala-Pro-Phe-pNA), the percentage of cis isomer was
also decreased (23). This suggests that weak interactions between
the chromophores and, possibly, the Phe residue of the peptide
slightly strengthen the preference for the cis isomer.

Cis—Trans Isomerization after Solvent Jumps in the
Absence of a Protease. For most peptides of the library, the
cis content was higher in the LiCl/TFE mixture than in aqueous
buffer (see Figure 7 and Table 2). A shift in the cis—trans
equilibrium was therefore induced by a solvent jump from the
LiCl/TFE mixture to aqueous buffer in the absence of a protease,
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FIGURE 8: Solvent jump experiments for Abz-Ala-Ala-Pro-Phe-
pNA from (a) an anhydrous 0.55 M LiCl/TFE mixture or (b) neat
MMIM Me,PO, to 0.1 M potassium phosphate and 1 mM EDTA
(pH 7.5) at 15 °C in the absence of a-chymotrypsin, initiated by a 200-
fold dilution from 600 to 3 uM peptide. The blue traces in panels a
and b show the time courses of the fluorescence at 416 nm after
excitation at 316 nm, and the red traces show the fluorescence after
the completion of cis—trans equilibration. The equilibration reac-
tions show identical apparent rate constants (1) of 0.012s~ ' in panels
a and b. The inset in panel a shows the emission spectra 5 (bottom
curve), 30, 60, 110, 140, 170, 190, 220, 250, 340, and 450 s (top curve)
after the solvent jump. The inset in panel b shows the emission spectra
at 5 (top curve), 30, 60, 120, 180, 370, and 480 s (bottom curve). The
buffer fluorescence is shown by the dashed lines.

and the corresponding change in Abz fluorescence was used to
monitor this reaction with high sensitivity. The measured rate of
this relaxation process, 4, is equal to the sum of the microscopic
rate constants, k. for the cis — trans reaction and k. for the
trans — cis reaction. Figure 8a shows the increase in fluorescence
of the Ala peptide after the solvent jump from the LiCl/TFE
mixture to aqueous buffer and its time course. The increase in
emission intensity is smaller than in the ISP assay with
a-chymotrypsin; however, the signal-to-noise ratio is high, and
the signal remains constant after the reaction.

In MMIM Me,PQ,, the cis content of the Ala peptide is lower
than in aqueous buffer (Table S6 of the Supporting Information).
Accordingly, it increased upon solvent transfer, and the fluores-
cence intensity decreased (Figure 8b). The time constants mea-
sured for cis—trans equilibration after the solvent jumps from the
LiCl/TFE mixture (84 s) or from MMIM Me,PO, (86 s) are
virtually identical, and the Abz fluorescence remained constant
after the reaction as well. The time constants and relative amplitudes
of isomerization were found to be independent of the peptide
concentration between 1 and 10 uM (data not shown).

Solvent jump experiments as described in the legend of Figure 8
were performed for all 20 peptides, and the results are summar-
ized in Table 2. In contrast to a solvent jump from a 0.55 M LiCl/
TFE mixture, a solvent jump from MMIM Me,POy, to aqueous
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buffer allows measurement of the cis—trans isomerization of the
Abz-Ala-Gly-Pro-Phe-pNA peptide as the fraction of cis isomer
is increased in this solvent (Table S6 of the Supporting In-
formation). The apparently slowest isomerizations occurred for
Pro—Pro (7 = 235 s at 15 °C) and Glu—Pro (r = 123 sat 15°C)
bonds. On the other hand, Gly, Cys, Arg, Thr, and His peptides
(Table 2) isomerize rather rapidly with time constants of 38—45s.
The amplitudes of isomerization varied between —4 and 72% of
the final fluorescence value. The highest amplitudes were ob-
served for aromatic and nonpolar amino acids. Generally, the
Abz fluorescence increased when the fraction of the cis isomer
decreased after the solvent jump (Table 2), because the intramo-
lecular quenching by the pNA group becomes less efficient.
A notable exception is provided by the His peptide. Here an
increase in the fraction of the cis isomer is accompanied by an
increase in fluorescence intensity (Table 2). The magnitude of the
observed reaction amplitudes depends primarily on the change in
the cis:trans ratio and on the difference in quantum yield between
the two isomers. The correlation between the relative amplitude
and the change in cis isomer population seems to be the major
factor, and the respective Pearson correlation coefficient is 0.68.
It improves to 0.83 when the aromatic residues and histidine are
excluded. The observed rate constants A from the solvent jump
experiment in the absence of protease agree well with those
obtained from the ISP assays (Table 2).

