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The relation between conformational dynamics and chemistry in enzyme
catalysis recently has received increasing attention. While, in the past, the
mechanochemical coupling was mainly attributed to molecular motors,
nowadays, it seems that this linkage is far more general. Single-molecule
fluorescence methods are perfectly suited to directly evidence conforma-
tional flexibility and dynamics. By labeling the enzyme SlyD, a member of
peptidyl-prolyl cis—trans isomerases of the FK506 binding protein type with
an inserted chaperone domain, with donor and acceptor fluorophores for
single-molecule fluorescence resonance energy transfer, we directly monitor
conformational flexibility and conformational dynamics between the
chaperone domain and the FK506 binding protein domain. We find a
broad distribution of distances between the labels with two main maxima,
which we attribute to an open conformation and to a closed conformation of
the enzyme. Correlation analysis demonstrates that the conformations
exchange on a rate in the 100 Hz range. With the aid from Monte Carlo
simulations, we show that there must be conformational flexibility beyond
the two main conformational states. Interestingly, neither the conforma-
tional distribution nor the dynamics is significantly altered upon binding of
substrates or other known binding partners. Based on these experimental
findings, we propose a model where the conformational dynamics is used to
search the conformation enabling the chemical step, which also explains the
remarkable substrate promiscuity connected with a high efficiency of this
class of peptidyl-prolyl cis—trans isomerases.

Introduction

Beside many proteins and protein domains, which
fold into their native structure within microseconds
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proteins. Nature has evolved several strategies to
overcome these limitations. A class of enzymes,
the peptidyl-prolyl cis—trans isomerases (PPlases),
catalyzes the slow cis—trans isomerization reaction
of prolyl peptide bonds,”” and molecular chaper-
ones prevent unfolded or partially folded peptide
chains from aggregation.

One of the best-studied families of PPlases is the
FK506 binding protein (FKBP) family, of which the
members are characterized by high substrate
specificity.” In several proteins, like for example,
trigger factor,”'% SurA,1112 FkpA'® or MtFKBP17,'*
the PPlase domain is complemented by a chaperone
domain, lowering substrate specificity while giving
rise to a dramatic increase in catalytic efficiency,
rendering them generic catalysts for protein
folding.'>"°

SlyD is a member of this family and is present
among all prokaryotes.'” It consists of two structur-
ally well-separated domains: the N-terminal prolyl
isomerase domain of FKBP type with the second
domain integrated in the FKBP flap (“inserted-in-
flap” (IF) domain)'*'®' and an unstructured C-
terminal tail of variable length, rich in cysteine and
histidine residues with high affinity to metal ions.
The chaperone activity resides in the IF domain
because deletion of that domain results in loss of this
activity.'®'” Compared to related FKBP prolyl
isomerases and to the isolated FKBP domain, the
PPlase activity of SlyD is enhanced by a factor of

about 11296 11;1 the presence of the chaperone
domain. ™"

It was hypothesized that the coupled transfer of
substrate proteins bound at the chaperone domain
to the PPlase domain could be responsible for this
increase in PPlase ac:’civity.15’16’18 However, direct
evidence for this domain communication presum-
ably by conformational dynamics of the two
domains relative to each other was lacking.

Here, we set out to directly monitor the confor-
mational heterogeneity and dynamics of full-length
SlyD from Thermus thermophilus (TtSlyD) (Fig. 1a),
which is the shortest member of the SlyD family, by
single-molecule fluorescence resonance energy
transfer (smFRET) experiments in conjunction with
fluorescence correlation analysis in order to eluci-
date how the conformational dynamics supports
catalysis.

smFRET experiments with a confocal microscope
in solution indicate conformational heterogeneity of
TtSlyD with two major conformational states. This is
in agreement with NMR structural analysis of
Escherichia coli SlyD (EcSlyD) showing no distinct
orientation of the two domains relative to each
other.'®2°

A sophisticated correlation analysis unraveled
conformational dynamics on the millisecond time-
scale. Comparison with extensive Monte Carlo
simulations allowed us to demonstrate conforma-
tional heterogeneity beyond a model where only
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Fig. 1. (a) Three-dimensional
structure of Tt‘SlyD]9 derived from
X-ray crystallography, comprising
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)
events

the IF domain (top) and the FKBP
. domain (bottom). The positions for
cysteine substitutions for dye inser-
. tion are emphasized in dark gray
(T139 and D82). The distance (gray
7 line) of the labeling positions out of
this structure is d=47 A, resulting in
an energy transfer efficiency of
E;=0.62 for the employed dye
pair. (b) Burst-wise FRET analysis

of the doubly labeled TtSlyD excit-
ed by continuous-wave laser light
at 488 nm (40 uW) and by pulsed
laser light at 635 nm (15 pW,

