Quistgaard et al. BMC Biology (2016) 14:82

DOI 10.1186/512915-016-0300-3 BMC BIOlogy

Molecular insights into substrate ® e
recognition and catalytic mechanism of the
chaperone and FKBP peptidyl-prolyl

isomerase SlyD

Esben M. Quistgaard " Ulrich Weininger®, Yonca Ural-Blimke?, Kristofer Modig®, P4r Nordlund'#, Mikael Akke®
and Christian Low'?"

Abstract

Background: Peptidyl-prolyl isomerases (PPlases) catalyze cis/trans isomerization of peptidyl-prolyl bonds, which is
often rate-limiting for protein folding. SlyD is a two-domain enzyme containing both a PPlase FK506-binding
protein (FKBP) domain and an insert-in-flap (IF) chaperone domain. To date, the interactions of these domains with
unfolded proteins have remained rather obscure, with structural information on binding to the FKBP domain being
limited to complexes involving various inhibitor compounds or a chemically modified tetrapeptide.

Results: We have characterized the binding of 15-residue-long unmodified peptides to SlyD from Thermus
thermophilus (TtSlyD) in terms of binding thermodynamics and enzyme kinetics through the use of isothermal
titration calorimetry, nuclear magnetic resonance spectroscopy, and site-directed mutagenesis. We show that the
affinities and enzymatic activity of TtSlyD towards these peptides are much higher than for the chemically modified
tetrapeptides that are typically used for activity measurements on FKBPs. In addition, we present a series of crystal
structures of TtSlyD with the inhibitor FK506 bound to the FKBP domain, and with 15-residue-long peptides bound
to either one or both domains, which reveals that substrates bind in a highly adaptable fashion to the IF domain
through [3-strand augmentation, and can bind to the FKBP domain as both types Vlal and Vlib-like cis-proline
B-turns. Our results furthermore provide important clues to the catalytic mechanism and support the notion of
inter-domain cross talk.

Conclusions: We found that 15-residue-long unmodified peptides can serve as better substrate mimics for the IF
and FKBP domains than chemically modified tetrapeptides. We furthermore show how such peptides are
recognized by each of these domains in TtSlyD, and propose a novel general model for the catalytic mechanism of
FKBPs that involves C-terminal rotation around the peptidyl-prolyl bond mediated by stabilization of the twisted
transition state in the hydrophobic binding site.
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Background

Peptide bonds are planar with w dihedral angles of
either ~0° (cis form) or ~180° (trams form). Due to
unfavorable steric and electronic effects, the cis
form is by far the least favored, except for
peptidyl-prolyl bonds where the unique N-alkylation
of proline markedly reduces the energy difference
between the two conformations [1, 2]. The cis form
is therefore much more commonly observed for
prolines than for any other residues [3]. In folded
proteins, prolines are predominantly found in pB-
turns and other loop elements [3, 4], where the cis
and trans isoforms have different effects on the
structure. Although both isoforms can be found in
type IV B-turns (a category with lax geometry re-
quirements), the trans form specifically favors more
narrowly defined types of turns, for example, I, II,
and VIII, whereas the cis form is required for types
VIal, VIa2, and VIb [5, 6]. Protein folding requires
that each proline in the sequence adopts the iso-
form compatible with the native fold [7, 8]. How-
ever, spontaneous cis/trans isomerization occurs
very slowly due to the high energy barrier imposed
by the partial double bond character of the peptide
bond. Indeed, the isomerization correlation time
typically falls in the seconds to minutes time
regime [7]. Nature has therefore evolved three fam-
ilies of peptidyl-prolyl isomerases (PPlases) to facili-
tate cis/trans isomerization: FK506-binding proteins
(FKBPs), cyclophilins, and parvulins [8, 9]. These
enzymes presumably all function by stabilizing the
transition state, resulting in an effective rate con-
stant for the catalyzed reaction of up to 10®° M~ 's™!
[9], but their mechanisms are not well understood
[9, 10].

The first FKBP to be discovered was human
FKBP12, which was identified as a binding partner of
the immunosuppressive macrolide lactone FK506,
hence the name of the family [11, 12]. Since then, it
has become clear that FKBPs are widespread in all
branches of life [9]. FKBPs often have additional
chaperone or protein—protein interaction domains [8,
13]. A particularly well-studied example is SlyD [14].
This protein belongs to a prokaryotic subfamily, char-
acterized by having an insert-in-flap (IF) chaperone
domain inserted into the FKBP domain in place of
the so-called flap loop (also known as the 80’s loop)
found in FKBP12 and many other FKBPs [15], which
both enables it to function as an efficient chaperone
[16-19] and increases its PPlase activity towards par-
tially folded protein substrates by as much as 100-
200 fold [17, 20, 21]. The enzymatic activity of FKBPs
has been studied in several ways, with the most popu-
lar method being a spectrophotometric assay that
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utilizes the modified tetrapeptide substrate analogue
succinyl-Ala-Leu-Pro-Phe-4-nitroanilide (suc-ALPF-pNA)
or variants thereof [8]. Structures have been deter-
mined for numerous FKBPs in both the apo and
inhibitor-bound forms. However, to the best of our
knowledge, only two structures have been obtained
with a bound peptide, which in both cases is suc-
ALPF-pNA [17, 22]. While chemically modified tetra-
peptides are well suited for studying the effects of
the residues neighboring the proline, they are not
ideal substrate mimics, because they bind to Escheri-
chia coli SlyD with much lower affinity than refold-
ing protein substrates [23]. The low affinity of these
peptides probably relates to the smaller interaction
surface compared to protein substrates, but could
also relate to their limited capacity to form naturally
occurring structural elements, such as p-turns. Struc-
tural insights into how substrates interact with the IF
domain have so far been based on a single structure
of the SlyD homologue SlpA from E. coli, in which
an uncleaved purification tag is bound at the sub-
strate binding site of the IF domain [18].

In order to improve our understanding of the mech-
anism of SlyD and of FKBPs in general, we set out to
analyze the kinetics, energetics, and structural basis
for substrate binding and inhibition of SlyD from
Thermus thermophilus (TtSlyD) using 15-residue-long
unmodified peptides, which we reasoned would be
better mimics of natural unfolded protein substrates
than the traditionally used 4-nitroanilide tetrapeptides.
Indeed, these long peptides display much improved
binding affinity and enzymatic turnover compared to
the tetrapeptides. The enzyme peptide complexes are
fairly heterogeneous in their structural and energetic
aspects, but common principles could be identified for
both the IF and the FKBP domain. Our results shed
new light on how substrates are recognized, and have
enabled us to propose a model for the catalytic
mechanism.

Results

To investigate the mechanism of TtSlyD, we character-
ized its substrate binding and catalytic properties, as well
as the three-dimensional structures of a number of
TtSlyD:peptide complexes, through the use of isothermal
titration calorimetry (ITC), nuclear magnetic resonance
(NMR) spectroscopy, X-ray crystallography, and site-
specific mutagenesis.

Peptide binding studies

To identify peptides that overcome the limitations of
currently used substrate mimics and are suitable for
structural studies, we used ITC to characterize the
binding of several different peptides to TtSlyD, as
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exemplified in Fig. la—d. We mainly used 15-residue-
long proline-containing segments from proteins that
have previously been shown to bind to TtSlyD and/or
other proteins from the SlyD family, namely RNase
T1, which is a model protein for folding studies, and
the ribosomal proteins S2 and S3 [17, 18, 24]; see
Table 1 for the complete list of peptide sequences.
Table 2 summarizes the results of the binding studies.
Interestingly, peptides derived from S2 and S3 display
a dual binding mode with both a high- and a low-
affinity binding site (Fig. la, b). In order to identify
the binding sites we next monitored peptide binding
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by heteronuclear NMR spectroscopy using a variant
of the S2 peptide (S2-P25A). Chemical shift perturba-
tions on full-length TtSlyD (henceforth abbreviated
TtSlyDg) upon addition of peptide clearly show
binding to both the IF and FKBP domains (Fig. le-g).
Quantitative analyses of chemical shift changes as a
function of added peptide enabled us to assign the
stronger binding event to the IF domain and the
weaker one to the FKBP domain (Fig. le-g). The
highest affinities were obtained for the S2 peptide with
Kp; =0.161 uM and Kp, = 2.97 uM, followed by the S3
peptide with Kp;=0.869 uM and Kp,=22.94 pM
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Fig. 1 Isothermal titration calorimetry (ITC) and nuclear magnetic resonance (NMR) binding studies. Typical ITC data are shown for binding of

b

150
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peptides to TtSlyD: a Binding of the S2 peptide to full-length TtSlyD (TtSlyDr). b Binding of the S2-long2 peptide to TtSlyDr,. ¢ Binding of the S2-
short6 peptide to TtSlyDg,. d Binding of the S2-W23A peptide to a TtSlyD construct in which the insert-in-flap (IF) domain is replaced by the flap
loop from human FKBP12 (TtSlyDar). Upper panels: raw heat pulse data. Lower panels: Integrated heat changes upon binding plotted against the
peptide/protein concentration ratio resulting in differential binding isotherms that can be adequately described by a two-site (panels a and b) or
a one-site (panels c and d) binding model. Resulting binding parameters are summarized in Table 2. @ NMR-titration of '°N-labeled TtSlyDg, with
the S2-P25A peptide at 25 °C. The relative change in chemical shift is plotted versus the total concentration of added peptide, with red dots
corresponding to residues in the IF domain (577, A78, V85, and V86) and blue dots to the FKBP domain (G46, F128, and A138). The error bars
indicate the standard error. The black solid curve represents the theoretical binding isotherm calculated using Ky, =0.13 uM and the dashed curve
represents the theoretical binding isotherm calculated using Kp, = 7.0 uM, as obtained from the ITC measurements (Table 2). f Mean weighted
chemical shift changes are plotted against residue number. Resonances completely broadened by peptide binding are indicated by gray bars
covering the full vertical scale. The cut-off of 0.1 ppm is shown as a red dotted line. g Residues with a shift difference >0.1 ppm or completely
broadened are highlighted in red on the structure of the TtSlyDg:S2 complex [PDB: 40DL], with the peptide shown in blue
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Table 1 Peptides used in this study
Name Sequence Charge Source

UniProt Position
S2 TRYWNPKMKPFIFGA +3 POA7VO 20-34
S2-minus1 GHQTRYWNPKMKPFI +3t0 +4 17-31
S2-minus2 VHFGHQTRYWNPKMK +3t0 +5 14-28
S2-minus3 KAGVHFGHQTRYWNP +2 to +4 11-25
S2-plusi WNPKMKPFIFGARNK +4 23-37
S2-plus2 KMKPFIFGARNKVHI +4 to +5 26-40
S2-long2 QTRYWNPKMKPFIFGAR +4 19-35
S2-long4 HQTRYWNPKMKPFIFGARN +410 +5 18-36
S2-long6 GHQTRYWNPKMKPFIFGARNK +5to0 +6 17-37
S2-long8 FGHQTRYWNPKMKPFIFGARNKY +5 10 +6 16-38
S2-short2 RYWNPKMKPFIFG +3 21-33
S2-short4 YWNPKMKPFIF +2 22-32
S2-short6 WNPKMKPFI +2 23-31
S2-short8 WNPKMKP +2 23-29
S3 RLGIVKPWNSTWFAN +2 POA7V3 11-25
T VGSNSYPHKYNNYEG 0to +1 P00651 59-73
SIpA linker SGLVPRGS +1 - -

For peptides derived from the S2 protein, parts overlapping the original S2 peptide are underlined. The expected charges at neutral pH are listed. These were
calculated using —1 for Glu and Asp, +1 for Lys and Arg, and 0 or +1 for His (for peptides with His residues, the charge is given as a range). In addition to the
peptides listed here, we also used the following five mutants of the S2 peptide: P25A, P29E, P25A/P29E, P25N/P29N, and W23A

(Table 2). Addition of 5 % dimethyl sulfoxide (DMSO),
which was required for dissolving some peptides at high
concentration, histidine tag cleavage, or a change in
temperature (20 °C versus 25 °C), had only minor ef-
fects on the affinity of the S2 peptide (Table 2). In gen-
eral, peptide binding to TtSlyDg, is driven by a
favorable change in enthalpy (Table 2). A comparison
of the thermodynamic fingerprints of the S2 and S3
peptides revealed that the slightly lower affinity of the
S3 peptide to the IF domain is caused by a reduction in
binding enthalpy (which is partly compensated by en-
tropy), while the weaker binding of the S3 peptide to
the FKBP domain is due to entropic effects (Table 2).
For the T1 peptide, a single-site model was sufficient to
describe binding to TtSlyDg;, and the affinity was found
to be much lower (Kp =158 pM) than for the S2 and S3
peptides, which is explained primarily by an increase in
unfavorable binding entropy. Notably, the affinities ob-
served for the S2 and S3 peptides are in the same range or
higher than for binding of a refolding protein substrate at
high salt concentration to E. coli SlyD (Kp = 0.4-2.2 uM)
[19, 23], and significantly higher than the reported Kp of
~44 uM estimated for binding of the suc-ALPF-pNA pep-
tide to E. coli SlyD at high salt concentration [23]. We
therefore conclude that the S2 and S3 peptides can serve
as improved substrate mimics for functional and struc-
tural studies of TtSlyD.

