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The dynamics of the two domain prolyl peptidyl cis/trans isomerase and chaperone SlyD was studied on a
ps to ns time scale to correlate dynamic changes with the catalytic function. 15N transversal and longitudinal
relaxation rates as well as heteronuclear Overhauser effects were determined at different temperatures for
Escherichia coli SlyD (EcSlyD) and for Thermus thermophilus SlyD (TtSlyD). With the well established extended
Lipari Szabo approach, the order parameter, S2, the internal correlation time, τe, the exchange rate, Rex, of the
backbone amide protons, and the overall molecular tumbling time, τm, were determined. The study was
extended to a relaxation analysis of the peptide bound state for both SlyD species. We found highly different
relaxation and dynamic behavior of the two domains for free SlyD. Surprisingly, in the presence of a substrate
for the chaperone domain, the ps to ns dynamics in the remote center of the prolyl peptidyl cis/trans
isomerization domain increases. We observed this crosstalk between the two domains for both EcSlyD and
TtSlyD.

1. Introduction

To understand the molecular mechanisms of protein function,
stability, and activity, the three dimensional structure of a protein and
the knowledge of different modes of motions are of high benefit [1 4].
NMR spectroscopy provides different experiments to probe both
protein structure and dynamics. Exceptional are the different dynamic
time scales covered by NMR to observe any kind of molecular motion
[5], which span more than 12 orders of magnitude, from picoseconds
up to hours and days [4,6 8]. Concerning the range of very fast
tumbling, the majority of work was performed on single domain
proteins and model systems suitable for NMR in terms of molecular
size [9 12]. Recently, a direct link between dynamics and biological
function for larger proteins was theoretically [3,13 15] and experi
mentally [16] tackled. Also, recently, Byeon et al. [17] and Marston

et al. [18] reported on allosteric and interdomain communication
revealed by NMR.

In this paper, we present a 15N NMR relaxation study of the 20 kDa
2 domain protein SlyD (Fig. 1), which is a peptidyl prolyl cis/trans
isomerase [19]. SlyD (acronym for “sensitive to lysisD”), discovered in
Escherichia coli as a host factor for the bacteriophageΦX174 lysis cycle
[20], has been identified as a cytoplasmic peptidyl prolyl cis/trans
isomerase (PPIase) [21] of the FK506 binding protein family (FKBP
domain) and as a particularly efficient chaperone (IF domain) [22,23].
Recent structural work showed that the two domains of SlyD
experience a different level of protection against exchange with the
solvent (for EcSlyD, C.H. and J.B. to be published elsewhere; for
Thermus thermophilus SlyD, C. Löw et al. [24]), no distinct domain
orientation relative to each other [22,25], a clear difference in folding
and unfolding rates [26] but an assistance during catalysis[27]. Also,
recently, we have shown a tight interaction between TtSlyD and the
Tat (twin arginine translocation) signal peptide [24]. During the Tat
dependent translocation of folded substrates from the cytosol to the
periplasm of E. coli, SlyD interacts with the unstructured Tat signal
peptide of the substrate, protecting it from proteolytic degradation in
the cytosol [28].

For the present study, we used truncated EcSlyD (1 165) (EcSlyD*)
because the C terminus is not structured and does not modify the
PPIase and molecular chaperone function [22,25]. This corresponds
to wildtype SlyD (1 148) from T. thermophilus, which lacks these
C terminal residues. 15N NMR relaxation data for TtSlyD and EcSlyD*
were recorded in free as well as in a Tat peptide bound state. We
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interpreted the relaxation parameters of the backbone amide protons
with the well established model free approach [29 31] in the light of
the two spatially separated functions of SlyD. In addition, we recorded
diffusion profiles [32] for EcSlyD*, EcSlyD*ΔIF, TtSlyD, TtSlyDΔIF, and
human FKBP12 to characterize shape and tumbling of these proteins.
The mechanism of communication between the two domains during
substrate interaction was further studied by a titration experiment
using the Tat signal peptide, detected via fluorescence and NMR
spectroscopy. Beside binding events at distinct places in the protein,
we observed changes in the dynamic behavior of SlyD. Interestingly,
in the presence of the Tat peptide, the ns to ps dynamics at the center
of the prolyl peptidyl cis/trans isomerization site increased, although
Tat binding occurs at the other, remote IF domain.

2. Materials and methods

2.1. Proteins and peptides

A truncated variant of EcSlyD (1 165, EcSlyD*) and the full length
wild type of TtSlyD (1 148), both containing an additional His tag for
purification, were expressed and purified as described before [23,24].
EcSlyD*ΔIF as well as TtSlyDΔIF were constructed by replacing the IF
domain with the shorter flap sequence of human FKBP12 [33]. Human
FKBP12 (hFKBP12) was cloned in a pET24a plasmid, transformed in E.
coli BL21 (DE3) and expressed in M9 minimal medium containing 1 g/l
15N NH4Cl. His tagged hFKBP12 was purified by immobilized nickel
ion chromatography (Ni sepharose; GE Healthcare) followed by size
exclusion chromatography (Superdex 75; GE Healthcare). The protein
concentration was 1.4 mM for the NMR relaxation study of EcSlyD* and
TtSlyD (free form) as well as the diffusion study of EcSlyD*, TtSlyD,
EcSlyD*ΔIF, and TtSlyDΔIF. Transient aggregation or dimerization at this
concentration could be excluded by analytical ultracentrifugation. For

the NMR relaxation studies of the Tat peptide/SlyD complexes,
concentrations of 0.36 mM (EcSlyD*) and 0.48 mM (TtSlyD) were
used. The protein concentration was 1 mM for diffusion measurement
of hFKBP12.

