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► The chaperone domain of the SlyD
protein facilitates its high catalytic ef-
ficiency.

► We find a dynamic coupling of the
two domains at various time scales.

► Inhibitor binding and point mutations
modify the dynamics and catalysis.

► A proposed model connects the local
dynamics to the steps of catalysis.
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Local dynamics on variable timescales are important to facilitate high catalytic efficiency in enzymes. In this study,
we examined the dual-domain peptidyl-prolyl cis/trans-isomerase (PPIase) SlyD with regard to its catalytic cycle.
Fluorescence- and NMR-based experiments were performed to understand the high catalytic efficiency of SlyD
compared to single domain FKBP proteins. We probed local conformational changes for amino acids involved in
substrate-binding (IF domain) and substrate-catalysis (FKBP domain) taking place on the timescale of substrate
turnover. Binding of the PPIase activity inhibitors to the FKBP domain suppressed the conformational freedom of
the remote IF domain. A single side-chain mutation in the active site strongly reduced the rate of substrate turn-
over and changed the conformational dynamics of all amino acids involved in catalysis. This dynamic interplay be-
tween substrate-binding domain and PPIase domain determines the high catalytic activity of SlyD and inhibitor-
binding modulates the backbone plasticity required for enzyme activity.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

SlyD (sensitive to lysis D), first discovered in Escherichia coli (E. coli)
[1], belongs to the family of peptidyl-prolyl cis/trans-isomerases (PPIase)
and metallochaperones [2,3] and has been well characterized in terms
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of its biological functions [4–9] and structural biology [10–12]. SlyD is
involved in bacterial Tat (twin-arginine translocation) transport of
folded proteins across the cytoplasmic membrane and is required
during the maturation of urease and [NiFe]-hydrogenase for nickel
insertion. High resolution NMR investigations of full-length E. coli SlyD
[11], of a C-terminally truncated variant 1–165 [12], EcSlyD*, of a
C-terminally truncated Heliobacter pylori SlyD [13] and of a combined
X-ray/SAXS study of a full-length SlyD homologue isolated from a ther-
mophile [10], TtSlyD, clearly showed an overall fold typical of two
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domains, which is congruent with a loose domain–domain orientation
[11,12].

The FKBP domain contains the PPIase active site [2,5,14,15], and is
structurally similar to hFKBP12 [16,17]. The other so-called IF (insert in
flap) domain [18], harbors the chaperone function [19–21]. Folding and
stability studies of different SlyD variants showed that both kinetic and
thermodynamic parameters strongly depend on the presence or absence
of both domains [10,22]. Interaction studies of SlyD with partially folded
and unfolded peptides (such as Suc-ALPF-pNA [23] and Tat signal pep-
tides [9,24]), as well as permanently unfolded proteins (such as RCM-T1
and RCM-α-lactalbumin), observed via fluorescence or NMR spectrosco-
py, showed distinct binding sites in the IF and/or in the FKBP domain
[10,12,25]. Additionally, far-UV CD and ITC methods showedmetal bind-
ing of EcSlyD [11] and the binding site could be resolved in the crystal
structure of TtSlyD [10]. Kaluarachchi et al. [7] observed the quantitative
coordination of up to seven Ni(II) ions to one EcSlyD molecule via mass
spectrometry and the essential role of C-terminal residues 166–196 for
full in vivo function during hydrogenase maturation [8,13,26].

Recent NMR dynamics reports on a ps-to-ns timescale of free and
peptide-bound mesophilic and thermophilic SlyD [25] suggested a
dynamic coupling between the PPIase and IF domains. Single molecule
fluorescence energy transfer (smFRET) measurements confirmed a
structural heterogeneity of native TtSlyD [27] corresponding to an open
and closed conformation. These conformations interconvert with a rate
constant of about 100 s−1, which corresponds to the rate-limiting
product dissociation rate [28]. Both conformations and this interconver-
sion rate were observed for both free and substrate-bound TtSlyD [27].
Although probing the link between catalytic efficiency and substrate
turnover using the intrinsic dynamics of an enzyme is of key interest
[29–31], it is still challenging to analyze the time-dependent course of
enzyme dynamics during substrate turnover. NMR spectroscopy offers
the tools to investigate enzyme dynamics on ps to hour or even and
day timescale [32–34]. Within the μs-to-ms timescale, which is about
the timescale of catalysis, R2 relaxation dispersion experiments [35–37]
probe dynamic events on a residue-by-residue basis and allow interpre-
tation of kinetic data in terms of global domain motion or enzymatic
activity. Using this approach Eisenmesser and coworkers showed for
the PPIase cyclophilin A (CypA) a strong correlation for the frequencies
of proteinmotionswithin the substrate-free state and the corresponding
catalytic turnover rates [31]. This observation could be refined using
the temperature, the deuteration and themagnetic field strength depen-
dency of the relaxation rate R2 of wild type and CypA variants [38].
Relaxation dispersion experimentswere used aswell tomonitor changes
in ligand dynamics upon interaction to the PPIase Pin1 [39].