Prolyl Isomerase Activities Measured by the Protease-
Free and Protease-Coupled Assays. Our doubly labeled
peptides are suitable as substrates for both the protease-coupled
and protease-free prolyl isomerase assay. Figure 9a compares the
activities of human FKBPI12 as measured by these two assays
and by using the Leu peptide as the substrate. FKBPI12 is
resistant toward cleavage by chymotrypsin, and therefore, the
catalytic efficiency in the protease-coupled assay (kea /Ky =
1.6 x 10° M~ s7") is similar to the efficiency measured in the
protease-free assay (kea/Ky = 2.3 x 10 M~ 's7h).

The prolyl isomerase activities of two SlyD homologues
were also determined. SlyD is a bacterial FKBP-type prolyl
isomerase (25, 50—54). The enzyme from the thermophilic
organism Thermus thermophilus showed similar activities in the
two assays (Figure 9b), evidently because this SlyD protein is
thermostable and protease-resistant. Under the same conditions,
SlyD from the mesophilic organism E. coli was inactive in the
protease-coupled assay (Figure 9c). The same observation had
been reported previously (20, 51). In the protease-free assay,
however, SlyD from E. coli shows an activity (kea /Ky = 2.8 X
10° M~" 571 that is similar to the activities of both human
FKBP12 and SlyD from T. thermophilus. This illustrates the
advantage of a sensitive and robust protease-free assay for prolyl
isomerases using doubly labeled peptides. In the protease-free
assay, the role of the residue after the proline can, in principle, be
varied as well, unlike in the protease-coupled assays, where this
residue is used as the recognition site for the protease.

Specificities of Human FKBP12, Cyclophilin 18, and
Parvulin 14 Probed by the Protease-Free Assay and the
Peptide Library. In the following, we employed our library of
Abz peptides, solvent jump experiments, and the protease-free
assay to characterize the substrate specificities of human repre-
sentatives of the three major families of prolyl isomerases:
hCypl8 from the cyclophilin family, hFKBP12 from the FKBP
family, and hPar14 from the parvulin family. Proteins do not
absorb at the excitation wavelength of the Abz group (316 nm),
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FIGURE 9: Prolylisomerase activities of (a) hFKBP12, (b) T. thermo-
philus SlyD, and (c) E. coli SlyD measured by the protease-coupled
assay (@) or the protease-free assay (O) at 15 °C using 2 uM Abz-Ala-
Leu-Pro-Phe-pNA peptide. Solvent jumps were initiated by a
200-fold dilution of the peptide (in 0.55 M LiCl/TFE) with 0.1 M
potassium phosphate and 1 mM EDTA (pH 7.5). The protease-
coupled assay was performed in the presence of 240 uM a-chymo-
trypsin. Fluorescence at 416 nm was measured after excitation at
316 nm. The time courses of the cis—trans isomerization were
analyzed as single-exponential reactions, and the apparent rate
constants are plotted as a function of enzyme concentration. Appar-
ent kea /Ky values of (a) 1.6and 2.3 x 10°M ~'s™!, (b) 1.1 and 1.5 x
10°M~'s™! and (¢) 2.8 x 10°M™!'s™! and zero were obtained for the
protease-free and protease-coupled assays, respectively, from the
slopes of the lines.

and therefore, high protein concentrations could be employed to
characterize prolyl isomerases with very low enzymatic activities.