In order to characterize the requirements for bind-
ing, we next analyzed binding of a series of variants
of the S2 peptide (Table 1) to TtSlyDgr. To test the
sequence dependency, we used a set of peptides cor-
responding to different segments of the S2 protein:
three peptides covered sequences shifted N-terminally
by three, six, or nine residues, compared to the ori-
ginal S2 peptide (S2-minusl, S2-minus2, and S2-
minus3), and two peptides were shifted C-terminally
by three or six residues (S2-plusl and S2-plus2).
These peptides all retained the capacity for binding to
both sites, though the affinities were most often re-
duced when compared to the original S2 peptide
(Table 2). In most cases, enthalpy losses were to some
extent compensated by reduced entropy penalties
and, in some cases, even gains in entropy (Table 2).
To study the length dependency, we used variants of
the S2 peptide extended or truncated with up to eight
residues. Extension of the peptide had minor to mod-
erate effects on the affinity for the IF domain (up to
threefold higher) and the FKBP domain (up to three-
fold lower) (Fig. 1b and Table 2). Removing one or
two residues from each side (S2-short2 and S2-
short4) reduced the affinity for the IF domain about
twofold and sevenfold, respectively, while the affin-
ities for the FKBP domain remained relatively unper-
turbed. After removing an additional two to four
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Table 2 Results from peptide binding studies

Construct Peptide N1 Kpl uM AH1 -T-AS1 N2 Kp2 uM AH2 -T-AS2 Comments

(kcal/mol)  (kcal/mol) (kcal/mol)  (kcal/mol)

TtSlyDg 2 092£002 0.161+0.020 -158+0.11 66 1.00£001 297+022 -94+036 1.8 25 °C
S2 088+002 0.128+0.013 -166+0.10 6.1 092+£001 223£015 -105+050 29 25 °C, tag-free
S2 098+001 0.150+0.021 -148+0.11 55 105+001 3.16+018 -89+025 14 25 °C, 5 % DMSO
S2 096+0.03 0.113+0.012 -100+0.11 0.7 096+002 293+0.12 -49+022 -25 20 °C
S3 0.89+007 0869+0.156 -9.1+£005 08 086+004 2294+127 -98+039 35 25°C
T 1.13+0.05 158+19 -146+080 95 25 °C
SIpA linker 144+008 133+£23 -04+005 -49 25 °C
S2-minusl 089+0.02 0667+0.059 -166+0.12 82 082+002 725+0.15 -11.1+029 4.1 25°C
S2-minus2 096+003 1472+0.133 -16.1+021 81 099+006 1477+109 -43+092 -23 25°C
S2-minus3 094+£006 2383+0321 -170+0.73 94 117006 935+049 -21+141 -48 25 °C
S2-plust 1.06£0.03 0317+0037 -114+013 23 094+003 328+008 -78+023 04 25°C
S2-plus2 0.88+002 0.183+0018 -13.1+0.14 39 075+004 568+027 -84+039 12 25°C
S2-long2 0.72+0.01 0077+0.007 -108+005 1.2 1.00+£001 662+039 -55+014 -14 20 °C
S2-long4 0.74+0.01 0070+0.004 -11.1+£004 15 087+001 416+020 -53+010 -19 20 °C
S2-long6 074+£001 0035+0.003 -105+0.04 06 089+001 452+032 -47+011 -25 20°C
S2-long8 095+0.01 0052+0.006 -11.7+003 19 071+002 793+046 -69+022 -01 20 °C
S2-short2 072+£003 0232+0043 -97+021 09 091+£002 316+£024 -55+034 -19 20°C
S2-short4 073+£024 1.193+0666 -107+233 2.7 087+£023 424+050 -63+302 -09 20°C
S2-short6 1.80+£0.01 2193+£051 -54+004 -08 20 °C
S2-short8 129+£030 1634£264 -51+154 -0.1 20 °C
S2-P25A 0924001 0.129+0.028 -166+0.16 7.2 102+004 704+127 -85+082 15 25°C
S2-P29E 088+0.02 0513+0.052 -158+0.16 7.2 1.02+004 568+057 -27+048 -45 25 °C

S2-P25A/P29E

S2-P25N/P29N

SIpA linker P5T

S2-W23A
TtSlyDa  S2

S2

S3

S2-P25A

S2-P29E

S2-P25A/P29E

S2-W23A

1.13£003
093+002 0234+0043 -168+0.12 7.8

1447 £0295 -141+£033 6.1

0.76+0.03 0855+0332 -158+024 75

109+£024 4405+842 -59+191 -0.1 25°C, 5 % DMSO

1.18+0.18 833+154 -23+033 -44 25°C, 5 % DMSO
176 +£0.12 130+20 -09+010 -44 25°C
091+040 1883+62 -23+097 -42 25°C
091001 1443+046 -100+£007 34 25°C
088+002 1223+024 -59+011 04 20 °C
0.89+007 3425+340 -105+£102 44 25°C
091001 1213+£0.76 -11.7+024 50 25°C
069+003 1381+088 -108+0.27 4.2 25°C
084006 2898+462 -63+058 0. 25°C, 5 % DMSO
077002 1706+1.13 -81+025 16 25°C

In most cases, the Isothermal titration calorimetry data clearly supported the presence of two binding sites. Where data could be described by only a single
binding site, the results are given in the columns for binding site 2. Note that the binding experiments with the proline double mutant peptides were carried out
in 5 % dimethyl sulfoxide (DMSO) due to solubility issues. However, this is not expected to appreciably affect the experiments, as the S2 peptide was found to

bind with similar affinities in both the presence and absence of 5 % DMSO

residues (S2-short6 and S2-short8), the affinities were
substantially reduced, and it was no longer possible
to resolve the separate binding events (Fig. lc and
Table 2). The stoichiometries were, however, signifi-
cantly higher than 1 after fitting to a single binding
site model, indicating that these peptides may still en-
gage both binding sites (Table 2). We also measured
binding of an eight-residue-long peptide representing

the plasmid-derived linker sequence bound to the IF
domain in the crystal structure of SlpA (SIpA linker;
[18]), which was found to bind with an affinity similar
to that of the seven-residue-long S2-short8 peptide.
We conclude that the sequence requirements for pep-
tide binding to TtSlyDg; are rather lax, which is in
part because the enthalpic losses incurred by apparent
sequence mismatching are readily compensated by
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gains in entropy, and that the affinity of binding to
both domains is sensitive to the length of the peptide
(Table 2).

Next we tested the contribution of proline residues to
the binding events. There are two proline residues in the
S2 peptide, P25 and P29. Neither single mutations
(P25A or P29E), nor double mutations (P25A/P29E or
P25N/P29N) abrogated binding to any of the two do-
mains, though the affinities were moderately reduced in
most cases, and strongly so for the P25A/P29E double
mutant (Table 2). Furthermore, mutating the single pro-
line residue in the SlpA linker peptide to threonine did
not appreciably alter the affinity of this peptide for
TtSlyDgy (Table 2). We therefore conclude that binding
of substrates to TtSlyDg; does not strictly require the
presence of proline residues. Next, we tested binding of
an S2 mutant peptide where the sole tryptophan residue
was replaced by alanine (S2-W23A). This peptide
retained the ability to bind to both domains of TtSlyDg,,
albeit with moderately reduced affinities (Table 2). The
results using point-mutated peptide variants thus further
underline the lax sequence specificity of TtSlyD. The
thermodynamic parameters of binding to the IF domain
are similar for the wild-type and point-mutated peptides,
but the enthalpies of binding to the FKBP domain
are significantly reduced for the P29E, P25A/P29E,
P25N/P29N, and W23A variants, which is again partly
compensated for by gains in entropy (Table 2).

Finally, we also analyzed binding of the S2, S3, and
mutated variants of the S2 peptide to a chimeric TtSlyD
construct, in which the IF domain is replaced by the flap
loop from human FKBP12 (henceforth abbreviated
TtSlyDare). As expected, only one binding event was ob-
served in this case (Fig. 1d and Table 2). Furthermore,
the affinities for the FKBP domain were found to be
1.5-4.8-times lower in the absence of the IF domain (ex-
cept for the S2-W23A and S2-P25A/P29E peptides),
which is primarily due to a more unfavorable binding
entropy (Table 2).

Overall structure of TtSlyD in complex with peptides and
FK506

Three structures of TtSlyDg; were known prior to this
study (maximum resolution of 2.7-2.4 A): two apo
structures [PDB: 3CGM and 3CGN] and one with the
modified tetrapeptide suc-ALPF-pNA bound to the
FKBP domain [PDB: 3LUO] [17]. However, no structures
had been determined for TtSlyD, or any other member
of the SlyD family, in complex with longer, unmodified
peptides or with inhibitors. We therefore co-crystallized
the full-length and AIF constructs of TtSlyD with several
of the peptides identified as substrates in the binding
studies, namely the S2, S3, T1, S2-plus2, and S2-W23A
peptides. In addition, we carried out co-crystallization
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with the FKBP inhibitor FK506. For phasing, we used both
molecular replacement and single-wavelength anomalous
diffraction (SAD), as detailed in the “Methods.” In total,
we obtained five structures of TtSlyDg. and three of
TtSlyDar at a maximum resolution of up to 1.4 A (Fig. 2
and Table 3). Furthermore, there is more than one mol-
ecule of TtSlyD in the asymmetric unit in several cases
(Table 3), which for TtSlyDg;:S2 and TtSlyDg;:S2-W23A
display substantial differences in substrate binding (Fig. 2).
In most of the TtSlyDg; complexes, a peptide is bound to
each of the IF and FKBP domains (Fig. 2). Notably, the
positions of the binding sites in the crystal structures are
the same as in solution, as confirmed by mapping of the
chemical shift perturbations (Fig. 1g).

Apart from the differences in substrate binding, the IF
and FKBP domains show only small structural variations
except in the f8—9 hairpin (residues 90-109) of the IF do-
main (Fig. 3a) and the C-terminal tail of the FKBP domain
(Fig. 3b), which is in line with previous results on TtSlyD
and other members of the SlyD family [17-19]. The IF and
FKBP domains are connected via loopgs_7o and loop;1g_125,
which adopt the same conformations as previously de-
scribed for other members of the SlyD family [18]. How-
ever, in spite of the loops being structurally well defined,
some degree of bending must take place in these regions,
because the relative orientation of the two domains is quite
variable (Fig. 3c). A computational analysis suggests that
there is a key pivot point in the hinge region comprising
residues 62-64 (Fig. 3d), which can be considered part of
both the FKBP domain and the inter-domain connectors,
and which is also conserved in many other FKBPs where it
forms the N-terminal base of the flap loop [15]. A high mo-
bility of the Y63 side chain is furthermore confirmed by
aromatic "H-">C NMR spectra of apo TtSlyDy;, where Y63
is the only aromatic residue completely broadened beyond
detection due to conformational exchange dynamics affect-
ing both the & and € positions (Additional file 1). As dis-
cussed further below, this variability is intimately connected
with interactions between the side chain of Y63 and the
peptides bound to the FKBP domain. The FKBP12 flap loop
inserted into TtSlyDr in place of the IF domain adopts es-
sentially the same conformation as in full-length FKBP12 in
the case of TtSlyDap:FK506, while it is partially disordered
in TtSIyDAIF'S2—W23A and TtSlyDAIFISS (Flg 2)

A previously unrecognized chloride anion is bound
near the binding site of the FKBP domain in all of the
new structures, except TtSlyDg;:S2-plus2 where it is re-
placed by sulfate (Fig. 2 and Additional file 2), and a
metal ion is bound in a previously identified binding site
near the C-terminus [17] in the TtSlyDajp structures,
but not the TtSlyDg structures (Additional file 3). The
role of the chloride ion is unknown, whereas the metal
binding site could be important for facilitating metal in-
sertion and folding of metalloproteins [17].
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are labeled according to which substrate is bound. Note that the TtSlyDg:S2 and TtSIlyDr:S2W23A structures display different peptide binding
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Peptide binding to the IF domain