10 MHz). (Bottom) Histogram of the number of bursts with the particular apparent transfer efficiency E,p, calculated
from the uncorrected data (filled bars). The bursts are selected either by only one sum threshold of 40 cts/ms for the total
intensity during donor excitation (light yellow) or by an additional threshold of 10 cts/ms for acceptor intensity after
direct excitation (dark yellow). In the latter case, the burst events caused by donor-only labeled molecules are suppressed
efficiently. The shape of the remaining histogram is not modified except for a small shift to higher E,, values, indicative
for bleaching events, which are also suppressed. The complete histogram, calculated with the two thresholds (dark
yellow), was fitted to a two-Gaussian model (red line), determining the center positions of <Eapp,1> =0.56 and Eapp,2> =0.88
for the possible two main populations. Overlaid histogram of predicted values from a shot-noise-limited simulation using
the two fixed apparent mean FRET efficiencies <Eapp,1> and (Eapp,2>, which are populated equally (blue dotted line). (Top)
Residuals of the experimental data to the fit model (red line) and to the simulated distribution (blue dotted line).



two conformations are exchanging. Our findings
allowed us to propose a mechanism by which
heterogeneous dynamics support the enzymatic
function of a protein.

Results

Protein labeling and characterization

To monitor a possible relative domain motion of
TtSlyD, we labeled each of the two domains with one
reporter dye. Two solvent-exposed residues (D82
and T139) were exchanged by cysteines, which are
conjugated with the thiol-reactive maleimide dyes
Alexa Fluor 488 as donor and Atto 647N as acceptor.
The dye pair was chosen based on the distance of
about 47 A between the C* atoms of D82 and T139 in
the crystal structure of TifSl}c{Dl9 (Fig. 1a). The Forster
radius accounts to Rp=51 A (Supporting Text 51.1),
well suited to study distance changes between the
two domains.

The labeling efficiency was tested by different
methods. Mass spectrometry revealed no detectable
population of unlabeled or singly labeled molecules
(data not shown). For the doubly labeled protein,
absorption spectroscopy and burst analysis on the
single-molecule level (Fig. S3) yielded more quan-
titative results indicative of a ratio of 2.8:1:0.5
between acceptor-only, acceptor-donor and donor-
only labeled molecules.

To test for possible unspecific attachment of the
dye by hydrophobic interactions, we unfolded the
labeled protein sample at a concentration of 6 M
GdmCl, run it through a filter unit in a centrifuge
and refolded it, not giving rise to any change in the
transfer efficiency (E;) histogram (Fig. S2).

Interactions of the dyes with the protein were
further analyzed by fluorescence lifetime and
time-resolved fluorescence anisotropy measure-
ments on singly labeled single cysteine variants
(D82C or T139C). Only negligible changes in the
fluorescence characteristics were found (Support-
ing Text S52.2-52.4).

The PPlase activity of the different TtSlyD
variants was examined by a standard refolding
assay of the reduced and carboxymethylated
variant of RNase T1 S54G/P55N (RCM-T1)."”
The refolding activity of the doubly labeled
TtSlyD is only marginally reduced to about
(80+10)% of the activity of wild-type TtSlyD. The
large error figures result from the difficult
spectroscopic determination of the exact protein
concentration of the labeled TtSlyD. The catalytic
activity of the doubly labeled TtSlyD used for the
smFRET experiments is still 2 orders of magnitude
above TtSlyD lacking the complete IF domain
(TtSlyDAIF) (Table S1).
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smFRET reveals conformational heterogeneity

Figure 1b shows the histogram of the apparent
energy transfer efficiencies E,p, of fluorescence
bursts measured under native conditions of apo-
TtSlyD, calculated according to

Ia

Eapp - IA + ID (1)
where I and I, are the detected acceptor and donor
fluorescence intensities, which can be corrected for
the fluorescence quantum yields of the dyes and the
detection efficiencies (Supporting Text S1.4) to yield
the actual transfer efficiency E, that is related to the
donor—acceptor distance 7 by

E=1/ (1 + (r/R0)6) )

where R is the Forster radius® being the distance
where half of the excitation quanta are transferred to
the acceptor, which is related to the properties of the
dyes and the medium via

Ro = 0211 (dprn Han(N)'/® (3)

Here, dp is the quantum yield of donor dye, k* is
the orientational factor, n is the refractive index and
Jap(\) is the overlap integral between donor
emission and acceptor absorption spectra.”