The activities of the three prolyl isomerases toward the Ala
peptide are strongly different and varied by almost 4 orders of
magnitude (Figure 10). hCypl8 is highly active, and 13 nM
hCyp18 accelerates the isomerization 10-fold (Figure 10a). The
catalytic efficiency of hCypl8 is (8.7 + 0.3) x 10®* M~ s~
(Figure 10b). hFKBP12 was ~40-fold less efficient and displayed
a catalytic efficiency of (0.23 4 0.20) x 10° M ™' s™" (Figure 10c,
d). hPar14 was almost inactive and exhibited a catalytic efficiency
of only (1 £0.1) x 10°M ™" s~ (Figure 10e,f). It was possible to
measure this activity, because hPar14 could be employed at high
concentrations in this assay.
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FiGure 10: Catalysis of the cis—trans isomerization in Abz-Ala-Ala-Pro-Phe-pNA by different prolyl isomerases. The time course of the reaction
is described by the rate constant k,,, = ko + [E] X kcai/Knm, Where k is the rate constant of the uncatalyzed reaction, [E] is the enzyme
concentration, and k¢, and Ky, are the turnover number and the Michaelis constant, respectively. (a) Isomerization in the absence (black; 7 =
kaprfl = 88 s) and presence of 2.5 nM (green; 7 = 335), 8 nM (red; 7 = 125), and 13 nM hCypl18 (blue; 7 = 8.5 s). (b) Dependence of k,p;, on
enzyme concentration. The slope yields a ke, /Ky of (8.69 & 0.280) x 10° M~ 's™!. (¢) Isomerization in the absence (black; 7 = 88 s) and presence
of 10nM (green; 7 = 64s),20nM (red; 7 = 57s), and 50 nM hFKBP12 (blue; 7 = 435). (d) Dependence of k,,, on enzyme concentration, giving a
Kear/Kng 0f (0.23+0.01) x 10° M~ 1571 (e) Isomerization in the absence (black; 7 = 88 s) and presence of 1.2 uM (green; T = 805s), 2.4 uM (red; 7 =
72's), and 4.1 uM hParl4 (blue; 7 = 66 s). (f) Dependence of k,,,, on enzyme concentration, giving a kg,/Kym of (0.9 £ 0.1) x 10°M~'s!

All measurements were performed in 50 mM HEPES (pH 7.8) at 15 °C and 3 uM peptide. Fluorescence was measured at 416 nm after excitation at
316 nM.

The catalytic efficiencies of hFKBP12, hCypl8, and hPar14 o
were then determined for all peptides of the library (Figure 11 and 108 M= (7]
Table S7 of the Supporting Information). hCyp18 exhibited a 108
very high activity coupled with a very low substrate specificity 104
(Figure 11a). The highest efficiency was observed for the 10° H
Thr—Pro bond (2 x 10" M~' s7"). Weak catalysis was observed 107 b L a0
only for the peptide in which Pro was preceded by another Pro (the e aACHE
Pro peptide). A similarly low specificity had been observed o e - o
previously with a restricted set of peptides and the protease-coupled 2 g0
assay (15, 55, 56). These published values are compared with those Q 10¢
for the complete library in Figure S3 of the Supporting Informa- <& ﬂﬂ H
tion. Cyclophilin is a highly active prolyl isomerase with a very low woe L b P L
specificity toward the amino acid before the proline. An exception- 107 CH
ally low activity was found for Pro—Pro bond isomerization. This 108
explains the marginal effect of cyclophilins on the folding of 10°
procollagen I which contains multiple Pro—Pro bonds (57). 10°

specificity toward residue Xaa (Figure 11b). This enzyme cata-

hFKBP12 is less active but exhibits a much more pronounced 122 ﬂﬂﬂﬁﬂﬂ . HHHW nﬂﬂﬂﬂﬂﬂﬂ
5

. . . . waso WO pCocOSsSEFgL o
lyzed the isomerization very well when the proline was preceded 2320501258228 53E32E
by a hydrophobic or aromatic amino acid. The highest value was Abz-Ala-Xaa-Pro-Phe-pNA

observed for the Leu peptide (kea/Ky = 2.3 x 10°M~'s™1). The

catalytic efficiency was strongly decreased when proline was FiGure 11: Catalytic efficiencies (kca/ Kv) for the cis—trans isomeri-

zation of Abz-Ala-Xaa-Pro-Phe-pNA by (a) hCypl8, (b) hFKBP12,

preceded by negatively charged residues or by another proline. and (c) hPar14. The abscissa shows the identity of residue Xaa in the
The activities of hFKBP12 toward the Asp and Leu peptides peptide. The catalytic efficiencies were derived from measurements as
differ ~500-fold. The comparison with the limited set of pub- shown in Figure 10 for the Ala peptide. The standard deviations were

obtained from fits as shown in Figure 10b,d,f. The measurements

lished values can also be found in Figure $3 of the Supporting were performed at 15 °C and pH 7.8 as described in the legend of