In the present study we investigated the dynamic coupling of the
FKBP and IF domain and its link to the enzymatic activity of SlyD.
Towards this end we used PPIase activity inhibitors modifying both sub-
strate turnover and the domain dynamics. We used equilibrium and
kinetic NMR and fluorescence experiments with inhibitors of isomerase
activity, such as FK506 and Rapamycin, as well as 15N R2 relaxation
dispersion experiments. These biophysical methods monitor conforma-
tional changes of amino acids responsible for peptidyl-prolyl cis/trans
isomerization activity in both the FKBP domain and the remote IF
domain. The here presented study with PPIase inhibitors confirms that
during the catalytic enzyme mechanism of SlyD, opening and closing of
the substrate-bound IF domain and the catalytic FKBP domain allow
the sampling of suitable conformations 100 times faster compared to
the rate-limiting substrate dissociation. These fluctuations are generic
properties of free SlyD employed for its enzymatic function.

2. Materials and methods

2.1. Proteins, peptides and organic molecules

The expression and purification of EcSlyD* as well as TtSlyD were
performed as described [10,12].We used His-tag variants of a truncated
version of EcSlyD (EcSlyD*, comprising residues 1–165) and full-length
TtSlyD (with residues 1–148), both purified by immobilized nickel ion
affinity chromatography. In the case of TtSlyDΔIF, residues 65–136
were replaced by the loop (ATGHPIIPPAHT) in analogy to the FKBP12
flap region [10]. EcSlyD*Y68W was expressed and purified as EcSlyD*,
the point mutation was inserted by site-directed mutagenesis via
QuikChange® (Stratagene).

For fluorescence titration experiments we used a 27 amino acid-long
peptide with a twin arginine motif (NH2-QRRDFLKYSVALGVASALPL
WSRAVFA-OH), purchased from Activotec, Cambridge, UK. The organic
molecules Rapamycin and FK506 were purchased from Tecoland Corpo-
ration, Edison, USA. Dimethyl sulfoxide (DMSO) was purchased from
Roth (Karlsruhe, Germany). Expression and purification of the RNase
T1 variant (S54G/P55N) were carried out as previously described [40].
The reduced and S-carboxymethylated (RCM) form of RNase T1 was
prepared according to [41,42].

2.2. NMR spectroscopy

All NMR experiments were performed on a Bruker 600 Avance II
(equipped with a room temperature TXI probe) and on a Bruker
800 Avance III (equipped with a CP-TCI cryoprobe) spectrometer.
Protein spectra were measured in 50 mM sodium phosphate and
100 mM sodium chloride, pH 7.5, containing 10% (v/v) D2O and at
T=298 K. Backbone resonance assignments of EcSlyD* and TtSlyD
samples are known [10,12].

The protein concentrations were 1.4 mM (for 15N R2 relaxation
dispersion measurement of free EcSlyD*, free EcSlyD*Y68W as
well as free TtSlyD), and 0.66 mM (for 15N R2 relaxation dispersion
measurement of Rapamycin-bound TtSlyD), respectively.

