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ABSTRACT: SlyD (sensitive to lysis D) is a protein folding helper
enzyme comprising peptidylprolyl isomerase as well as chaperone
activities at the respective FKBP and IF domains. Both domains
coact concerning the peptidylprolyl isomerase activity on protein
substrates. Using various biophysical techniques and NMR
spectroscopy, the local and global thermodynamic stability of the
variant (1—165) of SlyD from Escherichia coli (SlyD*) was
characterized. Structurally, both domains are rather independent.
The urea-induced unfolding transitions of the two domain protein
monitored by 2D NMR spectroscopy and amide proton exchange
experiments, however, showed that the IF domain experiences a
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reduced local stability under both native and unfolding conditions compared to the FKBP domain. Nevertheless, the entire
protein shows highly cooperative unfolding at elevated denaturing conditions. This cooperativity is significantly reduced in a
SlyD* variant missing the IF domain. The quite low local stability due to high internal fluctuations of the IF domain might be the

prerequisite for the ubiquitous chaperone function of SlyD. One

physiological role of the metallochaperone SlyD is divalent

cations binding. Nickel binds only to the FKBP domain but extensively increases the thermodynamic stability of both SlyD

domains, verifying the coupled stability of the domains.

lyD (sensitive to lysis D)! belongs to the FKS06 binding

protein (FKBP) family and exhibits peptidylprolyl isomer-
ase and chaperone properties leading to a very efficient protein
folding helper enzyme.” It was originally discovered in
Escherichia coli as a host factor for the bacteriophage ®X174
lysis cycle' but was also known as a persistent contaminant of
recombinantly produced proteins that were purified by nickel
ion affinity chromatography.> SlyD from E. coli (EcSlyD)
contains 196 residues and shares 28.1% sequence identity with
human FKBP12 (hFKBP12), the prototype of the FKBP family.
SlyD homologues are widely distributed among different
organisms. All of them have in common a two-domain
structure with an FKBP domain and an internal extension of
45—65 residues which are inserted in the flap region (IF
domain, insert in flap)® (Figure S1). Recently, the solution
NMR structure of the variant 1—16S of EcSlyD which lacks the
unstructured C-terminus termed SlyD*® and the crystal
structure of the full length thermophilic homologue TtSlyD’
were solved. Both confirm the typical FKBP secondary
structure elements of a four-handed f-sheet ($2—p5S) and
between /S and 32 an a-helix (a1) (Figure 1A). Compared to
hFKBP12 and the archaeal MtFKBP17, a SlyD-like, structurally
and functionally related PPlase from Methanococcus thermoli-
thotrophicus,® SlyD proteins comprise an additional a-helix (a4)
at the C-terminus. In the crystal structure this additional a-helix
reveals a nickel ion binding motif. The IF domain consists of
four short fS-strands (#6—f9) and one short a-helix (a3). The
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surface of this domain is mainly determined by hydrophobic
and negatively charged residues accounting for its excellent
chaperone properties. Although both domains are well resolved
in the NMR structure of SlyD*, a fixed relative orientation to
each other is missing. TtSlyD crystallized into three different
crystal forms, each of them exhibiting a defined structure with
different orientations of the IF domain. This indicates high
flexibility of the two domains relative to each other, which
might be crucial for a very eflicient protein folding helper
property. This was also observed in the very recently published
solution NMR structure of full-length EcSlyD and by NMR
relaxation experiments.7’8

Mutational analyses showed that the PPlase function is
hosted in the FKBP domain and the chaperone activity in the
IF domain.>” Substrate binding studies with SlyD* monitored
by NMR spectroscopy confirmed this domain separation of
activities’ (see also Kovermann, M. unpublished data).
FkpA,'”'" SurA,"” and trigger factor'>'* are also prolyl
isomerases with chaperone properties hosted by separate
domains. The functional separation of domains goes along
with an effective interplay between them to enhance the overall
PPlase activity as shown by NMR relaxation data.'
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Figure 1. Three-dimensional solution NMR structure of SlyD* (PDB
2K8I). (A) p-Sheets are marked in cyan, and a-helices are shown in
dark pink. Secondary structure elements are numbered corresponding
to the structure of hFKBP12 (PDB 1FKF). The IF domain is depicted
above the FKBP domain. The side chains of three representative
amino acids are shown in stick representation. (B) Symbolization of
the different behavior of residues during the urea-induced unfolding of
SlyD*. Blue: residues that show a cooperative transition; purple blue:
residues that show a steep baseline for the native state and a sharp
transition region; magenta: residues that do not show a native baseline
and no significant transition region, which mainly comprises residues
of the IF domain. Noticeable, f-sheet /33, returning from the IF
domain, differs apparently from the other fB-sheets building the core of
the FKBP domain. Figures were created using PyMol (DeLano
Scientific LLC, 2006).