The histogram covers a rather broad range from
Eapp=0.3 up to E,pp=1.0, which cannot be fitted with
a single Gaussian distribution. The minimal model
that allows for satisfactory fitting of the E.pp
histogram measured with TtSlyD is made up of
two Gaussians (Fig. 1b). While this finding would at
a first glance imply that two unique, distinct
conformational states of TtSlyD exist, the question
remains whether the width of the two Gaussians can
be explained by photon shot noise, that is, by the
limited number of stochastically emitted photons. To
answer this question, we compare the experimental-
ly obtained distribution with a simulated distribu-
tion taking the beforehand determined mean FRET
efficiencies (E,pp,1) =0.56 and (E,pp 2) =0.88 from the
two-Gaussian fit as input values. The measured E,pp,
distribution is clearly broader than this simulated
distribution (Fig. 1b). Shot-noise-limited perfor-
mance of the setup was tested by single-molecule
measurements of E,p, distributions on polyproline
20 ((Pro)yg), labeled with the same donor and
acceptor dyes (Supporting Text 52.1). We can
conclude that shot noise is not sufficient to explain
the width of the E,, distribution.

On the other hand, photophysical and photo-
chemical effects and hindered rotational freedom of
the attached dyes may have an impact on Ry and the
measured fluorescence intensities, respectively, thus
potentially broaden the observed E,p,, distribution.
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Detailed data analysis and control experiments
showed, however, that these effects can be excluded
from being responsible for the broadening of the
transfer efficiency distribution (Supporting Text and
Figures). We infer that the extra width must be
related to the conformation of the protein. A
merging of the two transfer efficiency peaks
corresponding to the two hypothesized conforma-
tional states could indicate an exchange of the two
conformations on the timescale of the integration
time, which is 1 ms here. We therefore set out to
study possible conformational dynamics of the
enzyme.

Conformational dynamics by correlation analysis

In order to assess possible dynamics of intercon-
version between the conformational states dis-
closed by FRET analysis, we followed an
approach based on correlation functions, which
was introduced by Torres and Levitus.*® For that,
the autocorrelation and cross-correlation of the
fluorescence intensity fluctuations normalized by
the square of the mean fluorescence intensity is
calculated. The method of Torres and Levitus is
based on the concept that the diffusion of the
protein through the confocal volume leads to
correlated fluctuations of both the donor and the
acceptor fluorescence intensities, whereas confor-
mational dynamics results in an anticorrelation of
both signals. Because the diffusion part is identical
in the autocorrelation function of, for example, the
donor denoted as Ggg (referring to its emission
color green) and in the donor-acceptor cross-
correlation function denoted as Ggg (referring to
the donor and acceptor emission colors green and
red), the dynamics term can be extracted by
division of both correlation functions (Ggg/Ggr)-

We calculated the correlation functions from
burst-selected single-photon data. With the pulsed
overlaid excitation scheme®* (Supporting Text S1.3),
we can exclude effects of acceptor photobleaching,
which would also contribute a term to the correla-
tion function that is not related to diffusion and
would thus jeopardize the dynamics analysis®
(Supporting Text 52.5). Furthermore, burst selection
allows for suppressing the effects of the wavelength
dependency of the focus size in the different
detection channels.

However, burst selection prohibits the straight-
forward analysis of Ggg/Ggr in an analytical
manner as proposed by Torres and Levitus?326:27
because the burst length is restricted in multiples
of the bin time of 1 ms, resulting in an artificial
decay of Ggg/Ggr for times larger than the bin
time.

Therefore, we analyzed the measured Ggg/Ggr
by comparison with simulated single-photon data.
For the simulation, we used a simple model of freely

diffusing molecules possessing FRET with two
energy transfer efficiencies ((E.;) and (E;»)), with
the simplification of equal interconversion rates
(k12=ko1). This simplification is justified by the
roughly equal area of the Gaussian peaks fitted to
the E,, histogram (Fig. 1b). E;; and E., have been
chosen, referring to the peak positions of the two-
Gaussian fit model of the experimental data ((E,pp,1)
=0.56; (E,pp2)=0.88; see Fig. 1b), but with a slight
shift (<Et,1§=0.50; (E»)=0.93), which yields better
matching of the amplitude of Ggg/Ggr between
simulated and experimental data. Diffusion coeffi-
cient and further parameters (e.g., focus size) of the
simulation have been adjusted to fit best to the
experiment. The simulated data for different rates
k12=ky1 were analyzed with the same procedure as
was used for the experimental data.