The 15N single quantum R2 relaxation dispersion data of the
protein backbone at T=298 K were collected at a magnetic field
strength of 14.1 T (EcSlyD*, EcSlyD*Y68W, TtSlyD) and 18.8 T
(EcSlyD*, EcSlyD*Y68W, TtSlyD, Rapamycin-bound TtSlyD) in a series
of 1H–15N TROSY-HSQC based data sets [43]. The constant time
relaxation delay, T, was set to 30 ms to ensure that the peak intensity
in the CPMG relaxation spectrum I is about 50% of the intensity in the
reference spectrum I0 [37]. The values for R2,eff were calculated using
Eq. (1)

R2;eff ¼
1
T
ln

I0
I

� �
: ð1Þ

The R2,eff values were plotted against the CPMG field strength to
obtain 15N R2 relaxation dispersion curves for individual amide proton
cross peaks. The relaxation dispersion curves were analyzed with the
general solution of a two-site exchange model (Eq. (2)), which is inde-
pendent of the exchange time regime [44]
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R2a and R2b are the 15N transverse relaxation rates of the exchanging
states in the absence of any chemical exchange, pa and pb are the



Fig. 1. NMR titration results of TtSlyD with (A) FK506 and (B) Rapamycin. Residues
experiencing an intensity loss upon inhibitor binding are colored in red in the crystal
structure of TtSlyD (3CGM.pdb) [10]. Binding occurs predominantly at the indicated
FKBP domain.

18 M. Kovermann, J. Balbach / Biophysical Chemistry 171 (2013) 16–23
equilibrium populations of the particular state, kex is the exchange rate
constant between the two states a and b, Δω is the 15N chemical shift
difference between state a aswell as b and τCP the timebetween succes-
sive 180° pulses and therewith one half of the inverse CPMG field
strength, νCPMG. The slow exchange limit [37] was additionally used
for free EcSlyD* and TtSlyD because the R2,eff values show a slow decay
and small oscillations at low CPMG field strengths:

R2a;eff τCPð Þ ¼ R2a þ ka−ka
sin ΔωτCPð Þ

ΔωτCP
; ð3Þ

with the forward rate constant ka and 2τCP as the time delay between
successive 180° pulses.

The NMR titration experiments with inhibitors were carried out at
T=298 K and a magnetic field strength of 14.1 T by successive addi-
tion of small aliquots of FK506 or Rapamycin (stock solutions of
12.4 mM dissolved in DMSO). Complex formation was monitored by
recording 2D 1H–15N fHSQC spectra [45]. Both NMR titrations were
complete with an excess of the inhibitor and a maximum dilution
factor of 10%. We followed the progression of the peak intensity by
increasing the amount of the inhibitor (slow exchange limit between
protein and inhibitor, Fig. S3). To exclude any DMSO buffer effect, a
DMSO control titration of TtSlyD was performed.

All recorded NMR spectra were processed using NMRPipe [46] and
analyzed using NMRView [47].

2.3. Fluorescence spectroscopy

Fluorescence spectra were measured with a JASCO FP-6500
fluorescence spectrometer equipped with a temperature controlled
cell holder. All experiments were carried out at T=298 K in 50 mM
sodium phosphate and 100 mM sodium chloride, pH 7.5. For determi-
nation of the dissociation constant, KD, for FK506 or Rapamycin and
TtSlyD as well as TtSlyDΔIF, the quench of the protein fluorescence
emission was measured at 308 nm after excitation at a wavelength of
280 nm. The excess of FK506 or Rapamycin was eight- to tenfold at
the endpoint of the particular titration. Samples were carefully stirred
during the whole titration experiment. The recorded fluorescence
intensity data were corrected for buffer and dilution. The normalized
fluorescence intensity quench with increasing inhibitor concentration
was analyzed according to [48]

F cð Þ ¼ q
pþ ncþ KD−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pþ ncþ KDð Þ2−4npc

q
2p

; ð4Þ

where q is themaximumof the fluorescence quench, p is the concentra-
tion of the protein during titration experiment, c is the concentration of
the inhibitor, n is the stoichiometry of binding and KD is the dissociation
constant of the binding process.

2.4. Stopped flow kinetic experiments

A sequential mixing stopped-flow spectrometer (Applied
Photophysics) was used for all kinetic experiments. The reaction
kinetics of the immunosuppressant-binding to the protein was ob-
served by the change in fluorescence intensity using a cut-off filter
of 305 nm after excitation at a wavelength of 280 nm. All experi-
ments for the determination of association and dissociation behavior
were carried out in 50 mM sodium phosphate and 100 mM sodium
chloride, pH 7.5, at T=298 K. The temperature of the whole mixing
device was maintained with a circulating water bath. Inhibition reac-
tions were initiated by a rapid 1:10 mixing of different concentrations
of Rapamycin with a solution containing 2.3 μM TtSlyD to obtain
pseudo first-order conditions [49,50]. The same experimental proce-
dure was repeated for TtSlyDΔIF.
A tenfold excess of Rapamycin relative to the protein concentration
in the mixing cell was used for recording Arrhenius-like behavior of
the inhibition process. An additional control mixing experiment was
performed to exclude any effect of DMSO on the buffer. No influence to
fluorescence emission was observed. Kinetic time traces were collected
at least seven times under identical conditions and were averaged for
the fitting procedure according to Eq. (5),