For the NMR titration and the NMR relaxation experiments of the
SlyD/Tat peptide complexes, we used a 17 amino acid long peptide
(NH2 QRRDFLKYSVALGVASA OH), purchased from Activotec, Cam
bridge, UK. A 27 amino acid long fragment (NH2 QRRDFLKYSVALG
VASALPLWSRAVFA OH) was used (with the intrinsic fluorophore
W21) for the fluorescence titration experiments and for a control
NMR titration experiment, purchased from the same company.

2.2. NMR relaxation measurements

All NMR experiments were carried out on a Bruker 600 Avance II
spectrometer, if not explicitly stated differently. Spectraweremeasured
in 50 mM sodium phosphate and 100 mM sodium chloride, pH 7.5,
containing 10% (vol./vol.) D2O. Backbone resonances of 13C/15N labeled
EcSlyD* and TtSlyD sampleswere previously assigned by standard triple
resonance experiments HNCA, HNCACB, HN(CO)CACB [22,24]. For
relaxation measurements,1H 15N HSQC based standard sequences
[34,35] with 1024×128 complex data points and 16 scans were used.
The recycle delay was set to 1 s for R1 and for R2 relaxation and 3 s for
the hNOE experiment. Pulse strengths of 150 kHz (proton channel)
and 50 kHz (nitrogen channel) were chosen. The following relaxation
delays were exploited: R1 relaxation, 20 ms, 40 ms (3), 70 ms, 100 ms,
130 ms, 350 ms, 500 ms, 770 ms, 900 ms, 1105 ms, 1500 ms,
1800 ms (2), 2500 ms; R2 relaxation: 8.08 ms, 24.24 ms, 40.4 ms (3),
56.56 ms, 72.72 ms, 88.88 ms, 105.04 ms, 137.36 ms, 169.68 ms (2),
202 ms, 234.32 ms. The number in brackets specifies the number of
repetitions used for error estimation. For the steady state 1H 15N hNOE
experiment, 600 saturation 120° pulses (each 5 ms long) to the proton
channel were used to saturate the transition between protons and
nitrogens.

The spectral widths for EcSlyD* were set to 13.02 ppm (proton
channel) and to 23 ppm (nitrogen channel); transmitter frequencies
were adjusted to the water resonance (proton channel) and to
119 ppm (nitrogen channel). The spectral widths for TtSlyD were set
to 14.02 ppm (proton channel) and to 26.7 ppm (nitrogen channel);
transmitter frequencies were placed to the water resonance (proton
channel) and to 118 ppm (nitrogen channel). The temperatures used
for relaxation analysis of EcSlyD* were 288 K, 293 K, 298 K, and 303 K;
for TtSlyD, 288 K, 298 K, 303 K, 313 K, and 333 K.

The NMR titrations of the Tat peptide (1 17) were performed at
298 K under equilibrium conditions to both species of SlyD. After each
titration step, a 1H 15N HSQC spectrum of 15N labeled SlyD was
acquired. The relaxation study of the Tat bound EcSlyD* and TtSlyD
was performed at 298 K. All NMR spectra were processed using
NMRPipe [36] and analyzed using NMRView [37].

2.3. 15N relaxation analysis

The longitudinal, R1, and the transversal relaxation rates, R2, were
derived by fitting a single exponential decay to the NMR intensities,

I tð Þ = I 0ð Þexp −R1;2t
� �

; ð1Þ

using the data analysis software IGOR (Wavemetrics) with scripts
written in house. The errors of the relaxation rates,ΔR1,2, result from the
mean relative error (determined from standard deviation of triplicate
experiments)weighted regression of Eq. (1) to the peak intensities. The
hNOE values were calculated by the ratio between the saturated
experiment and the non saturated reference for each assigned amide
proton. The error for the hNOE experiment was analyzed by using the
standard deviation of three back to back recorded spectra.

Fig. 1. Domain architecture of EcSlyD* according to the NMR derived structure (lowest
energy structure of pdb entry 2K8I). The color coding corresponds to the heteronuclear
NOE values at T=298 K and B0=14.1 T ranging from red (hNOE=0.1) via white
(hNOE=0.55) to dark blue (hNOE=0.9). G39, L41, and I42 in the FKBP domain, which
are dynamically most affected upon peptide binding to the IF domain, are shown in a
gray stick representation. Note that, according to the NMR structure calculation, there is
no defined orientation of the FKBP domain (K2–V62, Q128–G150) and the IF domain
(L75–D120).
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2.4. Model free analysis

Calculations of motional parameters for EcSlyD* and for TtSlyD at
298 K according to the Lipari Szabo approach were performed with
the program ModelFree [38,39] (version 4.22). The measured
relaxation rates of the 15N spins depend on a linear combination of
frequency dependent spectral density functions, J(ω), and on the
chemical shift anisotropy, Δω, of the 15N nuclei [40]. The chemical
shift tensor is assumed to be axially symmetric. A conventional value
of Δω is −160 ppm [41], which has been used for the Lipari Szabo
analysis.