A peptide is bound to the IF domain in four structures:
TtSlyDg;:S2, TtSlyDg;:S2-W23A, TtSlyDg;:S2-plus2, and
TtSlyDg:T1 (Figs 2 and 4). Indeed, the only structure with
a substrate-free IF domain is TtSlyDg:FK506 (Fig. 4a),
which was crystallized in the absence of a peptide. The
binding site consists of a highly hydrophobic groove com-
prising V74, F79, F91, L103, V115, and F117, as well as
the edge of the B8—f9 hairpin (Fig. 4a). The binding mode
is highly variable among the structures. Moreover, in the
case of TtSlyDg;:S2, there are two TtSlyDg; molecules in
the asymmetric unit (molecules A and B), which bind the
peptides in very different ways (Fig. 4b, c). The resolution
of this structure is, however, rather low (2.9 A), and al-
though the electron density map clearly shows that the
peptide binds differently to the IF domains of molecules A

and B, the side chains are poorly defined for the peptide
bound to molecule B (Additional file 4). The S2 peptide
inserts W23g, and I31s, into the binding groove of mol-
ecule A (Fig. 4b), whereas it appears to insert P29, and
F32g, in molecule B (Fig. 4c). We therefore expected that
a peptide where W23g, is mutated to alanine would bind
similarly to the S2 peptide bound to molecule B in the
TtSlyDg;:S2  structure. Surprisingly, the structure of
TtSlyDg;:S2-W23A revealed instead a third binding mode
where F30s, and 31, are inserted into the binding groove
(Fig. 4d). Furthermore, although the S2-plus2 peptide en-
compasses the same residues that form most of the inter-
molecular contacts in both the TtSlyDg:S2 and
TtSlyDg;:S2-W23A  structures, including W23g,, P29,
I31s,, and F32g, (Table 1), it was found to bind in yet a
fourth mode with V38g, and I40s, inserted into the



Table 3 Crystallographic data processing and refinement statistics

TtSlyDg:T1 TtSlyDg:S2 TtSlyDg :S2-W23A TtSlyDg:S2-plus TtSlyDg:FK506 TtSlyDpr:S2-W23A TtSlyDpe:S3 TtSlyDar:FK506
Data collection
Beamline Diamond Diamond Diamond Diamond Diamond Diamond SOLEIL SOLEIL
124 103 102 104-1 124 124 Proxima 1 Proxima 1
Wavelength A) 09191 0.9795 09199 0.9200 1.0000 1.4000 1.0332 0.9801
Space group Q P6,22 Q P2, P1 P4,32 P4,32 P432,2
Cell dimensions
a b, cd) 87.50 110.88 184.12 39.83 48.71 93.69 93.56 72.50
52.99 110.88 4120 4055 50.21 93.69 93.56 72.50
4891 18231 13152 5322 57.67 93.69 93.56 178.96
a By 90 90 90 90 85.74 90 90 90
11118 90 12313 91.24 68.92 90 90 90
90 120 90 90 80.12 90 90 90
Resolution (A) 29.10-1.40 48.01-2.92 29.11-175 2841-1.60 27.81-1.60 29.63-1.75 38.20-2.00 4448-193
(1.44-1.40) (299-2.92) (1.80-1.75) (1.64-1.60) (1.64-1.60) (1.79-1.75) (2.05-2.00) (1.98-1.93)
Reym 0.023 (0.714) 0.047 (0.679) 0.047 (0.766) 0.097 (0.772) 0.052 (0.568) 0.044 (0.872) 0.106 (0.774) 0.048 (0.777)
/ol 23.03 (2.02) 30.68 (3.27) 1831 (242) 12.74 (2.29) 14.46 (247) 35.85 (3.60) 2333 (4.38) 2627 (2.75)
Completeness (%) 97.6 (93.7) 99.1 (99.8) 98.9 (97.6) 99.3 (97.7) 95.3 (87.4) 100 (99.9) 100 (100) 99.9 (99.5)
Total number of reflections 134,551 (9,116) 126,159 (9,085) 307,806 (22,441) 151,369 (9,923) 219,115 (13,672) 475,595 (32,633) 417,094 (29,168) 523,651 (36,435)
Multiplicity 3332 84 (85) 37 (3.7) 6.7 (6.1) 35(.2) 176 (16.4) 233 (22.1) 76 (7.2)
Wilson B-factor (A) 23.11 84.82 2698 15.67 20.93 29.88 26.17 32.03
Refinement
Rwork / Riree 0.139/0.167 02107 0.224 0.176 / 0.208 0.177 7/ 0.198 0.180 / 0.202 0.184 / 0.202 0.199 / 0.215 0.156 / 0.168
Number of TtSlyD/ASU 1 2 4 1 3 1 1 2
Number of atoms
Protein 1,229 2314 4,708 1,179 3,558 814 843 1,650
Peptides/FK506 102 469 705 105 171 43 49 114
Water 195 6 606 228 630 100 107 316
Other solvent 1 2 20 30 27 6 6 53
B-factors
Protein 30.1 712 324 15.6 294 411 29.1 310
Peptides/FK506 36.0 889 457 337 286 78.7 455 322
Solvent 454 416 423 34.6 39.1 46.0 358 50.2
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Table 3 Crystallographic data processing and refinement statistics (Continued)

R.m.s. deviations

Bond lengths (A) 0.005 0003

Angles (°) 1.027 0.759
Ramachandran

Favored (%) 994 95.0

Qutliers (%) 0.0 03
Clash score 19 20
PDB accession 40DK 40DL

0.006
1.094

98.5
0.0

2.2
40DM

0.017
1.177

98.8
0.0
4.7
40DN

0.004
0.947

98.7
0.0
43
40DO

0.016
1.258

100
0.0
24
40DP

0.009
0.839

97.2
0.0

29
40DQ

0.014
1.100

98.1
0.0
47
40DR

All three TtSlyD,r data sets were processed anomalously, while the full-length TtSlyD data sets were not. Numbers in parentheses refer to statistics for the outer shell. The Ramachandran statistics and clash scores were

determined using the MolProbity validation tool
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Fig. 3 Structural flexibility. a Superimposition of the insert-in-flap (IF) domain for all molecules of the five full-length TtSlyD (TtSlyDy) structures.
Colored as in Fig. 2 except that the structurally most variable region is red (this region corresponds to the 38-(39 hairpin). b Superimposition of
the FK506-binding protein (FKBP) domain for all eight TtSlyDg, structures and TtSlyD constructs with the insert-in-flap (IF) domain replaced by the
flap loop from human FKBP12 (TtSlyDr). Colored as in Fig. 2, except that residues 62-64, which can be considered as part of both the FKBP
domain and the connector loops, are violet, and that the structurally most variable region is red (this region corresponds to the C-terminal tail).

c All TtSlyDg. molecules of the five TtSlyDg structures were superimposed on the inter-domain loops (except TtSlyDg :FK506 molecule B, where
the loops were uncharacteristically poorly defined in the electron density map). d A DynDom computational analysis was carried out to identify
putative hinge regions between the domains based on pair-wise superimpositions of all possible combinations of TtSlyDg molecules. The results
are displayed in a “putty” representation: the more commonly a given residue was found to be part of a hinge region, the thicker the putty trace.

and Ye region data that corroborate the results from the DynDom analysis

For loopgs_70, the thick part clearly converges around residues 62-64 at the N-terminal junction, while it is more diffusely distributed for loop;1g_12s.
Additional file 1 shows 'H-"3C transverse relaxation optimized spectroscopy hetero single quantum coherence (TROSY-HSQC) spectra of the F&,£/Y6

binding groove (Fig. 4e). Interestingly, although the bind-
ing mode is variable, three aspects are shared for all struc-
tures: (i) the peptides bind to the p8—fB9 hairpin through
[-strand augmentation with two to four hydrogen bonds
(Fig. 4b—f), (ii) the peptides generally insert two hydropho-
bic side chains into the binding groove as detailed above
(Fig. 4b—e), and (iii) peptide binding does not perturb the
hydrophobic groove (Additional file 5). The only excep-
tion to rule (ii) is the T1 peptide, which inserts only one
hydrophobic residue (Y71ty; Fig. 4f), but this peptide also
binds with much lower affinity than the S2, S2-W23A,
and S2-plus2 peptides (Table 2). In addition to the shared
core interactions, a number of highly variable peripheral
interactions are also formed. These mainly include van
der Waal interactions (in particular with the f8—p9 hair-
pin), but also some hydrogen bonds, as well as a single salt
bridge in the case of TtSlyDg;:S2-plus2 (for more details,
see Additional file 6). The fact that rather extensive inter-
actions are formed between the IF domain and the pep-
tides is also reflected in the favorable binding enthalpy
measured by ITC. Interestingly, the proline residues of the
peptides bound to the IF domains are all in the trans con-
former—with the possible exception of the S2 peptide
bound to molecule B in the TtSlyDg;:S2 structure, where
P29, could be in cis configuration (Fig. 4c and Additional
file 4)—and in most cases do not form direct interactions

with the IF domain. This is in good agreement with the
binding studies, which showed that the IF domain is cap-
able of binding peptides both with and without proline
residues with high affinity.

The binding site of the FKBP domain

We determined several crystal structures of TtSlyDgy,
and TtSlyDajp with either a long peptide or FK506
bound to the FKBP domain, namely TtSlyDg; :S2, TtSlyDg; :
S2-W23A, TtSlyDg:T1, TtSlyDg:FK506, TtSlyDajg:
S2-W23A, TtSlyDap:S3, and TtSlyDap:FK506, whereas
the TtSlyDg;:S2-plus2 structure displayed a substrate-free
FKBP domain (Fig. 2). To the best of our knowledge,
these represent the first structures of an FKBP domain
in complex with long, unmodified peptides, and the first
structures of a member of the SlyD family in complex
with a macrolide inhibitor. Both FK506 and the peptides
bind in the hydrophobic pocket, which is composed of
numerous hydrophobic and aromatic residues, includ-
ing Y13, L15, L27, Y29, L36, 137, L40, L126, and F128,
and is flanked by D23, Y63, and H119 as well as the
bound anion (Fig. 5a). Binding of FK506 or peptides
strongly affect the position of Y63, as further described
below, and the loop encompassing L36 and 137 also
moves slightly, but otherwise the binding site remains
relatively unperturbed (Additional file 7).
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$2-W23A (molecule C)

Fig. 4 Binding of peptides to the insert-in-flap (IF) domain. a The substrate-free IF domain of TtSlyDr :FK506 (molecule B) is depicted as in Fig. 2,
except that the backbone of (38 is shown in sticks, and the side chains of residues forming a hydrophobic binding groove are shown in green
sticks and semi-transparent spheres. b Binding of the S2 peptide to the IF domain of molecule A in the TtSIlyDg:S2 structure. The backbone of the
peptide is shown in pink sticks, and the hydrophobic side chains that are sequestered in the hydrophobic binding groove are shown in sticks and
semi-transparent spheres. Dashes indicate main chain hydrogen bonds between the peptide and (8. ¢ Peptide binding in TtSlyDg:S2 (molecule B).
d Peptide binding in TtSlyDg:52-W23A (molecule C). e Peptide binding in TtSlyDg.S2-plus2. f Peptide binding in TtSlyDg:T1. Additional file 4
shows the electron density map for the S2 peptides bound to the IF domain, Additional file 5 shows an analysis of the structural changes in the

IF domain induced by substrate binding, and Additional file 6 shows the peripheral substrate:IF domain interactions

Binding of FK506 to the FKBP domain

FK506 binds in a similar way to all three copies of
TtSlyD in the asymmetric unit of TtSlyDg;:FK506 and in
both copies in TtSlyD:FK506 (Fig. 5b), but exhibits
some structural variation in parts of the molecule that
are more distal to the binding pocket. The binding mode
is similar to that observed in the FK506—FKBP12 com-
plex [25]. Specifically, the pipecolinyl ring, which mimics
a proline side chain, is inserted into the center of the
hydrophobic pocket, and four hydrogen bonds are
formed: two to the backbone of N35 and 137 (V55 and 156
in FKBP12), and one each to the side chains of D23 and
Y63 (D37 and Y82 in FKBP12) (Fig. 5b). Apart from these
conventional hydrogen bonds, a number of weaker CH-O
hydrogen bonds are also present. Most noteworthy are
three potential interactions between the C9 carbonyl oxy-
gen of FK506 and CH groups of Y13, L15, and F128,

which are reminiscent of three putative CH-O inter-
actions observed between FK506 and FKBP12 residues
Y26, F36, and F99 [25]. Indeed, Y26 and F99 are equiva-
lent to TtSlyD residues Y13 and F128, respectively.