I tð Þ ¼ I0 exp −Rtð Þ; ð5Þ

where I is the fluorescence emission intensity and R is the apparent rate
constant for the inhibition event.
3. Results

3.1. Immunosuppressants FK506 and Rapamycin bind to the PPIase
domain of TtSlyD

Themacrolide peptides FK506 and Rapamycin [51,52] are prominent
inhibitors for PPIases of the FKBP protein family [53–55]. The interaction
between TtSlyD and each inhibitorwas followed on a residue-by-residue
basis by NMR equilibrium titration experiments. The PPIase inhibitors
were dissolved in DMSO because of water insolubility of FK506 and
Rapamycin. An additional control titration of DMSO to TtSlyD showed
no significant disturbance for 1H–15NNMR cross peaks of TtSlyD. A series
of 1H–15NHSQC spectra of TtSlyDwith increasing amounts of the respec-
tive immunosuppressant FK506 or Rapamycin (Fig. S1 and S2 in the
SupportingMaterial) showed that the FKBP domain of TtSlyDwas exclu-
sively affected by adding the respective immunosuppressant (Fig. 1, A
and B). With one exception (Asn 99 was closest to the binding pocket),
the IF domain of TtSlyD was not involved in interaction with the inhibi-
tor. This is in contrast to recently reported data for SlyD from E. coli and
in ethanol dissolved inhibitors [11], where chemical shift perturbations
of residues comprising both domains were observed. Additionally,
these conditions caused some sample precipitation, which we did not
observe for TtSlyD. Binding rates of Rapamycin or FK506 and TtSlyD
were slow compared to the NMR chemical shift timescale. G39 and
Q16 (FKBP domain) or V113 and V115 (IF domain) for example are
indicative for this timescale and for the domain-specific interaction.
They show decreasing and increasing intensities at fixed chemical
shift positions upon titration for the free and bound state, respectively
(Fig. S3).



Fig. 2. Determination of the activation energy for association of the inhibitor to TtSlyD
and to TtSlyDΔIF. Arrhenius representation of the apparent rate constant, kapp, for binding
of Rapamycin to TtSlyD (open circles) and to TtSlyDΔIF (solid circles) determined by
stopped-flow fluorescence spectroscopy. Fitting of a linear function to both kinetic data
sets led to comparable slopes with a particular activation energy for inhibitor association
of 60±3 kJ mol−1 at T=298 K.
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3.2. The IF domain of TtSlyD decreases the inhibitor affinity

Wedetermined the dissociation constant, KD, and the stoichiometry,
n, for the interaction of FK506 or Rapamycin to TtSlyD as well as
TtSlyDΔIF (an IF domain-deficient variant) via fluorescence equilibrium
titration experiments (Table 1 and Fig. S4,A–D). Although the IF domain
shows no direct contact to the inhibitors (Fig. 1, A and B), the KD value
reveals a higher affinity of FK506 or Rapamycin to TtSlyDΔIF compared
to the full-length protein TtSlyD. Moreover, the binding between FK506
and both TtSlyD variants is stronger (up to 10 times) compared to
Rapamycin. The stoichiometry, n, was two for Rapamycin binding and
one for FK506 binding, indicating a 1:2 complex (Rapamycin) and a
1:1 complex (FK506), respectively. Binding of FK506 or Rapamycin to
FKBP12 was in the nanomolar affinity range [53].

3.3. The presence of a binding partner for the IF domain strongly influences
Rapamycin binding to the PPIase domain of TtSlyD

During the Tat-dependent translocation of folded substrates from
the cytosol to the periplasm of E. coli, SlyD interacts with the unstruc-
tured Tat signal peptide of the substrate, protecting it from proteolytic
degradation in the cytosol [9]. Previous NMR- and fluorescence-based
binding studies showed that Tat signal peptides [9,23] only interact
with the IF domain of SlyD [10,12,25]. We followed the binding of
Rapamycin to TtSlyD in the absence and presence of the Tat signal pep-
tide (1–27) (Table 1). The dissociation constant, KD, strongly increased
at T=298 K from 9.2±0.1 μM up to 58±1 μM (solid circles in Fig. S5)
compared to the Rapamycin titration to TtSlyD in the absence of the
Tat peptide (1–27) (open circles in Fig. S5).