On the basis of the combination of prolyl isomerase activity,
ubiquitous chaperone activity, and metal binding properties,
different cellular functions have been proposed for SlyD.
Recently, it was shown that SlyD from E. coli is involved in the
Tat-dependent translocation of folded proteins across mem-
branes.'® It is assumed that SlyD (as a chaperone) binds to the
unstructured Tat-signal sequences and protects them from
proteolytic attack in the cytoplasm while they are transported
to the membrane. In addition, the participation of Sl}fD in the
biosynthesis of the NiFe hydrogenase 3 in E. coli'’~'* and
similarly of urease’®*' was demonstrated. Both enzymes need
nickel in their catalytic metal center. Because full length SlyD
can bind three to seven nickel ions,*** a function as a nickel
transporter is discussed. During the biosynthesis of the NiFe
hydrogenase different accessory factors are applied.”* SlyD
directly interacts with the nickel-binding accessory factor HypB
via its chaperone domain, inducing a displacement of the bound
nickel ions which are then built into the metal center of the
hydrogenase precursor form.

The chaperone domain itself can bind a wide range of
hydrophobic and positively charged peptides and partially or
fully unfolded proteins. Most of proline-limited refolding
reactions of substrate proteins are catalyzed by the prolyl
isomerase function. Additionally, metal-binding reversibly
inhibits the prolyl isomerase function,”” and the metal binding
properties of the metallochaperone SlyD moved very recently
again into the focus.”** This ubiquitous function of SlyD
requires a high amount of structural flexibility. An appropriate
balance between molecular stability and structural flexibility is a
prerequisite for the proper function of an enzyme. In order to
account for the structure—function relationship of SlyD, we
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analyzed the local thermodynamic stability of SlyD* with
several biophysical methods, especially by using NMR spec-
troscopy. Urea-induced unfolding transitions were monitored
by 2D NMR spectroscopy to reveal stability parameters on a
residue-by-residue basis. Additionally, native state amide proton
exchange experiments show a clear separation of local stability
of the two domains in SlyD*. The residues of the IF domain
strongly deviate in terms of local thermodynamic stability from
residues of the FKBP domain in the absence of denaturant,
providing evidence for its high internal fluctuations, which is
essential for its ubiquitous chaperone activity. At elevated
denaturant concentrations, complete unfolding of SlyD*
occurs. Therefore, for the global unfolding of SlyD* a coupling
of both domains could be revealed and verified by SlyD*-AIF.

B MATERIALS AND METHODS

Materials and Reagents. Urea ultrapure was purchased
from Gerbu (Gaiberg, Germany). All other chemicals were of
analytical grade and from Merck (Darmstadt, Germany), Roth
(Karlsruhe, Germany), or Sigma-Aldrich (St. Louis, MO).

Gene Construction, Protein Expression, and Purifica-
tion. SlyD* (E. coli SlyD*(1—165)) was expressed and
purified as described elsewhere® using a slightly modified
procedure where the crude extract with natively folded SlyD*
was applied onto the nickel ion affinity chromatography
column and then unfolded and refolded while bound to the
column material to wash out tightly bound proteins and
peptides. The sequence of SlyD(1—155) derived from the E.
coli SlyD*(1—165) gene was inserted into the pPETSUMOadapt
vector’® with SUMO as the N-terminal fusion tag arranged with
an N-terminal hexahistidine tag for purification via nickel ion
affinity chromatography. After cleava§e of SUMO with the
highly specific SUMO protease UlpI”” a second nickel ion
affinity chromatography yielded SlyD(1—1S55), which was
further purified by size exclusion chromatography. 'N-labeling
was performed using M9 minimal medium containing 1 g/L
SN-NH,Cl for expression; unlabeled protein was expressed in
dYT medium.