Because of non isotropic symmetry of the 2 domain proteins
EcSlyD* and TtSlyD, we used an axially symmetric model, which
describes the structure of both species [22,24] well. Starting parameters
(overall tumbling time, τm; ratio of diffusion axes, D∣∣/D⊥; polar angles
theta, θ; and phi, ϕ) for the axial symmetric model calculation in
ModelFreewere determined byusage of the software package TENSOR2
[42] with input of the NMR or crystal structure of EcSlyD* and TtSlyD,
respectively.

The extended Lipari Szabo approach uses five different spectral
density functions, J(ωi), differently depending on the dynamic order
parameter, S2, Ss

2, Sf
2; the internal correlation time, τe; the overall

(protein) correlation time, τm; and on a chemical exchange rate, Rex; see
Table 1. We calculated for every assigned 1H 15N vector all five models
and performed the model selection as described [39,43], with MatLab
(MathWorks) scripts written in house.

2.5. NMR diffusion measurement

NMR diffusion spectra were recorded by pulsed field bipolar
gradient stimulated echo experiments [32] at a proton resonance
frequency of 600 MHz. For each diffusion profile, 21 different gradient
strengths, G, were used for 6 ms along the z axis, followed by a 100 μs
recovery delay. The diffusion of protein molecules was allowed to
proceed for 140 ms to ensure a protein signal intensity decay of
approximately 95% at the highest gradient strength. The calibration of
absolute gradient strengths was performed by a standard protocol
[44]. For error estimation, four different gradient strengths were
repeated (relative gradient strengths of 1%, 10%, 40%, and 70%). The
measured 1H NMR spectra were integrated between 0.5 and 2.5 ppm
(aliphatic region) as well as 6.5 and 8.5 ppm (amide proton region).
Eq. (2) was adapted to these recorded data sets:

I Gð Þ = I 0ð Þ exp −G2γ2δ2D Δ−δ=3ð Þ
� �

; ð2Þ

where γ is the gyromagnetic ratio of protons, δ is the gradient length,
Δ is the diffusion time, and D is the calculated diffusion coefficient
[32,45].

Diffusion experiments were measured at a temperature of 298 K
for EcSlyD*, EcSlyD*ΔIF, TtSlyD, TtSlyDΔIF, and hFKBP12. The mea
sured value of the diffusion coefficient D was used for comparison to
theoretical diffusion coefficients for globular proteins of the same size
[46] via the calculation of the hydrodynamic radius [47], rH, by Eq. (3):

D =
kBT

6πηrH
; ð3Þ

in which kB is Boltzmann's constant and η is the viscosity of the
solvent. The viscosity of the solvent was determinedwith a rheometer
(RHEOPLUS/32 V3.31).

2.6. NMR titration

For the NMR titration experiments, the Tat peptide (1 17) was
added stepwise up to a 2 fold excess of the peptide for the EcSlyD*
titration (0.73 mM:0.36 mM) andwith a 1.3 ratio for the TtSlyD titration
(0.60 mM:0.48 mM). For every step during the titration, we followed
the peak intensity and the chemical shift of every assigned protein cross
peak in a series of 1H 15N F HSQC spectra [48]. The overall change of
chemical shift values [49], Δδall, was calculated with Eq. (4):

Δδall =
Δ1H
� �2

+ 1
.
25 Δ15N
� �2

2

vuut
; ð4Þ

where Δ1H is the change of the proton chemical shift and Δ15N is the
change of the nitrogen chemical shift.

Binding curves of the peptide to EcSlyD* and to TtSlyD were fitted
to the recorded data sets with Eq. (5):

Δδall cð Þ = −a
B + nc + KDð Þ2−B−nc−KD + 4nc B

p

2B

with : B =
c0−c
cpep0

;

ð5Þ

where a is the maximum of Δδall, KD is the dissociation constant, n is
the stoichiometry, c is the peptide concentration, c0 is the start
concentration of the protein, and c0

pep is the concentration of the stock
solution of the peptide.

The Tat (1 27) peptide was used at a concentration of 73.5 μM to
study the interaction with 65 μM TtSlyDΔIF by NMR at 298 K.

2.7. Fluorescence titration

All fluorescence spectra were recorded with a JASCO FP 6500
fluorescence spectrometer equilibrated at a temperature of 298 K.
During the titration experiment of the Tat peptide (1 27), we
increased stepwise the EcSlyD* concentration and finished with an
excess of the protein relative to the Tat peptide of 6.5 μM:1 μM. As a
control experiment, we performed a titration of EcSlyD*ΔIF and
TtSlyDΔIF (constructs without IF domain) to the Tat peptide (1 27).
Here, the final ratios were 6.5 μM:1 μM and 4.9 μM:0.8 μM,
respectively.