The results of Ggg/Ggr are shown in Fig. 2a for
TtSlyD and in conjunction with the simulated data.
Additionally, the same analysis was applied to a
control measurement of polyproline (Pro),, with
identical dyes, comparable diffusion time of Tp=
(185+5) us and with negligible intramolecular
dynamics above the nanosecond timescale due to
its stiff character.”®*” The length of the polyproline
ruler was 20 monomers, approximately matching
the transfer efficiency obtained for SlyD.

For TtSlyD, there is a clear decay in Ggg/Ggr in
the time range between 0.1 ms and 1 ms. To assure
that the decay for TtSlyD is not an artifact due to
diffusion effects that happen on a similar timescale
[Tp=(180+5) ps], we repeated the experiment with
TtSlyD with an enlarged focus (by underfilling the
microscope objective®?), resulting in a twofold
increased diffusion time [Tp=(Tp=350+5) ps].
For both focus sizes, the Ggg/Ggr curves coincide
over the whole timescale up to the binning time of
1 ms.

In contrast to TtSlyD, the control does not show a
pronounced decay, corroborating our conclusion
that the measured Ggg/Ggr decay of TtSlyD is
caused by internal dynamics. The measured decay
of Ggg/Ggr for TtSlyD is best reproduced by the
simulated data with interconversion rates between
50 Hz and 200 Hz. More accurate figures cannot be
given due to the uncertainty of experimental values.
However, we can suggest that there is intrinsic
dynamics of TtSlyD on a timescale in the range of
100 Hz.

The question remains whether this dynamics can
account for the observed broadening of the E,pp
histogram (Fig. 2b). Comparing the E; histograms
from the simulated data with the experimental
Eqpp histogram clearly shows that, in the range of
interconversion rates, which yield dynamics results
matching those in the experiment, the simple two-
state model is not sufficient to explain the broad
distribution of energy transfer rates, even though
increasing interconversion rates lead to merging
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Fig. 2. Correlation and burst
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analysis of protein dynamics in
comparison to simulated data. (a)
The ratio Ggg/ Ggr of burst-selected
autocorrelation of the donor signal
(Ggg) and cross-correlation of the
donor and acceptor signals (Ggr)
for TtSlyD in a diffraction-limited

focus (brown line), in an enlarged
focus (yellow line) and for the
reference (Pro), in trifluoroethanol
(green line) during donor excitation
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enlarged by underfilling the objec-
tive, resulting in twofold increased
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diffusion time of Tp=(350+5) us
1 compared to Tp=(180+5) us in the
small focus. The bursts are selected
by a sum threshold of 40 cts/ms for

the total intensity during donor excitation and an additional threshold of 10 cts/ms for the acceptor intensity after direct
excitation (635 nm, 10 MHz, 15 pW). The same analysis was applied to simulated data of free diffusing molecules with
(E1)=0.50 and ¢E;;)=0.88 and equal interconversion rates on different timescales of 10 kHz to 20 Hz (broken lines). (b)
Respective E; histograms of the selected burst events of the simulated data with dynamics between 50 Hz and 500 Hz (black

lines). For comparison, in every panel, the E
focus is shown (yellow bars).

app

peaks in the E; histogram.%”31 The FRET histogram
can only be interpreted, assuming additional
conformational plasticity superimposed to the
two main conformational states.