3.4. The IF domain limits association of Rapamycin to TtSlyD

Time-resolvedfluorescence spectroscopywith a stopped-flow setup
was used to determine the apparent association rate constant of
Rapamycin to TtSlyD, aswell as to TtSlyDΔIF, on amillisecond timescale.
Interestingly, the binding of Rapamycin to TtSlyDΔIF (solid circles in
Fig. 2) was 3–4 times faster compared to full-length TtSlyD (open circles
in Fig. 2). This was the case for the entire temperature range analyzed.
The slope in the two Arrhenius plots, and thus the activation energy,
EA, for the inhibition process was similar for both variants (straight
lines in Fig. 2 correspond to EA=60±3 kJ mol−1).

The kinetic stopped-flow experiments were extended by recording
Rapamycin concentration-dependent fluorescence decay to obtain
the association and dissociation rates for the binding of the inhibitor
to TtSlyD (open circles in Fig. 3) as well as TtSlyDΔIF (solid circles in
Fig. 3). Linear regression of the recorded apparent association rate
constants kapp resulted in the same dissociation rate constant koff of
25±2 s−1 of Rapamycin for both TtSlyD and TtSlyDΔIF. In contrast,
the association rate constant, kon, differed. The presence of the IF
domain reduced the rate of binding of Rapamycin to TtSlyD by almost
one order of magnitude (kon=2.2±0.1 μM−1 s−1 for TtSlyD and
kon=14.9±0.7 μM−1 s−1 for TtSlyDΔIF). The KD values (and therefore
also the stoichiometry n=2) determined for Rapamycin binding to
TtSlyD as well as to TtSlyDΔIF observed with equilibrium fluorescence
spectroscopy at T=298 K (9.2±0.2 μM as well as 1.7±0.1 μM) con-
firmed the values determined by kinetic stopped-flow fluorescence
Table 1
Dissociation constants KD (per μM) for Rapamycin and FK506 interaction to TtSlyD,
TtSlyDΔIF and Rapamycin interaction to TtSlyD-Tat peptide (1–27) complex.

T/K Rapamycin⁎ FK506⁎

TtSlyD TtSlyDΔIF TtSlyD-Tat TtSlyD TtSlyDΔIF

298.2 9.2±0.2 1.7±0.1 58±1 1.3±0.1 0.20±0.05

⁎ The stoichiometry n of 2:1 (Rapamycin) and 1:1 (FK506) was kept constant during
the fitting procedure for all variants.
data (11.4±0.5 μMaswell as 1.7±0.1 μM). The release of the inhibitor,
koff, was faster compared to the substrate turnover, kcat, and was not
dependent on the presence of the IF domain.

3.5. Probing μs-to-ms dynamics of SlyD

To investigate the conformational dynamics of EcSlyD*, EcSlyD*
Y68W, TtSlyD and Rapamycin-bound TtSlyD on a μs-to-ms timescale,
we determined the contributions of chemical exchange, Rex, to the 15N
transversal relaxation rates by R2 relaxation dispersion experiments
[36,37]. Almost all of the amino acids of the IF domain of the free state
of EcSlyD* (L75-D120) aswell as of TtSlyD (Q72-F117) sense a chemical
exchange process at this timescale by revealing an Rex contribution
above 2 s−1. Additionally, amino acids identified as being crucial for
PPIase activity [10,56] (present in the FKBP domain), participate in
dynamic events on the same timescale. All amino acids that sense this
conformational exchange process are mapped on the structures of
EcSlyD* and TtSlyD in Fig. 4, A and B. Note that these sensitive residues
correspond exactly to residues that showed chemical shift changes
upon peptide substrate binding of Suc-ALPF-pNA to EcSlyD* [12].