Eq. (6) was fit to the fluorescence quench, F, during the titration of
EcSlyD* to the Tat peptide (1 27),

F cð Þ = q
p + nc + KD− p + nc + KDð Þ2−4npc

q
2p

; ð6Þ

where q is the maximum of the fluorescence quench, p is the
concentration of the Tat peptide (1 27) (approximately 1 μM during

Table 1
Models and associated spectral densities for the extended model-free analysis of 15N
relaxation data.

Model Spectral density function Optimized parameter(s)

1 J ωð Þ = 2
5

S2τm
1 + ωτmð Þ2

 !
S2

2a J ωð Þ = S2τm
1 + ωτmð Þ2

+
1 S2
� �

τ

1 + ωτð Þ2
 !

S2, τe

3 J ωð Þ = 2
5

S2τm
1 + ωτmð Þ2

 !

R2;obs = R2;0 + Rex

S2, Rex

4 J ωð Þ = 2
5

S2τm
1 + ωτmð Þ2

+
1 S2
� �

τ

1 + ωτð Þ2
 !

R2;obs = R2;0 + Rex

S2, τe, Rex

5a,b J ωð Þ = 2
5

S2τm
1 + ωτmð Þ2

+ S2f
1 S2s
� �

τ

1 + ωτð Þ2
 !

Ss
2, Sf2, τe

a τ 1=τm1+τe 1.
b S2=Ss

2Sf
2.
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the titration), c is the concentration of EcSlyD*, n is the stoichiometry
of binding, and KD is the dissociation constant of the binding process.

3. Results

3.1. Relaxation data at different temperatures for EcSlyD*

For an extended investigation of the dynamics of EcSlyD* in solution
byNMR spectroscopy, R1, R2 rates, and steady state 1H 15N hNOE effects
could beobtained for 136, 141, 137, and141backboneamides outof 159
non prolyl residues of the two domain protein at 288 K, 293 K, 298 K,
and 303 K, respectively. Within this temperature range, EcSlyD* is fully
native [50]. Fig. 2a c shows all relaxation data plotted versus theprotein
sequence at 298 K (Supplementary Fig. SF1a c shows data at the 3 other
temperatures 288 K, 293 K, and 303 K). Variations in all three relaxation
parameters at all four temperatures reflect very nicely the domain
structure of EcSlyD*. The longitudinal relaxation rates, R1, of the IF
domain are increased up to a factor of 1.5 compared to the FKBP domain
aswell as the linker region and showmaximal values of nearly 2.0 s−1 at
the unstructured C terminus (Supplementary Fig. SF1a). Contrary, the
transversal relaxation rates, R2, of the backbone 15N nuclei of the IF
domain are lower compared to the FKBP domain (average of about
20 s−1; Fig. 2b) and reach values of 10 s−1 that were also found at the C

terminus. The temperature profile of the R2 rates shows the same
relative gradation (Supplementary Fig. SF1b). ThehNOEvalues illustrate
again that the two domains of EcSlyD* experience different modes of
motions on a ps to ns time scale. For several backbone amides in the IF
domain, the hNOE value decreases down to a value of 0.2, whereas the
FKBP domain comprises values above 0.6 (Figs. 1 and 2c). This is close to
the upper theoretical limit of 0.83 at a magnetic field strength of 14.1 T
and corresponds to a rotational correlation time of the molecule of
approximately 14 ns.

Our relaxation data for EcSlyD* confirm the structural separation in
two domains of SlyD and prove recently published relaxation data of
an N terminal fragment of EcSlyD (1 146), recorded at B0 of 18.8 T
and 298 K [25].

The presented relaxation data for EcSlyD* are sufficient to describe
and understand dynamics on a ps to ns time scale of full length EcSlyD
because the C terminus is not structured and does notmodify the PPIase
and molecular chaperone function [22,23,25]. The R1 and R2 relaxation
rates change upon temperature variation [51] (Supplementary Fig. SF1a
and b) as expected for a molecule with a rotational correlation time of
EcSlyD*: decreasing R2 rates and increasing R1 rates by increasing the
temperature (Table 2). The 10% trimmedweighted average value of the
hNOE is not affected by temperature changes (Table 2 and Supplemen
tary Fig. SF1c).

3.2. Relaxation data at different temperatures for TtSlyD

For TtSlyD, we obtained relaxation data for 125, 124, 130, 124, and
121 backbone amides out of 138 non prolyl residues at 288 K, 298 K,
303 K, 313 K, and 333 K, respectively. Within this temperature range,
TtSlyD is fully native [24]. The IF and FKBP domain differ in the
observed hNOE values and therefore in their local dynamics
(Supplementary Fig. SF2c). However, the differences in the R1 and
R2 rates between the two domains are much less pronounced
(Supplementary Fig. SF2b and c) compared to EcSlyD*. The overall
temperature dependence of the 10% trimmed weighted average
values of the relaxation rates and of the hNOE values is comparable to
EcSlyD* (Table 3).