Conformational heterogeneity and dynamics
upon ligand binding

To test whether ligand binding affects the revealed
conformational heterogeneity, we performed exper-
iments with TtSlyD in the presence of different
protein substrates and inhibitors. The immunosup-
pressive agents FK506 and rapamycin act as in-
hibitors of the PPlase activity of FKBPs.”'”** With
NMR titration experiments, it has been shown that
these inhibitors of TtSlyD are interacting predomi-
nantly with amino acids in the active site of the
FKBP domain of TtSlyD (M.K. and ].B. to be
published elsewhere). As a substrate to monitor
the PPlase activity, we used the reduced and
carboxymethylated form of the S54G/P55N variant
of ribonuclease T1 (RCM-T1)."** Its refolding
under high-salt conditions (2 M NaCl) is limited
by the cis-to-trans isomerization reaction of Pro39,3'4
which is catalyzed by the FKBP domain of TtSlyD."
Interestingly, Low et al. also found that the ke,t/ K
value in the catalysis of RCM-T1 refolding by TtSlyD
is increased by a factor of 100 as compared to a
variant of TtSlyD, which lacks the IF domain.' That
emphasizes the role of the IF domain. The experi-
ments here were carried out under low-salt condi-
tions (100 mM NaCl). Consequently, RCM-T1
remains permanently unfolded. However, we ex-

histogram for the experimental data of TtSlyD in the diffraction-limited

pect transient cis—trans isomerization reactions cat-
alyzed by TtSlyD. For truncated SlyD* of E. coli
(which closely resembles TtSlyD'’), Weininger et al.
have shown that RCM-T1, as example for a
permanently unfolded protein chain, binds to
more than one binding site of SlyD* with residues
harboring both the IF domain and the FKBP
domain.'

The standard method to measure the chaperone
activity of the IF domain is an insulin aggregation
assay.?®>3¢ We used insulin as ligand for the
unspecific binding at the IF domain'®'® with and
without (data not shown) the reducing agent DTT.

For all experiments, the ligands were added in a
concentration well above the dissociation constant
Kq. Buffer and further experimental conditions were
kept unchanged. Surprisingly, the E,,, histograms
do not significantly change (Fig. 3b). The shape
remains broad, with indication of at least two
subpopulations.

Only subtle changes in the relative contributions
of the peaks representing the “closed” conformation
(close to E,pp=1) and the “open” conformation are
observable. On the one hand, the closed conforma-
tion is enhanced after addition of insulin, whereas
the closed conformation is reduced in the case of
inhibitor binding of FK506.

Strikingly, also dynamics seems to be mostly
unaffected by binding of the substrates or inhibitors.
The Ggg/Ggr curves for all ligand experiments in
Fig. 3a coincide. Independent of the presence of a
binding partner, the characteristic decay between
0.1 ms and 1 ms is reproduced.
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Fig. 3. Analysis of interactions
with protein substrates and in-
hibitors. (a) Normalized Ggg/
Ggr quotient for TtSlyD in native
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8- Rapamycip

buffer without any ligand (cir-
cles), with 70 pM rapamycin
(squares), with 100 uM FK506
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(double triangles). The bursts are
selected by a sum threshold of
40 cts/ms for the total intensity
during donor excitation and an
additional threshold of 10 cts/ms
for the acceptor intensity after direct
excitation (635 nm, 10 MHz, 15 pW).
(b) Respective E,p, histograms of
the selected burst events under
different ligand conditions. The

E.pp histograms are fitted with a two-Gaussian model (red line). The center positions of the two single components
determined for the apoenzyme are indicated as black dotted lines.

Discussion and Conclusion

Since the pioneering publication by Frauenfelder
et al.”’ the role of conformational dynamics for
enzyme catalysis recently has been evidenced by
numerous experiments. This develo opment has been
sparked by NMR investigations®®* and also by the
advances in single-molecule methods, both from
force detection V1a atomic force microscopy™*'
optical tweezers*** and from single-molecule ﬂuo—
rescence methods.** smFRET has been proven
particularly useful for the study of conformational
heterogeneity and dynamics.?42627,45-51

In the present work, we aimed to elucidate the
role of conformational flexibility and dynamics for
the catalytic activity of a two-domain protein
belonging to the family of FKBP PPlases. smFRET
data clearly indicated that TtSlyD does not adopt a
single, unique conformation. This finding is in
accordance with recent results by NMR spectros-
copy, where a defined relative orientation of the
FKBP and IF domains toward each other could not
been determined.'®*’ Further indication for flexi-
bility between the two domains results from
crystallographic studies, where the relative orien-
tation of the two domains obtained from three
different crystal structures varies significantly.'®
All of these studies, however, do not allow
assessment of the energy landscape of the hinge
motion. The shape of the transfer efficiency
distribution, which in turn is representing a
distance distribution, allows us to draw the
conclusion that at least two main minima in this
energy landscape must exist, which we call the
open (for low FRET efficiency) and closed (for high
FRET efficiency) states of the enzyme in analogy to
other enzymes such as adenylate kinase.?* Several