Peptide binding to the FKBP domain

The S2 and S2-W23A peptides both bind by inserting
the side chain of P29, in cis form into the center of the
binding pocket (Fig. 5c, d). The binding mode is the
same for both TtSlyDg molecules in the TtSlyDg;:S2
structure (Fig. 5¢), whereas the S2-W23A peptide binds
in two different ways to the four molecules in the
TtSlyDg:S2-W23A  structure: one similar to the S2
peptide (molecules A and C), and one in a different
but partially overlapping fashion (molecules B and D;
Fig. 5d). This latter binding mode was also observed in
the TtSlyDa:S2-W23A structure. The TtSlyDg;:T1 and
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the peripheral substrate:FKBP domain interactions
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Fig. 5 Binding of peptides and FK506 to the FK506-binding protein (FKBP) domain. a The substrate-free FKBP domain of TtSlyDg :S2-plus2. The
color scheme is the same as used in Fig. 2, except that residues 62-64 are violet, and the residues forming the hydrophobic binding pocket are
green. Residues involved in binding are shown in sticks. b Binding of FK506 to full-length TtSlyD (TtSlyDr, ). Dashes indicate distances up to 3.5 A
between conventional hydrogen bond donors and acceptors (weaker bonds such as CH-O and CH-m are omitted). The pipecolinyl ring and
selected atoms of FK506 are labeled. ¢ Binding of the S2-W23A peptide to molecule A in TtSlyDg:S2-W23A. A similar binding mode is also seen
for molecule C and TtSIlyDg:S2. For clarity, side chains are only shown for residues 27-29 of the peptide. The residues of the peptide are labeled.
d Binding of the S2-W23A peptide to molecule D in TtSlyDg :S2-W23A. A similar binding mode is also seen for molecule B and TtSlyDap:S2-W23A.
e Ramachandran plots for residues K285, and P29, of TtSlyDg:S2 as well as TtSlyDg :S2-W23A molecules A and C compared to the standard
values for i+ 1 and i+ 2 residues of a type Vlal 3-turn. There is a clear match. f Similar Ramachandran plots for residues K28, and P29, of
TtSlyDg :S2-W23A molecules B and D as well as TtSlyDpS2W23-A compared to the standard values of a type Vib B-turn. There is a partial match,
but the phi angle of K28s, (position i+ 1) is off by 40-60°. Additional file 7 shows an analysis of the structural changes in the FKBP domain
induced by substrate binding, Additional file 8 illustrates the non-canonical binding modes of the T1 and S3 peptides, and Additional file 9 shows

TtSlyDae:S3 structures both show alternative binding
modes. The T1 peptide adopts a reverse orientation as
compared to the S2 and S2-W23A peptides, and forms
only few interactions with the FKBP domain (Additional
file 8). The S3 peptide binds to TtSlyDajr by inserting a
valine instead of a proline residue into the binding pocket
(Additional file 8), which supports the conclusion that
in vitro binding to the FKBP domain does not strictly re-
quire the presence of proline residues. The non-canonical
binding modes agree well with the weaker affinities of
these peptides, but it is unclear if they mimic any physio-
logically relevant interactions.

The two different binding modes observed for the S2
and S2-W23A peptides are characterized by different 3-
turn conformations. J-turns consist by definition of four

residues with a distance between the Ca atoms of residues
iandi+3 of 7 A or less, and are divided into nine types
according to the phi and psi torsion angles of residues i +
1 and i+2, with the additional requirement for types
Vlal, VIa2, and VIb that i+2 must be a cis-proline [5].
We found that the two binding modes observed for the
peptides bound to both TtSlyDy, molecules in the
TtSlyDg;:S2 crystal, and for the peptide bound to TtSlyD
molecules A or C in the TtSlyDg:S2-W23A crystal
(Fig. 5¢), conform to a type VIal B-turn with cis-P29s, in
position i+ 2 (Fig. 5e), whereas the conformation of the
peptide bound to TtSlyD molecules B or D in the
TtSlyDg:S2-W23A crystal, as well as in TtSlyDag:
S2-W23A (Fig. 5d), conforms to a type VIb-like B-turn
with a distorted i + 1 phi angle (Fig. 5f).
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A number of interactions are shared between the VIal
and VIb-like binding modes (Fig. 5¢, d): (i) two B-
strand type interactions are formed between K28g, and
N35 and 137 of TtSlyD, (ii) the backbone nitrogen of
P29s, is within potential hydrogen-bonding distance
(3.5 A) of the hydroxyl group of Y63 from TtSlyD, (iii) the
side chains of M27s,, K28s,, and P29, interact in a simi-
lar way with the binding pocket via van der Waal and
hydrophobic interactions, and (iv) K28s, interacts electro-
statically with the bound chloride ion. Note that although
K28s, is well accommodated, the binding pocket clearly
has room for larger side chains. Indeed, when the activity
of SlyD from E. coli was screened with an Ala-X-Pro-Phe
tetrapeptide with each of the 20 proteinogenic residues in
the “X” position, aromatic residues were found to yield the
highest ke,/Ky values, while lysine was in the middle
range [26]. Notwithstanding the listed similarities, there
are, however, a number of differences between the two
binding modes. Most notably, Y63 forms different interac-
tions in the two forms apart from the shared potential
hydrogen bond with the backbone nitrogen of P29g,: in the
VIal form, the hydroxyl group of the Y63 side chain is
within hydrogen-bonding distance of the backbone nitro-
gen of F30s, and the carbonyls of M27s, and 1315, (Fig. 5¢),
while in the VIb-like form, it is instead within hydrogen-
bonding distance of the backbone carbonyl of P29s,
(Fig. 5d). In addition, a hydrogen bond is formed between
F30s, and H119 for the VIb-like form, but not the VIal
form, and several differences are also observed in peripheral
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interactions (Additional file 9). Notably, K26s,, M275,, and
K28, adopt almost the same conformations in both bind-
ing modes. The differences in binding mode of the VIal
and VIb-like forms thus lie mainly in the residues that are
found in the C-terminal direction from P29, (Fig. 5c, d).

Comparison of the binding modes of FK506 and the
peptides

A comparison of the FK506 and peptide binding modes
reveals that the interactions between FK506 and the
backbone atoms of N35 and 137, which are mediated by
the O2 carbonyl oxygen atom at C1 and the O10 hy-
droxyl group at C24, respectively, overlap with the two
B-strand type interactions formed by K28g, in the S2
and S2-W23A peptides (Fig. 6a). It furthermore shows
that the pipecolinyl ring partially overlaps with the side
chain of cis-P29s, in both peptide binding modes, but is
in a roughly orthogonal orientation relative to these
(Fig. 6b), which enables it to reach considerably deeper
into the pocket. Moreover, there is a partial overlap be-
tween the large appendage at the C26 atom of FK506
and the side chain of M27s, (Fig. 5b—d). The pipecolinyl
ring is flanked by a dicarbonyl moiety encompassing
both an amide carbonyl at C8 and an a-keto carbonyl at
C9 (Fig. 6b), which are both candidates for mimicking
the carbonyl group of a bound proline residue [25, 27,
28]. The carbonyl at C8 is in the trans form, as was also
observed in the FKBP12:FK506 complex [25]. Yet, it still
hydrogen bonds with Y63 similarly to the cis-P29s,

N35

pipecolinyl /

pipecolinyl

Fig. 6 Comparison of binding modes for the FK506-binding protein (FKBP) domain. a Superimposition of the FKBP domains of TtSlyDg:52-W23A
molecule B (purple), TtSlyDg:S2-W23A molecules D (light blue), and TtSIlyDg :FK506 (yellow), showing the variation in interactions with the
backbone of N35-137. Selected amino acid residues and FK506 atoms are labeled. b Same overlay but showing instead the interaction with
Y63. ¢ Superimposition of the FKBP domains of all full-length TtSlyD (TtSlyDg ) molecules in the TtSlyDg :S2-W23A, TtSIlyDg,:S2, TtSlyDg  :FK506,
and TtSlyDy:S2-plus?2 structures, showing how the orientation of the insert-in-flap (IF) domain varies with the position of Y63, and thus with
which substrate is bound. TtSlyDr, molecules binding the peptides in the type Vlal or Vib-like modes are purple and light blue, respectively,
TtSIlyDg :FK505 is yellow, and TtSlyDg :S2-plus2 (apo form) is gray
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residue of the type VIb-like peptide, though at a different
angle (Fig. 6b). This is made possible through the rota-
tion of the pipecolinyl ring described above combined
with a difference in the proline phi and psi angles rela-
tive to the equivalent angles in FK506 and a slight
change in the position of Y63 (Fig. 6b). The carbonyl
group at C9 is almost orthogonal to the carbonyl at C8
(Fig. 6b), which has been suggested to enable FK506 to
mimic the twisted transition state [28]. It does not form
conventional hydrogen bonds, but points directly into a
sub-pocket of the binding site formed by Y13, L15, and
F128, with which it forms CH-O hydrogen bonds, as de-
scribed above. As hinted above, the position of Y63 differs
depending on which substrate is bound. Indeed, it does
not only differ between FK506 and peptides, but also be-
tween peptides adopting different binding modes (Fig. 6b).
This may suggest that the flexibility of the hinge region
encompassing Y63 is important for enabling the FKBP do-
main to adapt to different substrates. Furthermore, the
different positions of Y63 also translate into different posi-
tions of the IF and FKBP domains relative to each other
(Fig. 6¢), which may be relevant in relation to the reported
cross talk between them [23, 29, 30].

Enzymatic activity
In order to accurately measure the catalytic activity of
TtSlyDg, on peptidyl-prolyl cis/trans isomerization, we
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carried out Michaelis-Menten studies under equilibrium
conditions using NMR lineshape analysis, which is cap-
able of monitoring the rate of exchange between cis and
trans conformations of the peptide substrate. Initially,
we benchmarked the method against literature data
using the standard suc-ALPF-pNA tetrapeptide (Fig. 7a).
We measured a ke, /Ky value of 1.47 +0.05 pM_ls"1 for
the wild-type TtSlyDg;, which is in good agreement with
previously published data obtained using other methods
[20, 21, 23]. For the TtSlyDajr construct, we obtained
Keat/Ky = 0.85 £ 0.01 pM"ls"l, showing a minor influ-
ence of the IF domain. Interestingly, no such effect of
the IF domain was detected for E. coli SlyD when isom-
erization of suc-ALPF-pNA was monitored using UV/vis
spectroscopy rather than NMR [21].

Having validated the method, we next turned to the lon-
ger unmodified peptides of interest here. We opted to use
the S2-P25A peptide for these studies because it has the
advantage over the S2 peptide that it contains only one
proline residue (P29), making data interpretation more
straightforward, while it still binds well to both domains
(Table 2). The '>C shifts of proline in the S2-P25A peptide
show the same characteristics as an isolated proline amino
acid. By comparing intensities between the cis and trans
forms, the relative population of the cis form was found to
be 14.5+1 %. We determined apparent rate constants for
TtSlyDgp, and TtSlyDar as a function of peptide

10 T

Kcis/trans (S'l)

0 | | I | I |

0 2 4 6

Cenzyme (HM)