Representative R2 dispersion curves for four residues of free TtSlyD
are depicted in Fig. 5 (open blue circles). The regression of the Carver–
Fig. 3. Kinetic stopped-flow data analysis of binding of inhibitor to TtSlyD and to TtSlyDΔIF.
The apparent rate constant, kapp, for binding of Rapamycin to TtSlyD (open circles) and to
TtSlyDΔIF (solid circles) is depicted depending on the Rapamycin concentration. Linear
extrapolation of the apparent rates kapp to 0 μMRapamycin at T=298 K revealed a unique
koff value of about 25 s−1 for both SlyD variants,whereas kon values differed between TtSlyD
(2.2±0.1 μM−1 s−1) and TtSlyDΔIF (14.9±0.7 μM−1 s−1).

image of Fig.�2
image of Fig.�3
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Richards equation to the 15N R2 relaxation dispersion data of EcSlyD*,
as well as TtSlyD with different starting parameters according to
Eq. (2), consistently led to kex and Δω values that indicated chemical
exchange on the very slow NMR timescale (kex«Δω). Due to the small
dispersion amplitude, reliable kex and population data are difficult to
obtain. Global data regression of R2 rates at twomagnetic fields and of
several amino acids simultaneously suggested kex data in the order of
1–10 s−1 and a ratio of populations of about 0.95:0.05. This exchange
rate does not represent the global folding and unfolding rates of
TtSlyD or EcSlyD* [22]. Therefore, application of the slow exchange
limit according to Eq. (3) was justified leading to consistent ka and
Δω values. Fig. S6 (A) presents individual dispersion curves for all
those residues of EcSlyD* which show an exchange contribution to
R2 above 2 s−1 (see Fig. 4 (A); corresponding fit statistics are listed
in Table S1). The mean value for ka individually determined for each
of the 30 residues of EcSlyD* showing R2 dispersion is 3.7±1.7 s−1

for all 30 residues. A global fit of the R2 dispersion curves of these
30 residues revealed a value of 4.0±0.2 s−1, indicating concerted
motion on this time scale.

3.6. Point mutation in the active site of EcSlyD* strongly changes the
μs-to-ms dynamics

The solution structure of EcSlyD* showed that tyrosine 68 points
towards the active site and partially fills the hydrophobic cleft [12].
Therefore Y68 might be responsible for the lower PPIase activity of the
isolated FKBP domain of EcSlyD* compared to FKBP12 [4]. An amino
acid exchange of Y68 to a tryptophan, EcSlyD*Y68W, reduced the
catalytic rate constant for substrate turnover, kcat, for the refolding of a
standard protein substrate (RCM-T1 [41]) by a factor of 30 whereas the
substrate affinity, KM, was not influenced by this substitution (Table S2).

Interestingly, the μs-to-ms dynamics of the entire EcSlyD*Y68W
protein dramatically changed compared to EcSlyD* (solid red circles in
Fig. 6). The chemical exchange contribution Rex increased to about
10–15 s−1 compared to 2 s−1 observed for EcSlyD* (open blue circles
in Fig. 6). Note, that IF domain, comprising amino acids that are distant
to the mutation site in the FKBP domain, also sensed this higher chem-
ical exchange (represented by V87, L90 and H116 in Fig. 6). The regres-
sion of the Carver–Richards equation to the 15N R2 relaxation dispersion
data of EcSlyD*Y68W led to significantly higher exchange rates, kex, of
about 102–103 s−1 compared to EcSlyD* but comparable population
Fig. 4. Mapping of the 15N R2 relaxation dispersion results on the structure of (A) EcSlyD*
and (B) TtSlyD at T=298 K and a magnetic field strength of 18.8 T. Residues that experi-
ence Rex contributions to R2 above 2 s−1 are indicated in red. In (B) these residues are
additionally marked by the side chain for those residues, which are contacted by the
PPIase substrate in the FKBP domain in the crystal structure of TtSlyD when in complex
with a substrate peptide containing a proline [10].
ratios for the two exchanging states (Fig. S7 provides exemplary data
of EcSlyD*Y68W at two magnetic fields for global data regression
according to Eq. (2)).