Spectroscopic Measurements. All spectroscopic meas-
urements were performed in SO mM sodium phosphate (pH
7.5) and 100 mM sodium chloride at 15 °C. Fluorescence
spectra were recorded at a JASCO FP-6500 fluorescence
spectrometer. Protein concentrations were determined by
absorbance at 280 nm at a JASCO V-660 absorbance
spectrometer, using the following extinction coefficients: 5788
M™! em™! (SlyD*, SlyD1S5), 4470 M™' cm™" (SlyD*-AIF),
and 2980 M~! cm™ (IF domain). The concentration of urea
was determined by refraction of the solution.*®

NMR Measurements. All NMR spectra were acquired in
50 mM sodium phosphate (pH 7.5), 100 mM sodium chloride,
containing 10% (v/v) D,O, at 15 °C on a Bruker Avance III
600 (proton resonance freqzuency 600 MHz). The spectra were
processed using NMRPipe” and analyzed using NMRView.*

Folding Experiments. Equilibrium urea-induced unfold-
ing transitions were monitored either by fluorescence spec-
troscopy or by NMR spectroscopy. For each data point one
spectrum was measured. Fluorescence spectra were recorded
from 300 to 400 nm after excitation at 280 nm. The NMR
monitored unfolding transitions were performed using two
NMR tubes: one contained natively folded protein and the
other one unfolded protein in 6 M urea. After exchanging a
certain volume of protein solution of each tube 2D 'H/'N-
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Table 1. Thermodynamic Parameters Derived from Urea-Induced Unfolding Transitions of SlyD* and SlyD*-AIF“

SlyD* SlyD*-AIF
TROSY fluorescence TROSY fluorescence
fluorescence spectrab (Zoldak)© fluorescence spectra (Zoldak)©
AGU(HZO), kJ/mol 184 + 0.6 17.7 £ 3.7 14.2 139 + 0.5 13.6 + 14 12
m, kJ/(mol M) 6.9 + 02 8.0 + 1.4 64 32 +0.1 47 £ 0.6 4.6
(D], M 27 22 22 43 29 26

“Unfolding transition curves were measured at 15 °C in 50 mM Na,HPOy4, 100 mM NaCl, pH 7.5. Listed errors result from the nonlinear least-
squares fit to an apparent two-state model. “The depicted stability value is the mean value of the stabilities of all residues from the FKBP domain that
could be fitted by an apparent two-state model (residues colored blue in Figure 1B). “Stability parameters were taken from ref 38. These transition
curves were measured at 25 °C in 100 mM KH,PO,, pH 7.5. “The depicted stability value is the mean value of the stabilities of all residues that

could be fitted by an apparent two-state model.
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Figure 2. '"H/">N-TROSY-HSQC spectra recorded during the urea-induced unfolding of SlyD*. (A) Spectrum of SlyD* in the absence of urea, (B)
in the presence of 5.5 M urea for the unfolded state, and (C) in the presence of 2.2 M urea at the transition midpoint. Unfolding was measured at 15
°C in 50 mM sodium phosphate (pH 7.5) and 100 mM sodium chloride with a protein concentration of 0.67 mM. For some amide protons which
could be analyzed by an apparent two-state model the assignment is indicated in the spectra and respective transition curves are shown in Figure 3.

TROSY-HSQC spectra were recorded after equilibrium has
reached. Data were analyzed according to an apparent two-state
model by nonlinear least-squares fit to obtain the Gibbs free
energy of unfolding AGy (H,0O) as a function of urea using
GraFit S.

Amide Proton Exchange Experiments. H/D exchange
reactions were started by a fast buffer exchange of protonated
SN SlyD* (or '*N SlyD*-AIF) into 100% D, 0, containing 50
mM sodium phosphate (pD 7.5) and 100 mM sodium chloride
at 15 °C. After a dead time of 7 min, a series of 110 2D 'H/
ISN-TROSY-HSQC spectra were recorded during an exchange
time of 73 h. For some fast exchanging amide protons an
additional H/D exchange experiment was performed recording
spectra in intervals of S min. Further H/D exchange
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experiments of >N SlyD* were performed in the presence of
0.62, 1.07, and 1.66 M urea to implement the native-state
hydrogen exchange theory.*' ~** Each amide proton can exist in
two conformations: the open and therefore exchange-
competent state (NH,,) and the closed state (NHg). The
opening and closing rates of protected H-bonds are defined by
kop and ky. The observed exchange rate with solvent molecules
is then described as k.