Fig. 7 Michaelis-Menten analysis of TtSlyD at 25 °C. The data for full-length TtSlyD (TtSlyDr, are shown as black filled circles, and the data for
TtSlyD constructs with the insert-in-flap (IF) domain replaced by the flap loop from human FKBP12 (TtSlyDar) are shown as gray open circles. a

b

d[Tl/dt (mM/s)
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Determination of k.,/Ky using the suc-ALPF-pNA tetrapeptide as substrate. The enzyme concentrations were varied, while 500 M suc-ALPF-pNA
(<< Ky) was used in all experiments. We determined ke./Ky to be 147 +0.05 + 10° M~'s™" for TtSlyDr, and 0.85+0.01 « 10° M™'s™" for TtSlyDuyr,
using linear regression analysis. b Full Michaelis-Menten analysis using the S2-P25A peptide as substrate. A quantity of 0.2 uM of enzyme was used
in all experiments, while the peptide concentration was varied. By using the previously determined cis content of 14.5 %, these concentrations
were transformed into concentrations of S2-P25A cis. Michaelis-Menten fitting of TtSlyDy, resulted in a kes/Ky Of 3.68 £0.04 « 10° M~'s™"
with keae = 740,000 + 140,000 s~ and Ky, = 2000+ 410 uM. Because less curvature and precision was obtained for TtSlyDajr, only the k.,/Ky
of 284+001 « 10 M~'s™" is reported
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concentration (Fig. 7b). The resulting k.,/Ky value was
368 +4 uM's™" for TtSlyDg;, which is a factor of 100—
1000 higher compared to results obtained previously for
various members of the SlyD family using tetrapeptides or
unfolded proteins [17, 20, 21, 23, 24], and even exceeds
those generally reported for FKBPs and other PPlases
[9]. For TtSlyDajp the obtained kg,/Ky was 248 +1
uM™'s™!, clearly indicating that the IF domain affects
the activity of the FKBP domain, similarly to what was
observed using tetrapeptide substrates. However, the dif-
ference in k., /Ky between TtSlyDgp and TtSlyDajr is
much smaller than what has been observed using protein
substrates [17, 20, 21], and may simply relate to the
lower binding affinity of TtSlyDr relative to
TtSlyDgL (in this scenario, Ky; would be larger for
TtSlyDarg). In the case of TtSlyDg we could separate
the two parameters, yielding k., = (0.7 £ 0.1) 10° s7* and
Ky =2.0 £ 0.4 mM. Neither value is very precisely deter-
mined, but it is obvious from the modest curvature of the
Michaelis-Menten plot (Fig. 7b) and the substrate concen-
trations used here that k., >>10,000 s and Ky > >
100 puM, where the latter value is significantly higher
than Kp. Taken together, these results underline the
high catalytic efficiency of TtSlyD when acting on un-
folded substrates.
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Mutational probing of catalytically important residues
To better understand which residues play an important
role for binding and catalysis, we generated a number of
mutations in TtSlyDg;, and tested their ability to bind
the wild-type S2 peptide and catalyze cis/trans isomeri-
zation (Fig. 8 and Table 4). Specifically, we mutated Y63
and H119 of the inter-domain loops; Y13, D23, N35,
137, and F128 of the FKBP domain; and A78, Y92, Q%4,
and M96 of the IF domain (Fig. 8a, b and Table 4). The
affinities for binding of the S2 peptide to these mutants
were measured by ITC and the activity determined by
NMR using the standard suc-ALPF-pNA tetrapeptide, in
order to generate results comparable to previously pub-
lished activity data. To separate contributions to binding
from contributions to catalysis, the NMR-derived k,/Ky
values were plotted against the FKBP domain-specific Kp
values of the S2 peptide determined by ITC, and com-
pared to the results expected when a mutation affects only
binding or only the turnover rate (Fig. 8c). Although the
keat/ Ky and Kp values refer to different substrates, this
analysis should provide valuable insights into the relative
impact of a given mutation on binding and turnover.

The changes in affinities are about twofold or less in all
cases, except for mutations of Y63, where a fivefold in-
crease in the affinity of the IF domain was observed

the importance of these residues

Fig. 8 Mutational studies. a Mapping of mutated residues on the structure. The side chains of mutated residues are shown in sticks and semi-transparent
spheres for TtSlyDg:S2 molecule A and colored according to activity relative to that of the wild type (see also Table 4): Dark red, 0-30 %; pink, 31-40 %;
pale pink, 41-50 %; pale cyan, 50-60 %; bright blue, 61-80 %; dark blue, 81-100 %. Note: Y63 was also mutated to Phe, which caused a reduction to 76 %
of that of the wild type. b Sequence conservation. Same as in panel A, except that the structure is colored by increasing level of conservation, ramped
from teal (low conservation) over cyan, white, and pink to purple (high conservation). ¢ Effect of mutations on activity and binding. ke./Ky values from the
suc-ALPF-pNA tetrapeptide assay plotted against FK506-binding protein (FKBP) domain-specific Ky values of the S2 peptide. Full-length TtSlyD (TtSlyDy)
is shown in black (labeled wt), TtSlyD constructs with the insert-in-flap (IF) domain replaced by the flap loop from human FKBP12 (TtSlyDg) are shown

in gray (labeled AlF), IF domain mutants are shown in red, FKBP-domain mutants in blue, and linker mutants in green. The solid gray curve crossing the
TtSlyDr, wild-type data point shows the result of varying Ky, (taken to be equal to Kp) only. The dashed gray curve was generated with ke, = 0.5 - kege (wild
type). The effect of all mutations close to the solid curve (Y13F, N35A, and A78G) can be explained primarily by binding, assuming that the effects on Ky
and Ky, are the same. Mutations with data points falling on the dashed curve (Y63F, H119A, D23A, 137G, M96A, and Y92A) can be seen to reduce k., by a
factor of two compared to the wild type, while showing variable binding strength. F128A and Y63A have apparently greater effects on ks, highlighting
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Table 4 Results from binding and activity studies on mutated TtSlyD variants

Construct Mutation N1 Kp1 (UM) AH1 -T-AS1 N2 Kp2 (LM) AH2 -T-AS2 Activity Relative
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcat/Ky, 10° M/s) activity (%)

TtSlyDr, Wild type 0.96 +0.03 0.113£0012 -100+0.11 0.7 0.96 +0.02 293+0.12 -49+0.22 =25 147 +0.05 100
Y13F 0.85+0.03 0.107 £0.011 -106+0.14 05 0.87 £0.02 394+0.14 -59+047 -26 1.35+£0.17 92
D23A 0.92£0.03 0.075 £ 0.042 -20+011 1.3 0.88 £0.01 1.65+0.15 -60+0.11 -2.1 1.15£0.21 78
N35A 0.98 +0.02 0.169 £ 0.032 -9.7+0.11 06 1.06 +0.05 5.18+0.89 -25+033 4.6 1.04+0.28 71
137G 0.93+0.05 0.134£0.038 -9.0+0.11 -03 091+0.03 364+033 -6.6+037 -0.7 0.73+0.12 50
Yé3F 0.81£0.01 0.030 +0.003 -113+£011 1.1 0.78 £0.02 158 +0.22 -60+029 -22 1.12£0.11 76
Y63A 0.80+0.01 0.041 £0.007 -94+0.06 -05 0.84 +0.02 3.18+0.29 -4.7+0.15 2.7 031+0.19 21
A78G 1.08 £0.02 0.262 £ 0.023 -82+0.06 -06 1.09+0.02 524+043 -28+0.19 -4.3 0.76 £0.14 52
Y92A 0.96 £0.02 0.254 +£0.022 -87+051 -0.1 0.92 £0.01 433+0.14 -53+0.15 -19 0.53£0.12 36
Q94A 1.03+0.03 0.288 £0.042 -86+0.10 -0.2 0.93 +£0.02 598 +044 -43+038 -2.8 144 +049 98
M96A 1.00£0.01 0.129 £ 0.009 -9.7+004 04 1.01£0.01 3.86£0.21 -44+0.13 -29 0.58£0.15 39
H119A 0.87 £0.03 0.060 +£0.012 -11.1+£005 0.7 0.82 £0.02 222+0.28 -6.2+047 -22 1.23£0.02 84
F128A 0.88 +0.02 0.215£0.022 -9.7+0.36 12 0.89 +0.02 162+0.11 -80+052 -1.2 052+0.16 35

TtSlyDae Wild type 0.88 £0.02 1223+0.24 -59+0.11 04 0.85+£0.01 58

The affinities and thermodynamic parameters were determined at 20 °C for the wild type S2 peptide using isothermal titration calorimetry, while the activities were determined for the suc-ALPF-pNA tetrapeptide using
nuclear magnetic resonance spectroscopy. TtSlyDar TtSlyD constructs with the insert-in-flap domain replaced by the flap loop from human FKBP12, TtSlyDg, full-length TtSlyD
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(Table 4), thus supporting the notion of inter-domain cross
talk. The mutation with the strongest effect on PPlase ac-
tivity was Y63 A, which retained only 21 % activity (Table 4).
It is therefore likely that this residue plays an important
role in the catalytic mechanism, in keeping with its ideal
position for forming hydrogen bonds with the substrate
(Fig. 5c, d). This interpretation is further supported by its
high degree of sequence conservation (Fig. 8b) as well as
the ke../Ky versus Kp plot (Fig. 8c). However, the effect on
activity is clearly not exclusively due to hydrogen bonds
formed by the hydroxyl group, because the Y63F mutant
retained as much as 76 % activity (Table 4). Interestingly,
the affinity of the FKBP domain was only negligibly de-
creased for Y63A, but was 1.7-times higher for Y63F with
a significantly greater enthalpy and largely unperturbed en-
tropy of binding as compared to the wild type (Table 4).
This is similar to what has been observed for binding of
FK506 or rapamycin to the equivalent Y82F mutant of
FKBP12, where detailed analysis of the binding thermody-
namics indicate that the effect of the mutation is due to
altered solvation [31].

The second-most detrimental mutations were Y92A,
MO96A, and F128A, which each retained 30—40 % activity
(Table 4). F128 forms part of the hydrophobic binding site
(Fig. 5a) and is highly conserved (Fig. 8b), whereas Y92
and M96 are found in the dynamic f8—f9 hairpin of the
IF domain and are rather poorly conserved (Fig. 8b). Con-
sidering the effect of the binding affinity on ke, /Ky
(Fig. 8c), F128 seems to be as important for catalysis as
Y63. Interestingly, while the absence of the IF domain has
a positive effect on ke, the Y92A and M96A mutations
seem instead to have a negative effect (Fig. 8c). We
hypothesize that the effect of these two mutations on the
catalytic activity is due to interference with inter-domain
cross talk (see “Discussion”).

Discussion

Substrate selectivity of the IF domain

ITC experiments revealed that the IF domain binds long
peptides with up to nanomolar affinity, and that substan-
tial sequence variation of the substrate can be accommo-
dated through enthalpy-entropy compensation. Notably,
we also found that peptides without proline residues can
bind to the IF domain, which is in line with a previous
study showing that proline-free substrates can inhibit
binding of proline-containing substrates to E. coli SlyD
[24]. Four structures were obtained with 15-residue-long
peptides bound to the IF domain (Figs 2 and 4). The pep-
tides bind in the large hydrophobic groove delineated by
the 3;¢-helix and 8—f9 hairpin through [-strand augmen-
tation, as was also previously observed for the linker of the
uncleaved purification tag in the structure of E. coli SIpA
[18], and originally predicted based on structural analysis of
apo TtSlyDgy, [17]. The binding modes are highly variable
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(Fig. 4), but seem to nonetheless be governed by common
recognition principles. It thus appears that the flexible
8—p9 hairpin and the likewise flexible unfolded polypep-
tide stretch of the substrate are able to structurally adapt to
each other, such that one or more (typically two) hydropho-
bic side chains of the substrate can be sequestered in the
quite rigid hydrophobic groove. This highly adaptable bind-
ing strategy explains how the IF domain is able to bind
extended/flexible polypeptide stretches containing
hydrophobic residues in various different sequence con-
texts. Notably, such stretches are a hallmark of unfolded
proteins, and the IF domain therefore seems ideally suited
for its function as a folding chaperone.

Substrate selectivity of the FKBP domain

Most of the peptides tested in the ITC binding studies were
found to bind to the FKBP domains of both TtSlyDg; and
TtSlyDajp though the affinities were almost invariably high-
est for the former. Interestingly, as was also found to be the
case for the IF domain, the presence of proline residues in
the substrate is not a requirement for binding to the FKBP
domain in vitro. It is questionable whether such proline-
independent binding is physiologically relevant, but this
could potentially be the case if the FKBP domain can serve
as an auxiliary binding site for the chaperone domain, such
as has been suggested for trigger factor [32], or if it can en-
gage non-proline dimerization motifs of cognate interaction
partners, such as has been described for human FKBP12
[33]. Five structures were obtained of TtSlyDg;, or TtSlyD-
At With a 15-residue-long peptide bound to the FKBP do-
main (Figs 2 and 5). The peptide inserts a cis-proline
residue into the hydrophobic binding pocket in all cases,
except in the TtSlyDp:S3 structure, where a trans-valine
residue is inserted instead, thus further supporting the con-
clusion that proline residues are not essential for binding to
the FKBP domain. Two peptides, S2 and S2-W23A, adopt
B-turn structures with a cis-proline in the i + 2 positions. A
major role of cis-prolines is to enable the formation of type
VIal, VIa2, and VIb p-turns, which all strictly require the
presence of a cis-proline in the i+ 2 position [5, 6]. Based
on early computational studies, it was suggested that
FKBP12 may be specific for type VIa B-turns [34], whereas
the crystal structure of a tetrapeptide—cyclophilin A com-
plex showed the substrates bound as a type VIb -turn [35].
Taken together, this indicated that there might be a “div-
ision of labor” in the cell, with FKBPs and cyclophilins
acting on different types of cis-proline B-turns. How-
ever, our results speak against such a scenario, because
both type VIal and distorted VIb B-turns are observed in
our TtSlyDg;:S2, TtSlyDg:S2-W23A, and TtSlyDag:S2-
W23A structures, which strongly suggests that FKBPs can
catalyze cis/trans isomerization of prolines present in
(at least) both these two types of B-turns.
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A putative mechanism for transition state stabilization at
the FKBP domain