3.7. The μs-to-ms dynamics of the IF domain of TtSlyD are changed in the
presence of Rapamycin

We also applied 15N R2 relaxation dispersion experiments to
inhibitor-bound TtSlyD to probe changes in the conformational dy-
namics observed in the free state of TtSlyD. Surprisingly, Rapamycin
led to a drastic change in the μs-to-ms dynamics of residues in the
IF domain. Note that Rapamycin binds exclusively to the FKBP domain
(Fig. 1 B). Amino acids that clearly sense conformational fluctuations
in free TtSlyD (open blue circles in Fig. 5) lose the dispersion of the 15N
R2,eff rates upon Rapamycin binding to the FKBP domain of TtSlyD
(solid red circles in Fig. 5). This change in motion could be caused by
changes in the exchange rate, by disappearance of the chemical shift
difference or highly diverse populations of the exchanging states.

4. Discussion

The high catalytic efficiency of the peptidyl-prolyl cis/trans-isomerase
and metallochaperone SlyD is attributable to active inter-domain com-
munication between the FKBP and IF domain. Themolecularmechanism
underlying this enzymatic catalysis has been previously investigated
by various biophysical methods [10,22,57] including NMR [25] and
single-molecule FRET experiments [27] which led to the following
model. Apo-SlyD exists in open and closed conformations with respect
to the domain orientation, and these conformations exchange at a rate
of about 100 s−1. This rate is independent of bound substrates or inhib-
itors. Initial binding of protein substrates to be catalyzed occurs at the IF
domain. The closing reaction localizes the substrate close to the active
site in the FKBP domain, which catalyzes the prolyl isomerization. The
kcat value corresponding to the rate of substrate dissociation is about
1 s−1. Therefore, on average 100 opening and closing reactions take
place before substrate release, which allows the probing of different
substrate conformations and orientations in the proximity of the active
site of the PPIase. This sampling is much less efficient in the absence of
the IF domain due to randomdiffusion and thermalfluctuations resulting
in a 200-fold drop in catalytic efficiency of SlyDΔIF.

This model could be confirmed and further refined (Fig. 7) by the
here presented biophysical experiments following SlyD inhibition
with the immunosuppressants FK506 and Rapamycin. Both interact
only with the FKBP domain, which was confirmed by NMR titration
experiments and chemical shift analysis. The dissociation constants
for SlyD complexes with these inhibitors were reduced 5- to 7-fold
in the absence of the IF domain. Therefore, we conclude that the IF
domain in the closed form sterically hinders access to the active site
of SlyD (Fig. 7). This steric hindrance can be amplified by presenting
a binding partner to the IF domain. Additionally, kinetic experiments
for binding of Rapamycin to TtSlyDΔIF and to the native protein
monitored by the intrinsic tryptophan fluorescence revealed 7-fold
higher association rate constants, kon, for TtSlyDΔIF (15 μM−1 s−1)
compared to native TtSlyD (2 μM−1 s−1). The dissociation rate con-
stants, koff, for these two variants are the same (each about 25 s−1).
Again, we conclude that the spatial accessibility for inhibitor binding
to the FKBP domain is limited in the presence of the IF domain. The
opening and closing of the native protein are about 50-fold faster
compared to the association rate at the protein concentrations
used. As mentioned, Rapamycin binding neither changed the popula-
tion nor the exchange rate of open and closed SlyD in smFRET
experiments [27].

The 15N R2 NMR relaxation dispersion is caused by a slow chemical
exchange process, with exchange rates between two states in the
order of 1–10 s−1. This timescale is very close to the enzymatic activity
of SlyD* [4], with a kcat value of about 1 s−1. Two sets of residues sense

image of Fig.�4


Fig. 5. Representative 15N R2 relaxation dispersion curves for free TtSlyD (open blue circles) and the Rapamycin-bound state of TtSlyD (solid red circles) are depicted for F79, Y92, F91
and A93 of the IF domain. Chemical exchange contributions, Rex, of these amino acids are strongly suppressed upon inhibitor-binding although Rapamycin exclusively interacts with
the FKBP domain (Fig. 1 B). The presented effective transversal relaxation rates, R2,eff, were recorded at T=298 K and a magnetic field strength of 18.8 T.
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this exchange process (Fig. 4, A and B). One set comprises residues in the
IF domain, which also showed the largest changes in chemical shift
values in NMR titration experiments with substrates [12,25]. The second
set is located in the FKBP domain with the majority close to the PPIase
active site. We observed this slow motion for both free EcSlyD* and for
free TtSlyD. This shows again the close dynamic coupling of both
domains on the catalytic timescale. Surprisingly, the 100 s−1

fluctua-
tions could not be detected by NMR relaxation. These fluctuations were
Fig. 6. Representative 15N R2 relaxation dispersion curves for EcSlyD* (open blue circles) an
change contributions, Rex, of the whole molecule strongly depend on the aromatic side ch
in EcSlyD*. The kinetic exchange rate, kex, between two conformations (the simplest excha
to about 500 s−1 (EcSlyD*Y68W; see also Fig. S7). The effective transversal relaxation rates
revealed by smFRET using a pair of dyes attached to different domains
with a Förster radius of 51 Å. We presume that these long-range fluctu-
ations of both domains do not result in significant chemical shift differ-
ences between the open and closed states and thus no dispersion of
the R2 relaxation rates was observable on this timescale.