kO
NH4 = NH, —> NH,,
kcl
The H/D exchange provides amide exchange rate constants key
for each amide proton which were determined by fitting a
single-exponential function to the volume decay of the amide
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Figure 3. Urea-induced unfolding transition curves for selected residues of SlyD* (Ala 4 (A), Ala 48 (B), Glu 18 (C), unfolded residue Unf 3 (D)),
monitored by a series of 2D 'H/"*N-TROSY-HSQC spectra at 15 °C in 50 mM sodium phosphate (pH 7.5) and 100 mM sodium chloride, 10%
D,0 (v/v). Solid lines represent a fit of an apparent two-state model (results are given in Table 1). (A) A direct comparison for transition curves of
the folded (open circles, A4) and unfolded (dashed line, U3) state is depicted.

proton cross-peaks. With the help of k., protection factors P
were determined according to P = k¢, /key with kg, the intrinsic
exchange rate constant derived from peptide models.>® For
well-protected amide protons, the validity of the EX2 regime
was confirmed by additional exchange experiments at pH 6.0
and 9.0 (data not shown).

Exchange processes in the millisecond time regime were
analyzed by fast amide proton exchange monitored by a
modified MEXICO technique based on 'H/“N-HSQC
spectra.’®®” The rate constants for proton exchange ke for
each amide proton were determined by fitting the volume
increase of the amide proton cross-peaks with a double-
exponential function according to Hofmann et al.*’

B RESULTS

Urea-Induced Unfolding Transitions. Thermodynamic
stability of SlyD* and SlyD*-AIF was determined by urea-
induced unfolding transitions monitored by fluorescence
spectroscopy providing data related to previous results”*® and
underlined an unfolding mechanism which follows an apparent
two-state model (Table 1). The presence of nickel ions strongly
increased the overall stability by 9 kJ/mol to 27.1 + 1.3 kJ/mol
(Figure S2) without changing the cooperativity (m = 7.0 + 0.3
kJ/(mol M)). This result was observed for SlyD(1—155),
which was truncated according to the sequence alignment with
TtSlyD (Figure S1) to only have this single metal binding site
found for TtSlyD. SlyD(1—155) shows a comparable stability
to SlyD*.

This apparent two-state scenario of unfolding of SlyD*
monitored by few fluorophores can be analyzed in much more
detail by "H—'SN NMR spectroscopy with residue-by-residue
resolution along the peptide chain. Urea-induced unfolding
transition curves of SlyD* and SlyD*-AIF were detected by 2D
"H/"N-TROSY-HSQC spectra. Signals for the native state
showed a volume decrease of the respective cross-peaks and
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disappeared whereas signals for the unfolded state appeared at a
different chemical shift showing an increasing cross-peak
volume (Figure 2). If the protein follows a two-state
mechanism of denaturant-induced unfolding at equilibrium,
the NMR intensities of all residues should follow the same
transition because they correspond to either the native or the
unfolded population. Such a scenario has been observed for
several proteins including Orf56” and barstar.*” SlyD* deviates
from such a simple two-state mechanism, when comparing the
NMR detected transition curves of individual residues. To
identify residues, which follow and which deviate from two-
state behavior, we analyzed all transition curves assuming an
apparent two-state model, bearing in mind that folding of the
entire ensemble is much more complex. Following this
approach, deviations from two state manifest in very steep
apparent native baselines. These residues experience indeed a
conformational transition at low urea concentrations, and
therefore, this apparent native baseline should not be mistaken
as the real native baseline, which we cannot determine
experimentally for these residues.

One set of residues (Figure 3) provided values for the Gibbs
free energy of around 17.7 + 3.7 kJ/mol by this approach,
which was in agreement with those measured by fluorescence
spectroscopy (Table 1), and therefore we assume for these
residues a cooperative unfolding transition and colored them
blue in Figure 1B. The majority of residues from the FKBP
domain (from Asp 3 to Ser 64) belongs to this set. A direct
comparison of transition curves for the folded and unfolded
state (Figure 3A), however, shows different transition
midpoints, and their cross-point strongly deviates from 0.5
(relative cross-peak volume), which shows already the
limitations of this approach. We did not observe an
intermediate species because no additional cross-peaks in the
2D spectra could be detected (Figure 2A—C). Partially folded
intermediates and additional cross-peaks were indeed observed

dx.doi.org/10.1021/bi2000627 | Biochemistry 2011, 50, 7321-7329
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e.g. during unfolding of p19™NK44 o tANK,*" which is not the
case for the here presented SlyD*.