The catalytic mechanism of PPlases does not involve
any bond formation or breakage, but hinges instead on
rotation around the peptidyl-prolyl bond, which is at
least partially mediated by preferential stabilization of
the twisted transition state [9, 10]. In the case of the
cyclophilins, there has been some debate as to whether
it is the part N- or C-terminal to the peptidyl-prolyl
bond that rotates [36—38]. The FKBP field has not seen
a similar debate, which is probably mainly due to a
dearth of informative substrate complexes. However, on
the basis of the structures presented here, we find it
most likely that FKBPs operate with C-terminal rotation
(Fig. 9a), though we concede that a definitive conclusion
regarding this question will require that structures
representing the trans form are also obtained. The basis
for our assertion is that the two residues N-terminal to
the peptidyl-prolyl bond are anchored in the same way
in both the type VIal and VIb-like binding modes through
two B-strand type hydrogen bonds supplemented by side
chain interactions with the hydrophobic binding pocket
(Fig. 5¢, d and Fig. 6a), whereas the residues found C-
terminal to the peptidyl-prolyl bond adopt very different
positions in the VIal and VIb-like B-turns, suggesting that
this part would have more freedom to rotate during ca-
talysis (Fig. 5¢, d). In line with this, it has been shown that
FKBP12 exhibits higher sequence specificity towards the
residue that immediately precedes the proline than the
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one that immediately follows it [39]. In addition, we also
found that FK506 forms two hydrogen bonds that mimic
the B-strand type hydrogen bonds formed by the peptides
(Fig. 6a). Moreover, this is not unique to TtSlyD:FK506,
but is also commonly observed in structures of
FKBP12:inhibitor complexes [40]. Indeed, based on such
structures, it was already predicted that peptides would
bind via two B-strand type hydrogen bonds in the same
manner, as we have now observed for TtSlyD [40]. Fur-
thermore, the large appendage at the C26 position of
FK506 overlaps with the side chain of M27s,, that is, the
residue that precedes the proline by two positions. We
therefore conclude that binding of FK506 involves several
interactions that mimic those of the N-terminal part of a
bound polypeptide, which supports the notion that this is
the part that is kept anchored during catalysis.
Interestingly, a consequence of C-terminal rotation is that
the proline side chain would reach considerably deeper into
the binding pocket and interact more extensively with it in
the syn form (w ~90°) relative to the cis and trans forms
(Fig. 9a), which could be a key factor in conferring prefer-
ential stabilization of the twisted transition state. In keeping
with this notion, it is well established that the hydrophobic
environment of the binding pocket is critically important
for the catalytic mechanism [41-45], as is also supported
by our finding that the F128A mutation in the bottom of
the binding pocket reduced the catalytic activity to 35 % of
that of the wild type. If, on the other hand, TtSlyD mediates
N-terminal rotation, then the proline side chain would
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Fig. 9 Model for FK506-binding protein (FKBP)-mediated rotation around the peptidyl-prolyl bond. a S2-W23A peptide bound to full-length
TtSlyD (TtSlyDg) molecule D (B-turn type Vib-like binding mode). The color scheme is the same as for Fig. 5, except that the colors are more
subdued. The hypothesized rotations of the P29, proline residue are indicated. We suggest that the residue found immediately N-terminal to the
peptidyl-prolyl bond are kept anchored during catalysis through B3-strand type hydrogen bonds and side chain interactions with the hydrophobic
pocket (see also Fig. 5¢, d and Fig. 6a). The C-terminal part, including the side chain of the proline, then rotates from the trans to the cis form via
the twisted transition state (syn form) or vice versa, as indicated. Notably, the model predicts that the proline side chain penetrates deepest into
the pocket in the twisted transition state, which may confer preferential stabilization of this form over the ground states. b Binding of FK506 to
TtSlyDg,. The orientation and color scheme are the same as in panel a. The pipecolinyl ring is in the same position as expected for the proline
side chain when in the syn form, which supports the notion that FK506 can be viewed as a mimic of the twisted transition state
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remain throughout catalysis in the shallow position ob-
served in the present structures.

FK506 as a potential mimic of the twisted transition state
FK506 has been proposed to mimic the twisted transition
state with the pipecolinyl ring being a surrogate of the pro-
line side chain, and the roughly orthogonal a-keto carbonyl
group at C9 being a surrogate of its twisted backbone car-
bonyl group [27, 28]. The situation is, however, complicated
by the fact that a trans amide carbonyl is found at the C8
position between the ring and the a-keto carbonyl, which
could also serve as a mimic of the proline carbonyl group.
Interestingly, we found that Y63 hydrogen bonds to both
the C8 carbonyl oxygen atom of FK506 and the cis-proline
carbonyl atoms of peptides bound as a type VIb-like -turn
(Fig. 6b). It may therefore be argued that FK506 mimics as-
pects of the type VIb-like cis-state, though it should be
pointed out that the angles of the Y63-carbonyl hydrogen
bonds are markedly different in the two cases, as a conse-
quence of the different positions of the two carbonyl groups
(Fig. 6b). A probably more significant observation is that
the pipecolinyl ring is roughly orthogonal to the side chains
of the cis-prolines of the bound peptides regardless of their
adopted binding mode (Fig. 6b), and penetrates consider-
ably deeper into the binding pocket. Indeed, under the
premise that catalysis proceeds through C-terminal rotation
around the peptidyl-prolyl bond, this finding strongly sup-
ports the notion that FK506 mimics the twisted transition
state of the substrate (Fig. 9b).

The role of tyrosine-63 in the catalytic mechanism

In our mutational analysis of the binding site, the Y63A
mutation was found to be the most severe, with a residual
activity of only 21 %. The corresponding Y82 residue in
FKBP12 has been proposed to aid in catalysis by forming
a hydrogen bond to the proline imide nitrogen, thereby
lowering the rotational barrier of the peptidyl-prolyl bond
[46]. In line with this, we found that the hydroxyl group of
Y63 is indeed within hydrogen-bonding distance of the
imide nitrogen of cis-P29s, in both the type VIal and
VIb-like peptide binding modes, if applying a generous
cut-off (the distances are 3.2-3.4 A for the former binding
mode and 3.5-3.6 A for the latter). The hydroxyl group of
Y63 is furthermore within hydrogen-bonding distance of
the backbone nitrogen of F30s, and the carbonyls of
M27s, and I31g, in the case of the type VIal binding
mode (Fig. 5¢), and of the P29, carbonyl group in the
case of the type VIb-like binding mode (Fig. 5d), which
might implicate it in appropriately orienting the substrate
in the binding site. The functional role of Y63 is, however,
not entirely dependent on the hydroxyl group, given that
the Y63F mutant retained as much as 76 % activity. In line
with this, a mutational study on human FKBP12 where
the equivalent Y82 residue was replaced by each of the
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other 19 proteinogenic amino acids showed that aromatic
residues, arginine, and proline retained or even improved
activity, whereas most other residues caused a substantial
reduction [43]. Furthermore, similar results have also been
obtained for the equivalent Y100 residue in Plasmodium
vivax FKBP35, except that arginine and, in particular, pro-
line replacements were less well tolerated [22]. Finally, it
may be noted that although Y63 is highly conserved, a
phenylalanine is found in its place in some catalytically ac-
tive FKBPs, for example, E. coli SlpA [47]. 1t is therefore
clear that other interactions must be able to partially substi-
tute for any functionally important hydrogen bonds formed
by the hydroxyl group, for example, CH-n, CH-O, or
CH-N hydrogen bonds and/or van der Waal interactions.
In relation to this point, it may be noted that several puta-
tive CH—O hydrogen bonds between FKBPs and bound in-
hibitors have been identified in FKBP:inhibitor structures
[25, 48], and that an NMR analysis of aromatic ring flips
has identified a hydrogen bond between the { hydrogen of
F46 and rapamycin in the FKBP12:rapamycin complex [49].

Comparisons of the crystal structures obtained for
TtSlyDg,, indicate that Y63 is found in a highly mobile
hinge region, which we further confirmed by aromatic
!H-13C NMR studies on apo TtSlyD. Furthermore, the
flap loop of FKBP12, which encompasses the equivalent
Y82 residue, has also been shown to be flexible or mo-
bile [50-53]. This mobility of Y63 can be expected to
enable a certain level of dynamic remodeling of the bind-
ing site, which could be important for allowing it to opti-
mally interact with structurally different substrates and/or
for adapting to their motions during catalysis. In conclu-
sion, the role of Y63 is not yet fully clarified, but likely
hinges on a combination of its ideal position for interact-
ing with the substrate and its high level of mobility.

Evidence for inter-domain cross talk

It has been reported that there is cross talk between the IF
and FKBP domains in the sense that binding to one do-
main affects dynamics [29], substrate affinity [23, 30], and
stability [54] of the other. Here we show that 15-residue-
long peptides can be bound to each of the two domains at
the same time, and that deletion of the IF domain results
in reduced affinity and activity of the FKBP domain of
TtSlyD. Interestingly, the reduction in affinity stems mainly
from less favorable entropy, suggesting that it may be a
consequence of the enhanced dynamics of the FKBP do-
main that reportedly results from substrate binding at the
IF domain [29]. We furthermore show that mutating Y63
or H119, which are part of both the inter-domain connec-
tors and the active site of the FKBP domain, increases the
affinity of the IF domain up to fivefold, and that Y63
adopts different orientations depending on the substrate,
which interestingly correlates with different positions of
the IF and FKBP domains relative to each other (Fig. 6c).
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This may suggest that Y63 and the connector loops may
be important for inter-domain cross talk, but more studies
will be needed to confirm this. Finally, we show that mutat-
ing Y92 or M96 in the IF domain to alanine reduces the
PPlase activity to 36—39 % relative to the wild type without
substantially affecting affinities, indicating that these muta-
tions may affect the dynamics of catalytically important
FKBP residues. In conclusion, our results clearly support
the notion of inter-domain cross talk in SlyD, and highlight
the need for further experiments to pinpoint the molecular
mechanisms underlying this phenomenon.

Catalytic activity

Our NMR lineshape analysis of TtSlyDy, activity on the
commonly used tetrapeptide (suc-ALPF-pNA) yielded K.,/
Ky = 1.5 10° M~'s™%, which is in line with previously pub-
lished values obtained for E. coli SlyD using a fluorescence-
based assay (0.25-1.10 10° M's™* [20, 21]). The presence
of the IF domain was found to have a small effect on the
activity towards tetrapeptides, which contrasts with previ-
ous studies, where no effect was observed [21]. This effect
probably relates to the effect of the IF domain on the affin-
ity of the FKBP domain. For partially folded proteins, simi-
lar ke,/Ky values (0.6-1.2 10° M~'s™") but much higher
affinities have been reported [19, 23]. However, in these
cases the absence of the IF domain decreased the activity
by a factor of 100-200 [17, 20, 21]. Our studies using 15-
residue-long peptides paint a different picture. These
peptides bind with affinities that are similar to those of par-
tially folded proteins, and thus much higher than those of
tetrapeptides. However, the NMR-derived activity for the
S2-P25A peptide is 3.7 10> M's™!, and thus a factor of
100-times higher than for both tetrapeptides and partially
folded proteins. Indeed, the activity is of the same order as
that of super-efficient enzymes, with k./Ky in the range
10810 M's7!, whose activity is considered diffusion-
limited [55]. This might appear surprising given that TtSlyD
does not have a defined optimal substrate, but rather cata-
lyzes the isomerization of a broad range of proline-
containing peptides that form variable contacts with TtSlyD.
However, it can be explained on the grounds that the cata-
Iytic efficiency of TtSlyD is not hindered by substrate speci-
ficity. The IF domain was found to have a definite but small
effect on the activity (2.5 10° M"'s™" in the absence of the
IF domain), similar to what we observed for suc-ALPF-
pNA. Our Michaelis-Menten analysis of TtSlyDgy,
with the S2-P25A peptide revealed ke, = 700,000 s™*
and Ky;=2000 pM, a result that highlights the high effi-
ciency of TtSlyD. For comparison, the homologous human
FKBP12 vyields a ke, above 10,000 s~ with suc-ALPF-pNA
as a substrate (U Weininger, unpublished data), again indi-
cating high catalytic efficiency. This contrasts with ke,
values determined for partially folded protein substrates,
which have been estimated to be around 1 s™* [24].
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Our findings can be summarized as follows: a high
catalytic rate constant of k., > 10,000 s7! is obtained
with both S2-P25A and the suc-ALPF-pNA tetrapeptide
as substrates. However, because the longer S2-P25A pep-
tide can make more contacts with the protein (enthalpy),
or retain more flexibility (entropy) in the bound state, it
has lower Kp and Ky, values, resulting in higher activity
(keat/Ky). By contrast, with partially folded proteins as
substrates, one observes a very low k., (which might be
coupled to folding), a strong impact of the IF domain, and
a lower overall activity than what is found using peptide
substrates. Taken together, the available data suggest that
while SlyD can isomerize various kinds of substrates, in-
cluding partially folded or unfolded proteins, it is most ef-
ficient when acting on unfolded polypeptide chains.