control experiments exclude significant contribu-
tions from the photophysics and local effects of the
two dyes to the apparent E,,, distribution.
Therefore, we can attribute this observation to an
intrinsic property of TtSlyD, which is conforma-
tional heterogeneity. The shape of the E,.,,
histogram is indicative for the existence of addi-
tional conformational states beside the open and
closed forms with local minima on the energy
landscape. In view of the results from crystallog-
raphy and NMR hydrogen/deuterium exchange,
which is sensitive to local stability, this is not
unexpected as, in particular, the IF domain seems
to be very flexible or, in other terms, locally more
disordered compared to the FKBP domain.?® This
observation was confirmed by NMR relaxation
data for E. coli SlyD*'®* and TtSlyD.”* Although
it is not advisable to extract absolute distances
from the measured transfer efficiencies, a rough
estimate gives 50 A in the “open” state and 37 A
in the “closed” state. The distance in the open state
is slightly larger than the distance of the C* atoms
in Fig. la, which can be attributed to the
additional distance from the linker length.

One limitation of the structural investigations in
the crystal is the lack of dynamics information, that
is, on which timescale the relative global motion of
the two domains occurs. Dynamic NMR analyses are
limited on a timescale of 50 ns to 1 ms and if relative
domain motions do not cause local chemical shift
changes. Already from the FRET efficiency histo-
grams it can be deduced that the transfer efficiency
and thus the distance cannot exchange much faster
than the dwell time of the molecule in the detection
region of about 100 us. The efficiency histogram is
compatible even with static conformational hetero-
geneity, that is, different but non-converting
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Fig. 4. Cartoon of the proposed
mechanism involving conformation-
al dynamics in the search for the
conformation enabling the chemical
step, which is a cis trans isomeriza-
tion of a prolyl-peptidyl bond (red/
green dot) in the substrate (coiled
chain). The substrate bound to the IF
domain (light red) is exposed several
| times to the active site (red circle) in

the FKBP domain (yellow) with

conformations. Correlation analysis has been proven
useful for the study of microsecond conformational
dynamics.”>*° Here, we used a method introduced
by Torres and Levitus, which allows us to assess
conformational dynamics on much longer
timescales.”” With this method, Santoso et al.
determined the rate of conformational exchange of
DNA polymerase I in polyacrylamide gels.”® Our
approach is slightly different because we apply the
correlation analysis only to bursts in order to be able,
first, to select correctly labeled proteins only and,
second, to reduce background contributions. Fur-
thermore, we compared simulated and experimental
data instead of fitting to a stretched exponential for
the estimation of the rate of conformational dynam-
ics. This shows that even assuming a single rate of
conversion between the conformationally distinct
states, simulated data reproduce the experimental
observations quite well. The best agreement is
achieved for a rate of about 200 Hz. While the
correlation function is well reproduced by a simula-
tion with just two conformational states, the transfer
efficiency histogram is not, leading us to the
conclusion that the events between the main peaks
in the transfer eff1c1ency distribution are not due to
averaging of transitions. %

In order to elucidate the role of conformational
dynamics to catalysis, we performed smFRET
experiments also in the presence of different binding
partners of TtSlyD. FK506 and rapamycin are
inhibitors of the PPlase activity and bind to the
FKBP domain, whereas RCM-T1 is a substrate for
the PPlase activity. Insulin, on the other hand, is
used in an assay for testing the chaperone activity.
The finding that neither of the binding partners
(inhibitors of the FKBP domain and substrates
binding to both the chaperone and the FKBP
domain) seems to significantly change the confor-
mational equilibrium first comes as a surprise
because such a change was clearly ev1dent in the
case of AdK** and DNA polymerase 1.*° These two
enzymes, however, are highly specific, and the
substrates are small molecules, in contrast to SlyD,

some additional flexibility, enhanc-
ing the chance for favorable align-
ment. Eventually, the substrate is
released from the IF domain.

which binds large substrates with low specificity.
SlyD from different organisms have also all in
common that the substrate and inhibitor affinities
are moderate in the low micromolar range (e.g., for
EcSlyD, the K,,, constant for RCM-T1 is 1.7 pM, and
the K; for unfolded protein substrates is 0.2-2.3 pM
and for FK506 is 4.6 tM).'” These low affinities are in
line with our observation of negligible influence of
substrate or inhibitor binding onto the conforma-
tional equilibrium and dynamics. Careful binding
studies on EcSlyD recently also showed that binding
of unfolded proteins to the IF domain does not
strongly interfere with binding at the prolyl isom-
erase site.>® Note, that inhibitors of TtSlyD and
substrate binding were analyzed in the present
study under equilibrium conditions, where RCM-T1
does not fold. Under net turnover conditions,
changes in the conformational equilibrium might
occur.