A second set of resonances within the FKBP domain,
especially residues from f-sheet 33, which follows the linking
residues from the IF domain, and from a-helix a4 exhibited
transition curves with steep apparent baselines for the native
state (purple in Figures 1B and 4). A third set of resonances
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Figure 4. Three representative urea-induced unfolding transition
curves. Curves for selected residues of SlyD* indicated at the structure
were monitored by 2D 'H/"N-TROSY-HSQC spectra at 15 °C in 50
mM sodium phosphate (pH 7.5), 100 mM sodium chloride, 10% D,O
(v/v). The representative residues are also depicted in stick
representation in Figure 1A.

comprises about half of the residues from the IF domain, which
show a very steep linear signal intensity decrease of the cross-
peaks between 0 and 1.5 M urea (magenta in Figures 1B and
4).

Surprisingly, significant differences in curve progression of
these three sets of residues are only apparent between 0 and 2
M urea where the native state population dominates. After the
transition midpoint at higher urea concentrations the transition
curves coincide (Figure 4). Note that the fluorescence detected
urea transition is not sensitive to these events between 0 and 2
M urea, where we find a straight native baseline (see e.g. open
circles in Figure S2).

Urea-induced unfolding transitions monitored by 2D 'H/
N-TROSY-HSQC spectra were also performed with SlyD*-
AIF, which lacks the IF domain and thus represents the
unfolding properties of the isolated FKBP domain. The
majority of the residues followed coinciding unfolding behavior
with a mean value of 13.6 + 1.4 kJ/mol for the Gibbs free
energy and 4.7 + 0.6 kJ/(mol M) for the m value, supporting
data from fluorescence measurements (Figure SB, Table 1). All
of these residues showed well-defined, horizontal baselines for
the native state including the residues from f-sheet 3 and a-
helix a4 (Figure SA). Compared to SlyD*, the extrapolated
Gibbs free energy at 0 M urea and the cooperativity of the
isolated FKBP domain are reduced. The reduction of both
values causes the surprising observation that at about 3 M urea
all SlyD* molecules are unfolded, whereas only about half of
the SlyD*-AIF molecules have unfolded.

An analogous experiment for the isolated IF domain could
not be carried out because of its highly reduced stability under
these conditions. However, the 2D 'H/"N-HSQC spectrum
recorded in the presence of stabilizing 0.5 M ammonium sulfate
displayed two peak populations representing the native and
unfolded states with nearly 30% relative signal intensity for the
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Figure 5. Comparison of NMR-detected urea-induced unfolding
transition of SlyD* (open circles) and SlyD*-AIF (closed circles) of
Leu 147 measured at 15 °C in 50 mM sodium phosphate (pH 7.5) and
100 mM sodium chloride, 10% D, O (v/v). Continuous lines represent
a fit of a two-state model to both transitions.

native state (Figure S3). It is noteworthy that these 30% were
active in a standard chaperone assay (data not shown).

Amide Proton Exchange Experiments. NMR-based
amide proton exchange experiments were applied to measure
the local stability of SlyD* in the absence of denaturants with
residue resolution. First, slow hydrogen/deuterium (H/D)
exchange was detected by dissolving protonated SlyD* in D,O
to follow high local protection. These residues are predom-
inantly located in the FKBP domain (Figure 6B). Most of the
residues of the IF domain exchanged within the experimental
dead time of 7 min and could not be analyzed. Provided that
they were detected, residues of the IF domain showed 1000-
fold reduced protection factors compared to the well-protected
residues from the FKBP domain. Very high protection was
detected for the central S-sheets of the FKBP domain (52—f4)
(Figure 6A). As expected, loop regions hardly showed any
protection. Exchange processes in a time regime of 10—500 ms
corresponding to very low protected amides were accessible
with the modified MEXICO technique (Figure $5).3¢ Some
more residues of the IF domain as well as residues from loop
regions in the FKBP domain could be analyzed by this NMR
technique. The heterogeneity in the protection factors of SlyD*
between IF domain and FKBP domain (Figure 6) indicates a
diversity in the local stability of the two domains.