Conclusions

We have shown that 15-residue-long unmodified peptides
bind to TtSlyD with affinities that are similar to those of
partially folded proteins, but considerably higher than esti-
mated for the chemically modified tetrapeptides that are
typically used for functional studies on FKBPs. We there-
fore conclude that long unmodified peptides are better
mimics of unfolded protein substrates than the classical
tetrapeptides. We have furthermore shown that the en-
zymatic activity towards the 15-residue-long S2-P25A
peptide is much higher than for both tetrapeptides and
partially folded proteins, implying that TtSlyD is most effi-
cient when acting on unfolded proteins. In addition, we
have presented several structures of TtSlyD in complex
with 15-residue-long peptides, which represent the first
structures of an FKBP protein in complex with long un-
modified peptides. These structures show that unfolded
polypeptides bind to the IF domain in a highly adaptable
fashion involving B-strand augmentation and hydrophobic
interactions, which agrees well with the low sequence spe-
cificity of this domain. Furthermore, they also show that
substrates can bind to the FKBP domain as both types VIal
and VIb-like B-turns, indicating that FKBPs are functionally
more versatile than previously appreciated. Based on a com-
parison of our structures, we have proposed a novel general
model for the catalytic mechanism of FKBPs that involves
C-terminal rotation around the peptidyl-prolyl bond medi-
ated by stabilization of the partially rotated transition state
in the hydrophobic binding site. Our results furthermore es-
tablish that Y63 (Y82 in human FKBP12) is important for
the catalytic activity of TtSlyD. Why this is the case is still
not entirely clear, but it likely relates to its ideal position for
interacting with substrates bound to the FKBP domain and
its high mobility. Finally, we have found further evidence
for the previously reported phenomenon of inter-domain
cross talk between the IF and FKBP domains, and propose
that Y63 may also be important in this context. To sum up,
we show in great detail how the IF and FKBP domains
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recognize unfolded protein mimics, and provide novel in-
sights into the general catalytic mechanism of FKBPs.

Methods

Reagents

Isopropyl-p-D-thiogalactopyranoside (IPTG) was pur-
chased from Anatrace (Maumee, OH, USA). Lysogeny
broth medium was from Becton Dickinson (Franklin Lakes,
NJ, USA) and terrific broth was from Formedium (Norfolk,
UK). The peptides used in this study had amidated C-
termini and were, with two exceptions, purchased from GL
Biochem Ltd (Shanghai, China). The exceptions were the
S2-P25A peptide with a selectively labeled (N'°C'?) proline
residue, which was from JPT (Berlin, Germany), and suc-
ALPF-pNA, which was obtained from Bachem (Bubendorf,
Switzerland). The sequences of all used peptides are given
in Table 1. a-Lactalbumin was from Sigma-Aldrich (St.
Louis, MO, USA) and the permanently unfolded state of
RCM-a-lactalbumin was prepared by reduction and car-
boxymethylation, as described [56]. Crystallization reagents
were from Qiagen (Germantown, MD, USA). All other
chemicals were of analytical grade and obtained from
Sigma-Aldrich, unless otherwise stated.

Protein expression and purification

Full-length SlyD from T. thermophilus (UniProt Q5SLE7),
TtSlyDg;, and the chimeric construct TtSlyDajp where the
IF chaperone domain and inter-domain linkers (residues
65-125) are replaced by the flap loop from human FKBP12
(UniProt P62942 residues 84—96), were expressed and puri-
fied as previously described [17], except that 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
100 mM NaCl, pH 7.5, was used as final buffer. All re-
combinant TtSlyD constructs contained a C-terminal
hexahistidine tag (His153 to His158 in TtSlyDg and
His105 to His110 in TtSlyDaje) with an additional small
linker before the tag (Prol150-Ser151-Gly152 in TtSlyDgy,
and Pro102-Ser103-Gly104 in TtSlyDaj) to facilitate puri-
fication and on-column refolding using immobilized metal
affinity chromatography. We also made an additional con-
struct with a thrombin cleavage site between the SlyD gene
and the C-terminal hexahistidine tag for an ITC control
experiment. Here, only four additional C-terminal residues
(Leul50-Vall51-Prol52-Lys153) remain attached to the
purified protein construct after tag cleavage. The correct
identity of the expressed and purified proteins was verified
by electrospray mass spectrometry. N isotope-labeled
NMR samples were produced using M9 minimal media
based on 'NH,Cl as nitrogen source (Spectra Stable
Isotopes, USA) and supplemented with vitamin mixture.

Isothermal titration calorimetry
ITC measurements were performed on iTC200 or VP-ITC
instruments (GE Healthcare, Chalfont St. Giles, UK). The
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calorimetric cell (with a total cell volume of 220 ul in the
iTC200, or 1400 pl in the VP-ITC) contained 50-200 uM
TtSlyDg;, dissolved in 20 mM HEPES, 100 mM NadCl,
pH 7.5. Peptide samples of 700—2000 uM were titrated into
the cell at 20 °C (VP-ITC) or 25 °C (iTC200). The heat
generated after each ligand injection was obtained by
integration of the calorimetric signal. Resulting binding iso-
therms were analyzed according to a one-site or two-site
binding site model using the Origin software (OriginLab
Corp., Northampton, MA, USA).

NMR spectroscopy

NMR samples contained TtSlyD in 20 mM HEPES,
100 mM NaCl, pH 7.5, and 10 % (v/v) D,O. All experi-
ments were performed at a static magnetic field strength
of 14.1 T and a temperature of 25 °C. The spectra were
processed with NMRpipe [57] and analyzed with
NMRview [58], except one-dimensional spectra, which
were processed and analyzed using VNMR] (Agilent,
Inc.). Lineshape analysis was performed using MATLAB.

Binding studies using NMR spectroscopy

In order to study binding of the S2-P25A peptide to
TtSlyDgr, 100 pM of 1>N-labeled TtSlyDg, was titrated
with unlabeled peptide up to a total peptide concentra-
tion of 280 uM (at this point the protein was diluted to
a concentration of 72 uM). Amide signals from the free
and bound state were found to be in fast or intermediate
exchange (depending on the chemical shift difference).
Signals in fast exchange were tracked using a weighted
mean "H and '°N chemical shift difference between the
free and bound states. Residues with a chemical shift dif-
ference >0.1 ppm and residues completely broadened
because of intermediate exchange were used to map the
effect of binding on the structure. In order to assign the
two binding events detected by ITC to the individual do-
mains of TtSlyDg;, residue-specific chemical shift titra-
tion curves were obtained for residues in fast exchange
in both the 'H and '°N dimensions, and compared to
simulated titration curves generated using the ITC-
derived Kp values. One should bear in mind that since
the substrate can exist in two forms, cis and trans, the
determined Kp, value is an effective average over the two
Kp values, 1/Kp = (1/Kp s + K/Kp rans)/ (K + 1), where K
is the equilibrium constant K = [trans]/[cis].

Activity studies using NMR spectroscopy

For tetrapeptide activity studies, one-dimensional "H spec-
tra of 500 uM suc-ALPF-pNA tetrapeptide containing
2 uM, 4 puM, or 6 pM of TtSlyD were recorded for the dif-
ferent mutants [59]. Apparent exchange rates between the
cis and the trans states were derived by lineshape analysis
of one methyl resonance of the leucine residue, which dis-
plays different chemical shifts for the cis and trans states.
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keat/Ky values were subsequently determined by linear re-
gression of the exchange rate versus enzyme concentra-
tion. Because the k/Ky values are determined by
lineshape analysis in an equilibrium experiment, they are
not expected to be directly comparable to the k.,/Ky
values obtained from traditional initial-rate stopped-flow
experiments. Nevertheless, our validation experiments (see
below) give the same results within the range of errors.
Furthermore, the k./Ky values obtained for a series of
mutant enzymes can be directly compared as a measure of
relative efficiency, even if the values are not directly com-
parable to the ones obtained in a traditional experiment.

Activity studies using the 15-residue-long S2-P25A
peptide utilized a sample with a uniformly '*C-labeled
proline residue. "H-">C HSQC experiments were used
to separate the peptide signals in two dimensions, such
that the cis and trans forms could both be detected with-
out overlap. Further analysis focused on the signals from
the B and y position, because they displayed the largest
chemical shift differences and appear in isolated regions
of the '"H-"C HSQC spectrum. One-dimensional 'H
slices of the  and y protons for the cis and trans forms
were extracted from the two-dimensional spectrum, and
lineshape analysis was applied. Michaelis-Menten-like
studies were performed using a fixed concentration of
TtSlyDgy, of 0.2 uM and peptide concentrations ranging
from 10 to 1000 uM.

Crystallization of TtSlyD in complex with ligands

TtSlyDgr, and TtSlyDaje were concentrated to 30—60 mg/ml.
For complex formation, the protein was typically incu-
bated with a threefold excess of peptide or the compound
FK506 for at least 1 hour prior to crystallization. Crystals
were grown by the sitting-drop vapor diffusion method at
4 °C in 96-well crystallization plates using total drop vol-
umes of 0.2-0.3 pl. Crystallization conditions varied de-
pending on which ligand was used, but in all cases the pH
was in the range of 5.0-8.0 and polyethylene glycol (PEG)
was used as precipitant (Table 5). The crystals were then
cryoprotected by the addition of 20 % glycerol to the ori-
ginal crystallization condition, and flash frozen in liquid

Table 5 Crystallization conditions
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nitrogen, after which X-ray diffraction data were collected
at the Diamond or SOLEIL synchrotrons.

X-ray structure determination

We used XDS and XSCALE [60] for processing our
X-ray diffraction data sets (Table 3). With the exception of
TtSlyDap:S2-W23A and TtSlyDajg:S3, all structures repre-
sent different crystal forms (Table 3), which is not unex-
pected considering the wide variability in ligands and
crystallization conditions. For TtSlyDg, phasing was
achieved using a previously determined structure of the
protein [PDB: 3LUQO] as the search model for molecular
replacement in the Phaser program [61] of the Phenix suite
[62]. Generally, a good solution required that the FKBP
and IF domains were placed separately. For TtSlyDaqg:
S2-W23A, we noticed a quite strong anomalous signal in
the data, and we therefore carried out SAD phasing in Phe-
nix AutoSol [63] instead of molecular replacement. The
phasing statistics were as follows: Bayes-CC =57.19 +7.07
and FOM =0.492. The structure revealed that the signal
stems from a number of bound Ca** ions (the crystal was
grown in the presence of CaCl,), as well as a metal ion co-
ordinated by six histidines, which we have interpreted as a
co-purified Ni** jon (Additional file 3). Phases for the other
two TtSlyDajr structures were obtained by molecular re-
placement in Phaser (though a considerable anomalous sig-
nal was also present in these data sets). For all structures,
refinement was carried out using iterative cycles of manual
rebuilding in Coot [64] and maximum likelihood refine-
ment in Phenix refine version 1.8 [62]. Refinement statistics
are shown in Table 3 along with validation results (Rama-
chandran plot and clash score) from Molprobity version 4.3
[65]. We generally used isotropic B-factor refinement with
translation libration screw (TLS) restraints, with one TLS
group for each protein and peptide chain (and no groups
for FK506 or solvent). The exceptions to this are the 1.4 A
TtSlyDg;:T1 structure where we used anisotropic B-factor
refinement without TLS, and the 1.75 A TtSlyDa:S2-
W23A structure, where we used a combination of isotropic
B-factor refinement with TLS (protein and peptide chains)
and anisotropic B-factor refinement without TLS (ions).