Again, the NMR experiments following inhibitor binding shed new
light on the slow 1–10 s−1 dynamics observed in both domains, which
was not observed in the smFRET experiments. Binding of Rapamycin
d EcSlyD*Y68W (solid red circles) are shown for L41, V87, L90 and H116. Chemical ex-
ain of amino acid position 68. Note that tyrosine 68 is part of the active site of PPIase
nge model) increases from about 1–10 s−1 (EcSlyD*; see also Fig. S6 A and Table S1)
, R2,eff, presented were recorded at T=298 K and a magnetic field strength of 14.1 T.
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Fig. 7. Proposed model for the enzymatic mechanism of the prolyl isomerase SlyD. The
substrates (unfolded polypeptides or proteins shown in brown) predominantly bind to
the IF domain (shown in green). From the dynamic coupling between both domains we
propose that upon opening and closing, the substrate is continuously exposed to the
active and inhibitor-binding sites of the prolyl-peptidyl cis-trans isomerase, indicated by
red spheres. This allows sampling of different conformations before the much slower
product release step. The figure was prepared using PyMol (DeLano Scientific LLC, 2006).
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occurs solely to the FKBP domain as shown by chemical shift mapping.
This binding changed the dispersion of the 15N R2 relaxation rates of
residues in the remote IF domain, the exchange contribution Rex
vanishes. This feedback shows that the slow dynamics observed in
both domains originate from a common process. The synchronized
timing between catalytic turnover and conformational exchange seen
for wild type enzyme is lost as the catalytic efficiency – upon inhibitor
interaction – drops down. We discovered earlier a similar dynamic
coupling of both domains upon substrate-binding of Tat signal peptides,
which was also not obvious from pure chemical shift mapping [25].
These peptides only bind to the IF domain but increase the local flexibil-
ity for the site of peptidyl-prolyl cis/trans-isomerization in the FKBP
domain on the ps-to-ns timescale.

This crosstalk between chaperone and PPIase domain is further
emphasized by the present finding that an amino acid exchange of
tyrosine 68 within the PPIase site in the FKBP domain strongly affected
both the catalytic efficiency of the enzyme and the 15N R2 relaxation
dispersion, again in both domains. The substrate affinity during cataly-
sis is reflected by the Michaelis–Menten constant KM. It is similar for
native EcSlyD* and for the Y68W variant in the FKBP domain (Table S2),
supporting the initial step of the model, which is substrate binding to
the remote IF domain. However, tryptophan at position 68 reduces the
maximal turnover number kcat 30-fold by modifying the PPIase active
site. In our model, this corresponds to a much longer sampling phase
during opening and closing of SlyD before substrate release. The residues
of both domains sense this single amino acid substitution by an enhanced
dispersion amplitude of the 15N R2 rates compared to wild type EcSlyD*
which underlines again the dynamic crosstalk between both domains. A
global understanding of the Y68 substitution on the entire catalytic
cycle requires future experiments.

In conclusion, the combined application of various biophysical
methods allowed us to generate a detailed model for the dynamic
control underlying the SlyD catalytic mechanism. The model pro-
vides explanations at molecular levels for the Michaelis–Menten
parameters KM and kcat. The interpretation of alterations in
biochemical parameters by studying the local molecular motions
using NMR relaxation studies has so far proved successful for
many single-domain proteins [29–31,58–60]. It has also been use-
ful in unraveling rate-limiting steps during catalysis [61]. Many
enzymes reveal a multi-domain topology, which modulates the
catalytic efficiency of the active site. The effects of these domains
on catalytic efficiency can be more comprehensively explained by
including the dynamics of the systems. For dual-domain proteins
such as SlyD, this has so far been rarely reported [62].
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