3.3. Overall rotational correlation time and backbone dynamics of EcSlyD*
and TtSlyD at different temperatures

The overall tumbling of protein molecules can be described by the
rotational correlation time τm. A detailed analysis of τm and the
backbone dynamics of EcSlyD* and TtSlyD at different temperatures
was achieved by the Lipari Szabo approach using themeasured R1, R2,
and hNOE relaxation parameters. Model selection was achieved by an
iterative protocol [39,43] with MatLab scripts written in house. The
calculated values for τm decrease with increasing temperature
(Tables 4 and 5). At 288 K, EcSlyD* tumbles with a correlation time
of motion, τm, of 15.1 ns and becomes (apparently) faster at a 15 K
higher temperature (τm=11.2 ns). The viscosity correction for the
buffer leads to a constant value for τm of about 13 ns for the entire
temperature range (Table 4). For TtSlyD, the overall tumbling was
followed within a range of 45 K starting at 288 K. The rotational
correlation time decreases (apparently) 4 fold from 19.3 ns down to
5.6 ns (Table 5). Herein, the viscosity correction of the buffer leads to

Fig. 2. NMR relaxation parameters of EcSlyD* at T=298 K and B0=14.1 T.
(a) Longitudinal 15N relaxation rates, R1; (b) transversal 15N relaxation rates; and
(c) 1H-15N heteronuclear NOE effects plotted against the amino acid sequence. The
FKBP domain (K2–V62, Q128–G150) and the IF domain (L75–D120) are indicated at the
top.

Table 2
Ten percent trimmed weighted average of the relaxation parameters for EcSlyD* at four
different temperatures.

288 K 293 K 298 K 303 K

R1/Hz 0.731 0.831 0.994 1.041
R2/Hz 23.47 20.54 17.87 15.83
hNOE 0.640 0.667 0.686 0.680

R1 indicateslongitudinal relaxation rate; R2,transversal relaxation rate; hNOE,
heteronuclear Overhauser effect.
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τm values, which decrease to higher temperatures contrary to
EcSlyD* and reach about 11 ns at elevated temperatures. Note that
the 15N relaxation data of both the 45 residue comprising IF domain
and the FKBP domain could be analyzed by a single rotational
correlation time. Separate model free runs of the individual domains
resulted in very close τm values for both domains, indicating that they
tumble as a single unit. This was not expected from the structure
calculations, where no defined orientation between both domains
was observed.

The parameters for the local motion of the polypeptide chain, S2,
τe, and Rex, were derived from the extended Lipari Szabo analysis for
EcSlyD* at T=288 K, T=293 K, T=298 K (Fig. 3a c) and T=303 K.
Over the entire temperature range, the FKBP domain of EcSlyD*
exhibits S2 values above 0.8 and values close to 1 for most β strands as
expected. The amide protons in the unstructured C terminus (starting
at G150) experience large amplitude motions, with S2 values below
0.4. The loop region of the IF domain shows a drop of S2 from 0.95
down to values below 0.6 and only very few amides experience values
close to 1, indicating increased amplitudes of motions of the IF
domain. The values for the order parameter S2 for TtSlyD at 298 K give
a less clear separation between the two domains compared to
mesophilic SlyD but again only two residues of the IF domain reach
values above 0.9 at this temperature (Supplementary Fig. SF3a).

The internal correlation time, τe, reflects fast internal motions of
the protein additionally to the overall tumbling. During model
selection according to Table 1, the majority of the amides in the IF
domain of EcSlyD* and TtSlyD required models for all temperatures,
which include these fast additional internal motions for a reliable
interpretation of the 15N relaxation data (model numbers 2, 4, and 5 in
Table 1). Almost all of these τe values are at least one order of
magnitude below τm (dashed line in Fig. 3b for EcSlyD* and in
Supplementary Fig. SF3b for TtSlyD; both at 298 K). This is one of the
prerequisites to generally apply the extended Lipari Szabo approach
[30,31].

Several backbone amides reveal a chemical exchange contribution,
Rex, to the transversal relaxation rate for EcSlyD* at 298 K, most of
them below 3 Hz (Fig. 3c). These contributions monitor motions at a
millisecond time scale. Interestingly, only few amides in the IF
domain, which show strong τe contributions (around V76, A111, and
D120), show additional motions at this slower time scale. For TtSlyD,
reduced Rex contributions to the transversal relaxation (Supplemen
tary Fig. SF3c for 298 K) with values below 1 Hz for most residues
were found. These calculated exchange contributions reproduce the
Rex values directly obtained by usage of 15N relaxation dispersion
methods (data to be published elsewhere) very well. The overall
course of the chemical exchange rate Rex is not temperature

dependent for both EcSlyD* and TtSlyD. Such a temperature
independency of Rex has been reported also, for example, for the B1
domain of Streptococcal protein G [9].

For EcSlyD*, most favorable models for extended Lipari Szabo
analysis are models 1 and 3 (within the whole temperature range;
Supplementary Table ST1). For TtSlyD, model 3 represents relaxation
data best within the whole temperature range exceptionally at 288 K,
where model 1 dominates (Supplementary Table ST2).

