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The 90‐kDa heat shock proteins [heat shock protein 90 (Hsp90)] are a highly
conserved ATP-dependent protein family, which can be found from
prokaryotic to eukaryotic organisms. In general, Hsp90s are elongated
dimers with N- and C-terminal dimerization sites. In a series of
publications, we have recently shown that no successive mechanochemical
cycle exists for yeast Hsp90 (yHsp90) in the absence of clients or
cochaperones. Here, we resolve the mechanochemical cycle of the bacterial
homologue HtpG by means of two‐ and three‐color single‐molecule FRET
(Förster resonance energy transfer). Unlike yHsp90, the N-terminal
dynamics of HtpG is strongly influenced by nucleotide binding and
turnover—its reaction cycle is driven by a mechanical ratchet mechanism.
However, the C-terminal dimerization site is mainly closed and not
influenced by nucleotides. The direct comparison of both proteins shows
that the Hsp90 machinery has developed to a more flexible and less
nucleotide-controlled system during evolution.
© 2012 Published by Elsevier Ltd.
Introduction

In virtually all living organisms from time to time,
cells experience elevated temperatures or other
stresses such as mechanical stress, water depriva-
tion, noxious compounds, infection, or inflamma-
tion. The necessity to protect cells from such stresses
led to the development of a class of proteins called
heat shock proteins.1 One of these proteins is the
artment (E22a),
chnische Universität
y. E-mail address:

shock protein 90;
nsional.

ublished by Elsevier Ltd.
heat shock protein 90 (Hsp90) (reviewed in Refs.
2–5), which is structurally highly conserved over a
large variety of organisms but seems to have
evolved significant differences in respect to their
molecular mechanism and functionality.6 In many
eukaryotes, Hsp90 is essential in unstressed cells;
thus, a knockout of Hsp90 is lethal for eukaryotic
organisms, while it is not lethal for prokaryotes. Up
to now, cochaperones of Hsp90 are only known in
eukaryotic systems.
Hsp90s are homodimers, each protomer consist-

ing of three domains: an N-terminal nucleotide
binding domain, a middle domain, and a C-terminal
dimerization domain. Several of these domains
undergo large conformational changes with respect
to each other. The N-terminal conformational
changes of the eukaryotic yeast Hsp90 (yHsp90)
have recently been investigated. Although closing of
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the N-terminal domains was observed in the
presence of the unnatural nucleotide AMP-PNP,
natural nucleotides do not cause measurable closing
of the dimers.7 Moreover, the N-terminal confor-
mational changes of yHsp90 are hardly coupled to
the turnover of nucleotides.8 Therefore, no succes-
sive reaction cycle exists for yHsp90, but this protein
is thermally driven through a network of states
(including C-terminal open and closed states).9

In contrast, studies on HtpG (the bacterial homo-
logue of yHsp90) show that ATP is strongly coupled
to large conformational changes.10–12 To investigate
the details of the conformational dynamics of HtpG
and its nucleotide dependence, we used a three-color
single‐molecule FRET (Förster resonance energy
transfer) setup similar to the studies on yHsp90. We
could indeedobserve large conformational changes in
several domains of HtpG upon ATP turnover. Most
interestingly, ATP fixes a closed state that was
previously reached by thermal fluctuations—such a
mechanism is called a mechanical ratchet (for an exact
definition, see Supplementary Text and Supplemen-
tary Fig. 10). However, the C-terminal domains of
HtpG are closed most of the time without being
affected by nucleotide binding. Therefore, we find a
large difference in the mechanisms of yHsp90 and
HtpG, although they are structurally homologous.
This sheds a new light onto the evolution of theHsp90
family, which obviously went from the quite strictly
nucleotide-regulated HtpG to the randomly fluctuat-
ing yHsp90, whose conformation is only weakly
affected by nucleotides.
Results