Native State Hydrogen Exchange Theory. In order to
get a more detailed view on possible folding subunits, the native
state hydrogen exchange theory was applied, which combines
both approaches, H/D exchange and urea-induced unfolding.
H/D exchange experiments in the presence of increasing
denaturant concentrations still enclosing the native state can
reveal folding subunits.”>™>* The calculated free energy of
stabilization AGyp for each denaturant concentration plotted
against the denaturant concentration shows then a different
curve progression and different slope (m value) for residues
from different folding subunits. These m values plotted against
the stabilization energy at 0 M denaturant for each residue
should manifest an arrangement in groups of residues
corresponding to the same folding subunit.

For SlyD*, H/D exchange experiments were performed in
the presence of three different urea concentrations. Only amide
protons well protected in the absence of urea were considered
and therefore only residues from the FKBP domain. As
expected, stability was decreased upon increasing urea
concentrations (Figure S6A). All analyzable residues showed
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Figure 6. Local stability of SlyD* determined by amide proton
exchange experiments at 15 °C in S0 mM sodium phosphate (pH 7.5)
and 100 mM sodium chloride. (A) Protection factors of backbone
amides of SlyD* detected by H/D exchange (blue bars) and fast amide
proton exchange (MEXICO technique, red bars) are shown in a
logarithmic scale. Missing bars indicate either residues that were not
accessible by both exchange experiments or not assigned residues. The
position of the IF domain is indicated at the top. Rectangles symbolize
secondary structure elements (filled rectangeles: [-sheets; open
rectangles: a-helices). (B) Residues with highly protected amide
protons against solvent exchange measured by H/D exchange (P >
10%) are indicated in blue on the structure of SlyD*. Hardly protected
backbone amides detected by fast amide proton exchange with the
modified MEXICO experiment (P < 10%) are shown in red. Residues
not accessible by either H/D or MEXICO because of very fast amide
proton exchange are indicated in gray; amides with missing assignment
or prolines are shown in black.

the same trend. The expected difference for residues of strand
3 and helix a4 compared to other residues from the FKBP
domain during the urea-induced unfolding transitions moni-
tored by chemical shift changes in 2D NMR spectra was not
found in this analysis. Likewise, no clustering of residues into
defined groups, e.g. representing secondary structural elements,
was observed, indicating that the FKBP domain of SlyD*
unfolds uniformly in one folding unit and does not exhibit
folding subunits (Figure S6B).

B DISCUSSION

Amide proton exchange monitored by NMR allows to study
the local stability of proteins. For SlyD*, we found a strongly
reduced stability for the IF domain compared to the FKBP
domain, indicating high local fluctuation required for fast
exchange. These fluctuations might be advantageous for the
chaperon function of SlyD*, which unspecifically binds to
unfolded or partially folded protein substrates.>” Additionally,
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the IF domain also stands out concerning its high dynamics on
a nano- to picosecond time scale monitored by N
relaxation.'® This study also revealed that there has to be a
cross-talk between the two domains not at a structural but at a
dynamic level because substrate binding at the IF domain
increased the local dynamics of the active site in the FKBP
domain at this time scale.

A coupling of the two domains in terms of thermodynamic
stability was also observed by the here presented urea-induced
unfolding transitions. It is worth mentioning that the two
domains of SlyD* are not sequentially arranged along the
primary sequence, but the IF domain is inserted (Leu 75—Asp
120) and the C-terminal residues complete the FKBP domain
comprising f-strand 3 and a-helix. 4. These C-terminal residues
sense the reduced stability of the IF domain up to 2 M urea
(purple in Figure 1B and L147 in Figure 4) by a steeper
baseline compared to most of the other residues of the FKBP
domain (blue in Figure 1B). The thermodynamic coupling
becomes further evident by the addition of Ni**. Divalent
cations bind to SlyD* at the interface of the C-terminal a-helix
4 and the FKBP domain.*** Not only residues from the FKBP
domain but also from the IF domain show increased stability
and a flat baseline in the NMR detected unfolding transitions
(see e.g. M94 of the IF domain in Figure S2A). Physiologically,
it was shown that SlyD is involved in the biosynthesis of NiFe
hydrogenase 3 from E. coli by interacting with the accessory
factor HypB.'"®*® By complex formation between SlyD and
HypB nickel delivery from the nickel binding enzyme HypB is
enforced by the metallochaperone SlyD. At a molecular level,
the PPIase activity of full length SlyD gets reversibly inhibited
by Ni*" ions, and this influence disappears after truncation of
the C-terminus including a-helix 4.** Thus, Ni>* binding
modulates both the thermodynamically and functionally tightly
coupled properties of the IF and FKBP domain.