3.4. Diffusion coefficients

Diffusion measurements allow following the motion by translation,
which is determined by the shape of the protein. Therefore, we

Table 3
Ten percent trimmed weighted average of the relaxation parameters for TtSlyD at five
different temperatures.

288 K 298 K 303 K 313 K 333 K

R1/Hz 0.683 0.939 1.034 1.342 1.766
R2/Hz 24.388 17.494 14.950 12.343 8.439
hNOE 0.675 0.696 0.705 0.709 0.716

R1 indicates longitudinal relaxation rate; R2,transversal relaxation rate; hNOE,
heteronuclear Overhauser effect.

Table 4
Results for the extended Lipari–Szabo analysis for EcSlyD*.

T/K τm/ns τm/ηbuffer/ns ηbuffer/mPas

288 15.1±0.1 12.8 1.18
293 13.7±0.1 13.2 1.04
298 13.4±0.1 13.4 1.00
303 11.2±0.1 13.3 0.84

τm indicates rotational correlation time. The measured viscosity of the solvent, ηbuffer,
was used for correction according to the Stokes–Einstein relationship.

Table 5
Results for the extended Lipari–Szabo analysis for TtSlyD.

T/K τm/ns τm/ηbuffer/ns ηbuffer/mPas

288 19.3±0.1 16.4 1.18
298 14.81±0.04 14.8 1.00
303 11.0±0.1 13.1 0.84
313 7.74±0.02 11.1 0.70
333 5.63±0.03 10.6 0.53

τm indicates rotational correlation time. The measured viscosity of the solvent, ηbuffer,
was used for correction according to the Stokes–Einstein relationship.

Fig. 3. Dynamic order parameter, S2, (a); internal correlation time, τe, (b); and chemical
exchange contribution, Rex, to the transversal relaxation rate, R2, (c), for EcSlyD* at
T=298 K and B0=14.1 T. The FKBP domain and the IF domain are indicated at the top.
In (b), the dashed line indicates the overall molecular tumbling time, τm.
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measured the translational diffusion coefficient D for different SlyD
variants (EcSlyD*, EcSlyD*ΔIF, TtSlyD, TtSlyDΔIF) and hFKBP12 [52,53],
which structurally represents the FKBP domain of both EcSlyD* and
TtSlyD, at 298 K (Fig. 4 and Table 6). Themeasured values for both two
domain species are about the same, D=(9.91±0.05)10−11 m2 s−1 for
EcSlyD* and D=(10.17±0.11)10−11 m2 s−1 for TtSlyD (these values
are the average of the determined diffusion coefficients of aliphatic and
amide protons). This consistency further verifies the use of truncated
EcSlyD* and wildtype TtSlyD for this comparative study. To evaluate
how the shape of the SlyD variants determines the translational
diffusion, we calculated the expected theoretical diffusion coefficient
from an assumed perfect spherical protein of the same number of
residues at the same solvent viscosity (Eq. (3)) [46]. The presence of the
IF domain reduces significantly the translational diffusion of both SlyD
homologs which indicates an elongated shape of SlyD in solution as
expected from the NMR and crystal structures.

3.5. Fluorescence titration of EcSlyD* and EcSlyD*ΔIF to Tat peptide (1 27)

During the Tat dependent translocation of folded substrates from
the cytosol to the periplasm of E. coli, SlyD interacts with the Tat signal
peptide of the substrate [28]. To study this SlyD/Tat peptide
interaction in vitro, a titration experiment under equilibrium
conditions was performed by following the change in intrinsic
tryptophan fluorescence. Note that only the Tat peptide (1 27)
contains one tryptophan residue whereas EcSlyD* lacks this residue.
We observed a tight binding of EcSlyD* to the peptide (dissociation
constant in the high nanomolar range) and a one to one binding
stoichiometry (circles in Fig. 5). As a control experiment, we titrated
EcSlyD*ΔIF (well folded as confirmed by CD measurement and by
diffusion (Table 6)) to the Tat peptide (1 27). For both experiments,
no binding event was detectable (squares in Fig. 5). A fluorescence

titration experiment for the respective thermophilic variants (TtSlyD
titrated to Tat peptide (1 27)) and control titration (TtSlyDΔIF
titrated to Tat peptide (1 27)) revealed analogous results as already
reported [24].

3.6. NMR titration of Tat peptide (1 17) to EcSlyD* and TtSlyD

Due to the low solubility of the Tat signal peptide (1 27), we used
a truncated peptide for the NMR titration experiments containing
only the first 17 residues, which comprises the twin arginine motif
and most of the conserved hydrophobic region. The fluorescence
titration with Tat (1 17) revealed also a 1:1 binding ratio for EcSlyD*
and TtSlyD (data not shown). The dissociation constant, KD, for
binding of Tat (1 17) is two orders of magnitude higher compared to
Tat (1 27) (Supplementary Fig. SF5 and SF8).