Complex Precipitant Buffer Salt

TtSlyDe :T1 13.2 % PEG1500 0.1 M HEPES pH 7.5 0.05 M NacCl
TtSlyDp:S2 20 % PEG3350 0.1 M Bis Tris pH 5.5 0.2 M (NH4),S0,4
TtSlyDg :S2-W23A 19 % PEG3350 8 % Tacsimate pH 5.0 -
TtSlyDg:S2-plus2 20 % PEG6000 0.1 M Citric acid pH 5.0 -

TtSlyDr FK506 25 % PEG 3350 0.1 M Bis Tris pH 5.5 0.2 M MgCl,
TtSlyDpp:S2-W23A 28 % PEG400 0.1 M HEPES pH 7.5 0.2 M CaCl,
TtSlyDpr:S3 25 % PEG6000 0.1 M Tris HCI pH 8.0 02 M CaCl,
TtSlyDpr:FK506 20 % PEG6000 0.1 M CH30,Na pH 5.0 02 M ZnCl,

No additives were used except for TtSlyD:T1, where 11 % glycerol was present in the crystallant
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Protein structure analysis

Analysis of hinge regions was performed using DynDom
version 2.0 [66]; protein:substrate interfaces were ana-
lyzed using the PISA program version 1.51 [67]; and
conservation analysis was done using ConSurf [68]: spe-
cifically, an alignment of 150 proteins (25-95 % identical
to TtSlyD) from UniRef-90 was used for coloring the
structure by sequence conservation. All protein structure
figures were made using the PyMol program [69].

Additional files

Additional file 1: 'H-"°C transverse relaxation optimized spectroscopy
hetero single quantum coherence (TROSY-HSQC) spectra of 1 mM apo TtSlyD
at 25 °C. a The F6,£/YS region. b The Ye region. & positions are '*C-labeled by
1-'3C,-glucose and shown in black. € are *C-labeled by 2-"°C;-glucose and
shown in red. All expected resonances have been identified and assigned,
with the exception of Y63, which presumably is line-broadened beyond
detection due to conformational exchange. (PNG 363 kb)

Additional file 2: Chloride binding site. Two examples are shown:
TtSlyDr:S2-W23A chain A (left) and TtSlyDg:FK506 chain B (right). TtSlyD is
white, the peptide is pink, chloride is turquoise, and water molecules are
red. The transparent spheres indicate the van der Waal radii of the chloride
ions as given by PyMol. Distances up to 3.4 A (first coordination sphere of
chloride [70]) are indicated with black dashes and longer distances are gray.
The annotation as chloride was based on the binding mode and the
electron density maps (including the anomalous difference Fourier map
where weak density for the ion could be recognized). The backbone
nitrogen atoms of L30 and A148 interact with the ion. The distance here is
~32 A for all structures, which is the most commonly found coordination
distance for chloride [70]. The side chain of N35 also contacts the ion,
though the distances here are longer and more variable. When an S2,
S2-W23A, or S3 peptide is bound, the N atom of K28,/K16s3 is within
3.1-36 A of the ion (left panel). The number of ligands is typically three to
five, which is also the most common range for chloride in general [70].
Part of the coordination sphere is made up of water molecules that vary
somewhat in exact position. Note that the chloride ion is present under
both low and moderately high salt concentrations (Table 5),

indicating that it is unlikely to be a crystallization artifact. (PNG 975 kb)

Additional file 3: Metal coordination. Binding of a nickel ion in
TtSlyDajr:S2-W23A a and a zinc ion in TtSlyDae:FK506 chain A b.

Native protein residues are white and the His-tag is pale pink, except for
symmetry-related mates where the protein is dark gray and the His-tag is
purple. Chloride is turquoise, the putative nickel ion is green, and the zinc
jon is slate. Two views are shown: an overview in the same orientation as in
Fig. 2 (left panels) and a zoomed view, which is reoriented to better show
the coordination geometry (right panels). In the latter view, coordination
bonds are indicated with solid black lines and residues are labeled (the
corresponding residues of the TtSlyDg construct are indicated in
parentheses). Asterisks denote residues in symmetry-related mates. The
putative nickel ion is octahedrally coordinated by six histidine residues:
three native residues, two from the His-tag, and one from the His-tag

of a symmetry-related mate. The same coordination pattern is seen in
TtSlyDarS3 and in a previously determined structure of TtSlyDg [PDB: 3CGM]
[171. The zinc ion is tetrahedrallly coordinated by the same three native
histidines residues that are also used for coordinating the putative nickel ion, as
well as a histidine from a symmetry-related mate. A similar pattern is seen in
another of the previously determined TtSlyDr structures [PDB: 3LUQO] [17],
though here the symmetry-related histidine residue is replaced by a water
molecule, which is bound at a somewhat different angle. (PNG 2098 kb)

Additional file 4: Electron density maps for the S2 peptide bound to the
IF domain. a Electron density map for the S2 peptide bound to the IF
domain of molecule A of the 2.9-A TtSlyDy,:S2 structure. The IF domain is
blue, the S2 peptide is pink, and the 2Fo-Fc electron density map for the
peptide is gray (contoured at 1 0). In spite of the modest resolution, the
peptide is well defined in the electron density map, and could therefore
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be confidently modeled. b The S2 peptide bound to molecule B in the
TtSlyDr:S2 structure. This peptide is not very well defined in the
electron density map, and could therefore not be modeled with
high confidence. However, it is nonetheless clear that it is bound
in a very different manner than the peptide bound to molecule A
(see also Fig. 4b, c). (PNG 2247 kb)

Additional file 5: Structural changes in the IF domain upon substrate
binding. a Overlay of the IF domain of the three TtSlyDg molecules of
the TtSlyDg:FK506 structure, which is the only structure we obtained
where no substrate was bound to the IF domain. Molecule A is pale
green, molecule B is wheat, and molecule C is pale slate. The side chains
of residues lining the hydrophobic groove are shown in sticks. Note that
there is very little variation in the positions and conformations of these
residues, except that some variability can be observed for V74, L103,

and F117. b-d Overlay of the substrate-free IF domain of TtSlyDg :FK506
molecule B with three substrate-bound structures: TtSlyDg:S2 molecule A
(panel B), TtSlyDr:52-W23A molecule C (panel C), and S2-plus2 (panel D).
TtSlyDr :FK506 molecule B is colored wheat, as in panel C, and the substrate-
bound structures are colored as in Fig. 4. Binding does not notably affect the
hydrophobic binding groove. Thus, only V74, L103, and F117 display clear
variability between the substrate-bound structures and the TtSlyDg :FK506
molecule B apo structure, and not more pronouncedly so than between

the three individual TtSlyDg molecules in the TtSlyDg :FK506 apo structure
(panel A). (PNG 2763 kb)

Additional file 6: Mapping of the interaction faces between the IF
domain and the bound peptides for representative structures. a The

S2 peptide bound to the IF domain of molecule A in the TtSlyDg:S2
structure. The peptide is shown in sticks and TtSlyDg, in semi-transparent
surface representation. Residues forming van der Waal interactions,
hydrogen bonds, or salt bridges between TtSlyD and the peptide are
colored as in Fig. 4, while all non-interacting residues are dark gray in
both protein and peptide. Selected residues in the peptide are labeled.
b The S2-W23A peptide bound to the IF domain of molecule C in the
TtSlyDr:S2-W23A structure. ¢ The S2-plus2 peptide bound to the IF
domain in the TtSlyDg:S2-plus2 structure. d The T1 peptide bound to the
IF domain in the TtSlyDg:T1 structure. e Interaction lists for the structures
shown in panels a—d. Hydrogen bonds (<3.5 A) and salt bridges (<4.0 A)
detected using the PISA program are listed along with van der Waal
interactions between carbon and carbon/sulfur atoms (<4.0 A). The
specific atoms mediating the interactions between residues are specified for
the hydrogen bonds and salt bridges. Interacting residues are colored as in
panel a—d. Asterisks designate 3-strand hydrogen bonds augmenting the
38-(39 hairpin, and dagger symbols designate residues that are poorly
defined in the electron density map (real-space correlation coefficient < 0.7).
Interactions with symmetry-related mates are omitted. There are few
hydrogen bonds and salt bridges apart from the 3-strand interactions,
while there are many peripheral van der Waal interactions that do not
involve the hydrophobic groove, most of which involve the 38-39 hairpin
instead. (PNG 1947 kb)

Additional file 7: Structural changes in the FKBP domain upon substrate
binding. a Superimposition of molecule A from the TtSlyDg:S2-W23A
structure, which represents the type Vlal binding mode, on the FKBP
domain of TtSlyDg:S2-plus2, which represents the substrate-free form. The
substrate-bound structure is colored as in Fig. 5 and the apo structure is
colored slate. b Superimposition of molecule D from the TtSlyDg:S2-W23A
structure, which represents the type Vib-like binding mode, on the apo form
(same color scheme as in panel a). ¢ Superimposition of molecule B from
the TtSlyDg:FK506 structure, which represents the FK506 binding mode on
the apo form (same color scheme as in panel a). Overall, there is substantial
variation in the positions of Y63, and a more modest variation in the position
of the loop encompassing L36 and 137 between the substrate-bound forms
and the apo form. There is no overall positional shift in any of the other
residues in the hydrophobic binding pocket, though some variability in the
side chain configurations of D23, L27, and L126 can be detected, which may
or may not be linked to substrate binding. (PNG 1394 kb)

Additional file 8: Non-canonical binding to the FKBP domain. a Binding
of the T1 peptide to the FKBP domain in the 1.6-A structure of TtSlyDg T1.
The model is colored as in Fig. 5, and the 1 ¢ 2Fo-Fc electron density map
is shown in gray around the peptide and key binding site residues. Two
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views are shown — an overview displaying putative hydrogen bonds (black
dashes) on the left and a focused view of P65 of the peptide (P65t;) on the
right. Although the electron density map is generally of high quality for this
structure (as exemplified by Y63 in the left panel), it is quite poor for the
peptide bound to the FKBP domain, suggesting that the occupancy is low
and/or the flexibility is high. This agrees well with the binding studies, which
showed that the T1 peptide binds with low affinity. Nonetheless, P65t
could be placed fairly confidently in the center of the binding site where it
is bound in the cis form. Notably, it is bound in the opposite direction as
compared to the S2 and S2-W23A peptides. b Binding of the S3 peptide to
the FKBP domain in the 20-A structure of TtSlyDr:S3. Depicted as for
TtSlyDg:T1 in panel a. The peptide could be confidently modeled and,
surprisingly, a trans-valine residue (V15s3) is found in place of a cis-proline in
the center of the binding pocket (right panel). Notably, the main chain
interactions of the S3 peptide with N35 and 137 are almost the same as for
the S2 and S2-W23A peptides, except that the hydrogen bond with N35 is
water mediated. It is furthermore noteworthy that a lysine side chain of the
peptide (K16s3) interacts with the bound chloride ion of the FKBP domain,
as is also the case for the S2 and S2-W23A peptides (K28s,). (PNG 1640 kb)

Additional file 9: Mapping of the interaction faces between the FKBP
domain and the bound peptides/FK506 for representative structures. a The
S2-W23A peptide bound in a type VlaT B-turn configuration to the FKBP
domain of TtSlyDg:52-W23A molecule A. The peptide is shown in sticks and
TtSlyDg, in semi-transparent surface representation. Residues forming van
der Waal interactions, hydrogen bonds, or salt bridges between TtSlyDg
and the peptide are colored as in Fig. 5. All non-interacting residues are
dark gray in both protein and peptide. Selected residues in the peptide

are labeled. b The S2-W23A peptide bound in a type Vib-like B-turn
configuration to TtSlyDr:S2-W23A molecule D. ¢ TtSlyDg:FK506 molecule B.
Here the whole FK506 molecule is colored pink. d Interaction lists for the
structures shown in panels a-c. Hydrogen bonds, salt bridges, and van der
Waal interactions were annotated as in Additional file 6, and the color
scheme is the same as in panels a—c. Asterisks designate [3-strand-type
hydrogen bonds between K28s, and N35/137, or the equivalent interactions
between FK506 and N35/137. The dagger symbols designate residues that
are poorly defined in the electron density map (real-space correlation
coefficient < 0.7). Interactions with the chloride ion and symmetry-related
mates are omitted. Note that the peptides bound to the FKBP domain also
interact with the inter-domain loops and to some extent the IF domain,
while peptides bound to the IF domain interact almost exclusively with that
domain (Additional file 6). The table seems to imply that P29s, interacts
differently with the hydrophobic pocket in the type Vial and Vib-like
binding modes. However, this is partially because several of the nearby
potentially interacting residues balance around the van der Waal cut-off
value. Indeed, the positions of P29s, in these two binding modes overlap
rather strongly (Fig. 6a, b). (PNG 2669 kb)
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calorimetry; NMR: Nuclear magnetic resonance; PEG: Polyethylene glycol;
PPlase: Peptidyl-prolyl isomerase; SAD: Single-wavelength anomalous
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TLS: Translation libration screw; TtSIyD: SlyD from Thermus thermophilus;
TtSlyDr: fullHength TtSlyD; TtSlyDaye: TtSlyD with the IF domain deleted (and
replaced by the flap loop from human FKBP12); TROSY-HSQC: "H-"3C transverse
relaxation optimized spectroscopy hetero single quantum coherence
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