Based on our findings, we propose an extended
mechanistic model for the catalysis by SlyD as
compared to the model established by Jakob et al.,
which is shown as a cartoon in Fig. 4.1® Unfolded or
partially unfolded polypeptide chains first bind to
the IF chaperone domain, which has been confirmed
by, for example, NMR titration.'”” The repetitive
motion toward the FKBP domain increases the local
concentration and thereby increases the chance that
the peptidyl-prolyl bond is close to the active site of
the FKBP domain. The earlier proposed model by
Jakob et al. assumes that k. is limited by the
dissociation from the IF domain and transfer to the
FKBP domain, before the actual isomerization at the
FKBP occurs, which is a much faster process.'® Our
findings suggest that it is more likely that the
substrate remains bound to the IF domain during
catalysis. The structural flexibility allows the enzyme
to sample different orientations of the substrate
relative to the FKBP domain with a rate of about
200 Hz. Such a mechanism also enables a variety of
substrates to be catalyzed rather unspecifically and
without a high affinity for the active site of the
PPlase, which are both properties of SlyD.
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Consequently, release from the IF domain and
subsequent binding to the FKBP domain are not
necessary to achieve catalysis. This extension of the
enzyme mechanism is based on the here presented
experimental observation that the presence of sub-
strates of SlyD and inhibitors of the FKBP domain
does not significantly change the conformational
partitioning into an open and closed states and their
rate of interconversion. The exchange of substrates
probably occurs in the open conformation, that is,
when the distance between the IF and FKBP domains
is large. Still, the rate-limiting step in catalysis is the
release of the substrate from the IF domain, resulting
in a ke, of about 1 Hz generally found for protein
substrates of SlyD from different species.!®'” The
functionally, and from the domain structure, related
trigger factor shows a rate constant of about 8 Hz for
the same release.”” Note, that this release in our
proposed model is not used for the transfer of the
substrate to the PPlase active site but is used for the
release of the substrate after successful isomeriza-
tion. As mentioned, the isomerization itself is rather
fast, as a k., value of 600 Hz was found for Leu-Pro
isomerization in a tetrapeptide.'® The mechanism
proposed here is potentially general because it is
similar to a mechanism also proposed, entirely based
on NMR experiments,'® for sFkpA, a related protein
with a PPlase and a chaperone domain. One can
speculate that this mechanism is involved in catal-
ysis by many other enzymes exhibiting high sub-
strate promiscuity.

Materials and Methods

Expression, purification and labeling were performed
according to standard protocols.’®?* Single-molecule
experiments were conducted on a home-build confocal
optical microscope®* equipped with a continuous-wave
solid-state laser operating at 488 nm (Spectra Physics
Cyan; Newport Corporation, Irvine, CA, USA) and a
pulsed diode operating at 470 nm, respectively, to excite
the donor and a pulsed diode laser operating at 635 nm to
excite the acceptor laser (LDH-P-C-470 and LDH-P-C-635;
PicoQuant GmbH, Berlin, Germany). Excitation and
fluorescence collection were achieved by a N.A.=1.2
water immersion microscope objective (CFI Plan Apoc-
hromat 60x WI; Nikon, Japan), and fluorescence was
detected by avalanche photo diodes (SPCM-AQ 14;
PerkinElmer, Waltham, MA, USA). Dedicated counting
electronics (TimeHarp 200; PicoQuant GmbH) recorded
the photon arrival times, and data were analyzed with
home-written procedures in Igor Pro (WaveMetrics, Port-
land, OR, USA). For smFRET experiments, the samples
were diluted in sample buffer [50 mM sodium phosphate
(pH 7.5) and 100 mM sodium chloride] to a concentration
of about 100 pM. Additionally, all samples contained
0.001% (w/v) Tween 20 (Carl Roth GmbH, Karlsruhe,
Germany) to prevent surface adhesion of the protein.
Additionally, the cover slides were passivated with a spin-
cast layer of poly(methyl methacrylate) (Goodfellow

GmbH, Bad Nauheim, Germany). More details are
presented in Supporting Material.
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