By NMR titration of Tat peptide (1 17) to EcSlyD* and to TtSlyD, we
followed the binding site of this peptide to both species of SlyD on a
residue by residue basis. As proposed by the fluorescence titration,
binding of the Tat peptide (1 17) predominately takes place in both
cases at the IF domain (Supplementary Figs. SF4 and SF6, indicated by
the highest changes and the number of residues with Δδall values
above a cutoff value of 0.05 ppm and 0.07 ppm, respectively;
Supplementary Fig. SF7 provides a color coded structural represen
tation of the endpoint of the titration of the Tat peptide (1 17) to
TtSlyD).

As a control and for comparison with the fluorescence data, we
measured with the Tat peptide (1 27) at very low peptide
concentrations (73.5 μM) an F HSQC of 63.5 μM TtSlyDΔIF, which
shows no significant chemical shift changes (Supplementary Fig. SF9).
This suggests that the additional 10 amino acids of Tat (1 27) versus
Tat (1 17) comprise also no FKBP interaction site.

3.7. Backbone dynamics of EcSlyD* and TtSlyD in complex with the Tat
peptide (1 17)

To compare the backbonedynamics of free SlyDwith the Tat peptide
(1 17)boundstate,weperformedhNOEexperiments for the complexes
EcSlyD*/Tat (1 17) and TtSlyD/Tat (1 17) (Figs. 1, 6, and 7). The hNOE
experiment is an established method to probe qualitatively dynamic
changes on the ps to ns time scale at individual sites [54]. As expected,
the peptide binding site containing the IF domain shows hNOE values
similar or slightly higher for the bound state compared to the free form.
This was observed for both the mesophilic and thermophilic species.
Surprisingly, EcSlyD* shows significantly reduced hNOE values for G39,
L41, and I42 (stick representation in Fig. 1) upon Tat peptide (1 17)
binding. The latter two residues belong to the active site for prolyl

Fig. 4. Dependency of the NMR signal I on the gradient strength, G—running for the
analysis of the diffusion coefficient, D—for EcSlyD* (rectangles for measured data,
straight line for fitting with Eq. (2)) and for TtSlyD (circles for measured data and
straight line for fitted data). For the NMR intensity, the resonances of the aliphatic
signal region between 0.5 and 2.5 ppm in each 1H spectrum were integrated.

Table 6
Diffusion analysis for different SlyD variants in comparison to hFKBP12 at 298 K.

Molecule aa Dali/10 11 m2 s 1 Daro/10 11 m2 s 1 Dth/10 11 m2 s 1 D/Dth

EcSlyD* 171 9.83±0.04 9.96±0.05 10.3 96%
EcSlyD*ΔIF 124 11.81±0.36 11.86±0.02 11.4 104%
TtSlyD 154 9.97±0.09 10.37±0.12 10.6 96%
TtSlyDΔIF 111 14.53±0.19 14.89±0.20 11.7 126%
hFKBP12 113 13.16±0.08 13.20±0.10 11.7 113%

D indicates diffusion coefficient; aa, number of amino acids. Signal integration for
diffusion profiles was performed within the aliphatic (ali; 0.5–2.5 ppm) and amide
proton region (aro; 6.5–8.5 ppm) in the 1H spectra. Dth represents the theoretical
diffusion coefficient for globular proteins according to the number of amino acids [46]
and was derived by Eq. (3). D represents the average of Daro and Dali.

Fig. 5. Fluorescence titration of EcSlyD* (circles) and of EcSlyD*ΔIF (rectangles) to Tat
peptide (1–27). The titration of EcSlyD* to the peptide shows strong binding with a
dissociation constant, KD, of 400±80 nM and a stoichiometry, n, of 0.8±0.1. In
contrast, the control titration of EcSlyD*ΔIF to the peptide (1–27) shows clearly no
binding.
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isomerization of EcSlyD*, which is located in the remote FKBP domain
[22]. They becomemore flexible on the time scale sampled by the hNOE
experiment (ps to ns) and belong to the most flexible backbone
residues in the complex. In TtSlyD, the corresponding residues are L36
and I37 at the active site. These two residues are shifted in the primary
sequence by five positions but are located according to a sequence
alignment in the tertiary structure at the same positions [22,24].
Inspection of the hNOE values of TtSlyD in complex with Tat peptide
(1 17) reveals increased dynamics for L36 and I37. This agreement of
both species is a convincing evidence for a conserved communication
mechanism between substrate binding in the IF domain and dynamic
changes of the active site in the FKBP domain. Note that the
corresponding leucine and isoleucine residues in the FKBP domain
showonly small changes in chemical shifts for EcSlyD* and slightlymore
pronounced changes in the case of TtSlyD. Therefore, this communica
tion could only be clearly revealed by a comprehensive analysis of
protein dynamics by NMR relaxation analysis.

4. Discussion

In this work, we have investigated the global and local dynamics of
SlyD, its translational diffusion behavior, and its interactions to a
peptide derived from a physiological interaction partner. Both SlyD
homologs, EcSlyD* and TtSlyD, consist of two separate domains, which

show differences in the local dynamics and changes induced by
substrate binding.