Information. The catalytic efficiency of hFKBP12 correlates with Figure 10. The asterisk denotes that a catalysis could not be observed
the calculated hydrophobicity of the side chain as measured by for the His peptide, even at 20 uM hParl4.

water/octanol transfer free energies [correlation coefficient r =

0.73 (Figure S4 of the Supporting Information)] which is in The catalytic activity of hParl4 is generally extremely low
agreement with published data (15, 58). Such a correlation was (Figure 11c) and, on average, more than 3 orders of magnitude

not found for hCyp18 or hParl4. lower than the corresponding values for hCypl18. In its activity
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profile, hPar14 differs from both cyclophilin and FKBP12, and
therefore, it appears unlikely that the measured low activities
originate from minor impurities in the hPar14 preparation. Also,
the activity is not abolished via addition of inhibitors specific for
cyclophilin [20 uM cyclosporine A (data not shown)] or FKBP
[30 uM FK-506 (data not shown)]. The highest activities (k¢../ Ky
~ 10 M~ s7") were observed when proline was preceded by a
positively charged residue, as in the Lys and Arg peptides. This is
consistent with the results obtained previously using the ISP
assay (/6). A catalysis could not be observed for the His peptide,
even at 20 uM hParl4.

Catalytic Efficiencies of Different SlyD Proteins. SlyD is
a prokaryotic protein that combines a prolyl isomerase function
with chaperone properties (59—62). It consists of a canonical
FKBP domain [homologous to hFKBP12 (Figure 1)] and an
additional chaperone domain that is inserted into an extended
loop (the “flap™) near the prolyl isomerase site (63). Several
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FiGure 12: Catalytic efficiencies (k.,./Kn) of the SlyD proteins from
E. coli (black), Y. pestis (blue), Tr. pallidum (pink), P. multocida
(green), V. cholerae (yellow), T. thermophilus (red), and D. radio-
durans (gray). The abscissa shows the nature of residue Xaa in the
peptide. The order of the residues reflects their decreasing hydro-
phobicity (as measured by transfer free energy from water to octanol
for a given residue) (70, 71). The catalytic efficiencies were derived
from measurements as described in the legend of Figure 10.
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SlyD proteins such as the protein from E. coli contain unstruc-
tured carboxy-terminal extensions that are rich in His and
Cys residues and probably involved in Ni*" binding (64, 65).
The SlyD proteins from different species are highly active
as folding catalysts of a proline-limited refolding reaction, and
they exhibited chaperone properties (25). Here we employed the
library of doubly labeled peptides and the protease-free assay to
investigate the catalytic specificity of the SlyD proteins from seven
bacteria, i.e., E. coli (Ec), Yersinia pestis (Yp), Treponema pallidum
(Tp), Pasteurella multocida (Pm), Vibrio cholerae (Ve), T. thermo-
philus (Tt), and Deinococcus radiodurans (Dr).

The kcat/Knm values for all peptides and all SlyD homologues
are shown in Figure 12 and listed in Table S8 of the Supporting
Information. In this plot, the peptides are arranged according to
the hydrophobicity of the amino acid before proline in the doubly
labeled peptide. Overall, the individual SlyD proteins exhibit
similar substrate specificities with very high activities around
10°M ™" s~ for hydrophobic residues such as Leu, Tyr, and Phe
and very low catalytic efficiencies of 10°~10* M~' s™! for Gly,
Glu, and Pro. This general pattern confirms that the SlyD
proteins are in fact FKBP proteins, as exemplified by the
similarity with hFKBP12. The highest catalytic efficiency was
found for the Phe peptide (5 x 10°M~"'s™! for Ve SlyD). Among
the SlyD proteins, the differences in catalytic efficiencies for the
same substrate varied between 3-fold (Ala peptide) and 13-fold
(for Gly peptide). The peptide library and plots such as those in
Figure 12 can be used in the future to establish fingerprints for the
substrate specificities of prolyl isomerase families.