The residue resolution of the urea-induced unfolding
transitions can be employed to characterize the ensemble
properties of SlyD* at increasing urea concentrations. At the
midpoint of the transition, half of the chains are unfolded, and
this population increases cooperatively toward higher urea
concentrations. The other half of protein chains shows a
heterogeneous behavior between 0 M urea and the midpoint
concerning the IF and FKBP domain. Because of the low
cooperativity of unfolding and the low local stability of the
small IF domain, about half of this heterogeneous population
has an unfolded IF domain at about 1 M urea. At this urea
concentration, the majority of the FKBP domain is folded and a
small fraction has lost f-strand 3 and a-helix 4. Because of the
higher cooperativity of the FKBP domain, this heterogeneity
reduces above 1 M urea and vanished at the midpoint of the
transition at 2.2 M urea. Above 2.2 M urea, the native
population cooperatively decays until all chains are unfolded. In
summary, the two domains of SlyD* do not unfold like two
independent beads on a string but show a coupled
thermodynamic stability possibly because the IF domain is
inserted in the primary sequence. At low urea concentrations, a
fraction of the SlyD* molecules unfold in the IF domain, f-
strand 3 and a-helix 4. This fraction depopulates at increasing
urea concentrations.

The gene-3-protein from the tip of fd phage has also an
inserted second domain (N2), and the C-terminus completes
the tertiary structure of the N1 domain. N2 is less stable than
N1, but because of its high cooperativity, it completely unfolds
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at low urea concentrations within the native baseline of N1.
Therefore, equilibrium unfolding of N1 is not affected by N2
and superimposes with the transition of isolated N1.** On the
other hand, H/D exchange of the native state at 0 M urea
shows that the stability of both domains are coupled because
both domains show equally high protection factors correspond-
ing to the Gibbs free energy of unfolding derived from the urea
transition.”> In the case of the two domain protein yeast
hexokinase isoenzyme ScHXk2, where both domains are
formed by discontinuous peptide sequences, the ensemble of
chains also shows heterogeneous urea dependence, where a
very stable unfolding intermediate populates, where only parts
of both domains are still folded.*®

During the urea induced unfolding transitions monitored by
NMR, no additional cross-peaks were observed, which might
indicate the population of a homogeneous ensemble of a
folding intermediate at equilibrium. Such additional cross-peaks
could be observed for example for pl9INK4d and tANK, which
verified a folding scheme of U & I & N.24%*! In both cases,
the N-terminal helices showed reduced thermodynamic
stabilities and were unfolded in I, whereas the C-terminal
helices were already in place. Therefore, we can again exclude
for the here studied SlyD* a mechanism, where the IF domain
cooperatively unfolds at low urea concentrations and the FKBP
domain remains folded.

The thermodynamic coupling of the IF and FKBP domains
has also implications for their functional interplay. The prolyl
isomerase activity is significantly enhanced in the presence of
the IF domain. The earlier observed loose orientation of both
domains relative to each other is consistent with very low
protection for amides in the linker region between the two
domains. The high degree of local fluctuations is carried
forward within the IF domain. High opening and closing rates
of secondary structure elements in the IF domain might be the
prerequisite for the proper function as a ubiquitous applicable
chaperone to bind peptides and proteins of nearly all size and
shape.” It is already known that SlyD* can bind a wide range of
hydrophobic and positively charged substrates and prevent
them from aggregation.***™>° The structural plasticity within
the IF domain is a well-known feature for chaperones to
promote promiscuous substrate binding although this leads to a
reduced thermodynamic stability. Various chaperones over-
come this problem by different approaches. HdeA, a chaperone
that prevents acid-induced protein aggregation, also shows a
disordered, partially unfolded substrate binding site which is
hidden in the dimeric state at the dimer interface and therefore
stabilized.>' Monomeric, functional HdeA is only present at low
pHs. On the other hand, the conformational variability is
achieved by intrinsically disordered protrusion segments that
are formed upon oligomerization as seen for group II
chaperonins.*
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(Figure S2); urea-induced unfolding transition curves of
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data to underline that no clustering into folding subunits takes
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(Figure S6). This material is available free of charge via the
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