We found that the diffusion behavior of SlyD strongly depends on
the presence of the IF domain (Table 6). The diffusion coefficients
decrease for IF domain deficient SlyD variants and become compa
rable to the translational diffusion of hFKBP12, representing only the
FKBP domain. We conclude that the global molecular shape and the
velocity of translational diffusion is directly linked to the presence of
the IF domain. Along the same line, the 15N relaxation of the IF domain
is not independent from the FKBP domain because its rotational
correlation time follows the tumbling of the entire protein.

Our extended data set covering a wide temperature range allows
now to compare the proteins fromamesophilic and froma thermophilic
organism at different temperatures including the temperatures for
optimal growth of both species, which differs by about 30 K. The
relaxation rates (higher R1, lower R2 rates, and lower hNOE values for
the backbone amides in the IF domain compared to the FKBP domain)
as well as the dynamic parameters (higher amplitudes of motions
and additional fast internal motions of the amides in the IF domain
compared to the FKBP domain) showed clearly higher local dynamics
of the IF domain compared to the FKBP domain. Here, SlyD from
the mesophilic and the thermophilic organism are comparable. This
contrasts the observed dynamics of E. coli. FkpA, which is also a very
efficient prolyl isomerase combined with a second chaperone domain
[55]. In this case, both domains show almost identical relaxation rates
and hNOE values [56].

The adaptation of thermophilic organisms implies that the
biochemical and physiological properties of the proteome remain as
functional as in mesophilic organisms. In vitro, we can test the
physiology of “corresponding states” [57,58] by investigating pairs of
mesophilic and thermophilic proteins at a temperature difference
corresponding to the difference in the optimal growth temperature.
For E. coli and T. thermophilus, this difference is about 30 °C. At 288 K,
the catalytic efficiency of TtSlyD for protein substrates [24] is 2.8 fold
reduced compared to kcat/KM=0.82×106 M−1 s−1 of EcSlyD* at the
same temperature [23,33]. At 303 K, the catalytic efficiency of TtSlyD
becomes equal to EcSlyD* (data not shown). Within this temperature
range, the molecular tumbling time of EcSlyD* remains about the
same (τm/ηbuffer in Table 4) whereas the tumbling time for TtSlyD
significantly drops (Table 5) and becomes constant above 313 K. From
this observation, we conclude that a τm/ηbuffer value below 13.5 ns
goes along with a high catalytic efficiency. Note that a missing IF
domain reduces the catalytic efficiency 100 fold for both SlyD
homologs.

The binding of a substrate to SlyD was confirmed by fluorescence
and by NMR titration experiments. The main binding event takes
places in the IF domain, where the highest changes in chemical shift
values were observed (up to 0.2 ppm for EcSlyD* and up to 0.15 ppm
for TtSlyD). A distinct separation of residues, which sense direct
binding during an NMR titration and which sense an induced
conformational change far from the binding site, is not possible.
Therefore, we performed a second titration with the variants
EcSlyD*ΔIF and TtSlyDΔIF, lacking the IF domain. These variants did
not bind the Tat signal peptides. Therefore, we suggest that the
chemical shift changes for few residues at the FKBP domain are
remotely induced conformational changes upon binding of the
peptide to the IF domain.

The hNOE relaxation experiments for the substrate bound
complexes of EcSlyD* and TtSlyD showed increased dynamics for
L41 and I42 for EcSlyD* (center of prolyl peptidyl cis/trans isomeri
zation activity, as shown by mutational studies [23]) and for
corresponding L36 and I37 in TtSlyD compared to the free forms.
These two residues are clearly pronounced in EcSlyD* from the
relaxation data and less obvious from chemical shift changes upon
binding. For TtSlyD, both parameters are sensitive. Note that peptide
binding affects the internal dynamics probed by hNOE to a much

Fig. 6. Heteronuclear steady-state 1H-15N NOE, hNOE, for free EcSlyD* (filled circles)
and for Tat peptide (1–17) bound state (open circles) at T=298 K and B0=14.1 T. The
FKBP domain and the IF domain are indicated at the top.

Fig. 7. Heteronuclear steady-state 1H-15N NOE, hNOE, for free TtSlyD (filled circles) and
for Tat peptide (1–17) bound state (open circles) at T=298 K and B0=14.1 T. The FKBP
domain and the IF domain are indicated at the top.
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higher extent compared to changes caused by temperature changes
over 15 K for mesophilic SlyD and 45 K for thermophilic SlyD.

5. Conclusions

The dynamics of the two domain protein SlyD were extensively
probed on a ps to ns time scale and in a free as well as substrate
bound state. As we detected increased dynamics of active site residues
within the FKBP domain upon the remote binding of the substrate to
the second domain, we conclude from these results that there has to
be a communication between these two domains. This also suggests
that the close proximity facilitated by IF domain binding not only
increases the catalytic activity of the FKBP domain but also induces
changes in the dynamics. The exact mechanism of this interdomain
communication needs to be further investigated to compare it with
other remote control interactions, for example, for proline switching
transmitted by a net of hydrogen bonds [59] or binding of transition
state analogs [18].
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