Conserved Substrate Specificity and Evolution of the
FKBP Proteins. The solution three-dimensional structure of Ec
SlyD is known (63), and in the following, we use a structure-based
alignment with hFKBP12 to evaluate the sequence differences in
the prolyl isomerase active site, between Ec SlyD and hFKBP12,
as well as between the different SlyD proteins. For hFKBP12, a
wealth of mutational data are available that define critical
residues in the active-site cavity of the enzyme (Figure 13)
(17, 55). Figure S5 of the Supporting Information shows

FiGure 13: Structure-based alignment of the FKBP domains of E. coli SlyD (red; PDB entry 2k8i) and hFKBP12 (blue; PDB entry 1fkf). Using the
three-dimensional structures, the backbone atoms of the FK BP domains of hFKBP12 (1—109) and SlyD (1—71 and 122—153) were aligned, and this
enabled us to find residues at the geometrically equivalent positions. Conserved residues contributing to the enzyme activity (hFKBP12/SlyD, L30/T17,
F36/V23,D37/D24, W59/L45, Y82/Y 68, and F99/F132) are shown in ball-and-stick representation. The figure was prepared using UCSF Chimera (69).
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a multiple-sequence alignment of the different bacterial
SlyD proteins of this study. SlyD proteins show pairwise
sequence identities between 30% (Dr vs Ec) and 80% (Ec vs
Yp). We use these sequence comparisons and our finding
that all these enzymes exhibit similar activities and specificities
to draw conclusions about the enzymatic mechanism of these
proteins.

The structure alignment between hFKBP12 and Ec¢ SlyD
(Figure 13) identified residues at spatially equivalent positions.
In human FKBP12, no single mutations are known that abolish
the prolyl isomerase activity completely. At several positions,
however, mutations led to significant decreases in activity. These
residues include L30, F36, D37, W59, and F99 (17, 55). Sub-
stitutions Y82F and HS7L led to slight changes in substrate
specificity (55). From these residues, only those corresponding to
D37, F99, and Y82 of hFKBP12 are conserved at corresponding
positions in Ec SlyD (Figure 13).

The L30A substitution in the ?MLEDG sequence led to a
5-fold decrease in the catalytic efficiency of hFKBP12. This
leucine is replaced with threonine in Ec SlyD, but the two
neighboring, negatively charged residues are conserved (as
'RTEDG) in most SlyD proteins.

Substitution F36Y decreased the activity of hFKBP12 to 5%.
The equivalent position 23 in SlyD is occupied by Val in a stretch
of conserved hydrophobic residues (*'VLV), which is found
in several other SlyD proteins as well. D37 is highly conserved
in FKBP proteins and also in Ec SlyD (as D24) and in most
other SlyD proteins. The W59L substitution decreased the
catalytic efficiency of hFKBP12 to 13% (55). It is replaced
with Leu (L45) in Ec SlyD* and all other SlyD proteins, where
it forms part of the GLE consensus sequence. Y82 as part of a
highly conserved AYG motif is present in hFKBP12 as well as in
Ec SlyD (as Y68) and most other SlyD proteins. F99 is
considered to be the catalytically most important residue in
hFKBP12, and the F99L mutation decreased the catalytic
efficiency to 0.2% (55). This residue occupies a very similar
position and is conserved (as F132) in Ec SlyD and all other SlyD
proteins (Figure 13).

In summary, a high degree of conservation of the substrate
specificities between hFKBP12 and SlyD and within the SlyD
family is not correlated with a conservation of residues in the
active-site region. This suggests that an overall hydrophobic
binding pocket might in fact be sufficient to maintain the catalytic
activity and the substrate specificities of the FKBP-type prolyl
isomerases.

Conclusion. The library of doubly labeled Abz-Ala-Xaa-Pro-
Phe-pNA tetrapeptides together with our protease-free fluores-
cence assay provides a general tool for measuring the activities of
prolyl isomerases with high sensitivity and for characterizing
their substrate specificities. Here it was used here to elucidate the
P1-site specificities for FKBP12, cyclophilin 18, and parvulin 14
and to characterize the substrate specificity of a group of SlyD
proteins from different bacteria.
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