Nucleotides regulate the large N-terminal
conformational changes of HtpG

To investigate the conformational dynamics and
the nucleotide dependence of HtpG, we used the
single‐molecule assay previously described for
yHsp90.8,9 Different HtpG cysteine mutants, which
have cysteines in either the N-domain (61C) or the
middle domain (341C) or two cysteines within one
monomer (61C and 341C), have been used (Fig. 1,
left); these positions are homologous to the positions
61 and 385 used in yHsp90. All the mutants had a
coiled‐coil motif added to their C-terminus to keep
the two monomers in close proximity as described
previously8,13 and show wild‐type ATPase activity
(Supplementary Table 1). The mutants with cysteine
in different monomers were simultaneously labeled
with Atto550 and Atto647N dyes and then biotiny-
lated. The mutant with two cysteines in one
monomer was also simultaneously labeled with
these two dyes, and then, the labeled monomers
were exchanged with biotinylated HtpG to get
heterodimers (for detailed protocols, see Supple-
mentary Information). This results in heterodimers
with one biotinylated and the other labeled with two
dyes. Homodimers of dye‐labeled monomers did
not attach to the substrate while homodimers of
biotinylated monomers gave no fluorescence signal.
Excitation of the donor dye (Atto550) leads to a

distance‐dependent energy transfer to the acceptor
dye (Atto647N). From the intensities of the two
dyes, the FRET efficiency was calculated as de-
scribed previously.8 This FRET efficiency is linked
to the distance between the dyes and therefore to the
conformational state. Incomplete labeling did not
disturb the measurement because proteins that
carried no dye or the same dye twice showed no
FRET signal at all and were therefore ignored. This
allowed the real‐time observation of the movement
of the N-terminal and middle domains, as well as
the movement within a single monomer of Hsp90.
Characteristic FRET efficiency curves are shown in
Fig. 1 (right). All the obtained FRET efficiencies for
one experimental condition were collected and
plotted in histograms as shown in Fig. 2. In those
plots, the different occurring conformational species
can be distinguished since the FRET signal is not
averaged as in bulk measurements. All histograms
in Fig. 2 have their main peaks at FRET efficiencies
higher than 0.5, which means that HtpG stays
mainly in a compact, closed state. This is a clear
contrast to yHsp90, which stays more in the open
state under natural nucleotide conditions.8

In the absence of nucleotide, theN-terminal domain
is more or less continuously moving (Fig. 1a, the
typical slight upward trend is discussed later),
without staying in the open or closed state. This
leads to values over the whole range in the corre-
sponding FRET histogram (Fig. 2a). In contrast, the
middle domains are mainly closed with rare
opening events (Fig. 2b). The movement between
the N-terminal domain and the middle domain
within a monomer in the absence of nucleotides
(Fig. 2c) is less pronounced; it is mainly fixed with
no large movement of the domains relative to each
other. Nevertheless, it becomes even less flexible
upon the addition of ATP (Fig. 2f) or ADP (Fig. 2i),
which both have smaller peak widths compared to
Fig. 2c. Altogether, in the absence of nucleotide, the
N‐domain shows large conformational fluctuations,
whereas the middle domain stays mainly in a
closed state.
In the presence of 2mM ATP, the situation

changes considerably; in essence, the N‐domain
and the M‐domain are now permanently closed
(Figs. 1b and 2d) and the monomer chains become
very rigid. This can be seen by a single sharp high
FRET peak for the N–Ndomain distance (Fig. 2d), as
well as for the N–M intra-monomer distance
(Fig. 2f). Surprisingly, the middle domain shows a
few opening events, which can be seen on the “tail”



Fig. 1. Schematics of HtpG constructs and FRET example traces. The left side shows the position of the dyes and the
conformational transitions investigated. In the middle column, the fluorescence raw data are shown (red, acceptor; black,
donor), and on the right side, the obtained FRET efficiencies are depicted. (a) Without nucleotide, the N-terminal domain
is wobbly without showing discrete state transitions. (b) With ATP, the N-terminal domain stays mainly in the closed
state (here, for about 365s until the dye bleaches). FRET efficiencies after bleaching are not evaluated and therefore not
shown. (c) With ADP, the M-domain shows quite slow transitions between a discrete open state and a closed state. See
Fig. 2 for a full account of all combinations of nucleotide conditions and domains.
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of lower FRET efficiencies in Fig. 2e (for an example
curve, see Supplementary Fig. 1). Thus, a rare “O-
like” form of HtpG exists in the presence of ATP.
Altogether, ATP leads to a mainly closed conforma-
tion, with occasional flexibility in the middle
domain.
In the presence of 2mM ADP, again, conforma-

tional dynamics can be observed. In contrast to the
situation without nucleotide, well‐defined confor-
mational states can be found—mainly, one open
state and one closed state. Rarely, a third state with a
FRET efficiency of around 0.5 can be observed (an
example curve is shown in Supplementary Fig. 2).
Furthermore, conformational transitions between
the two major populated states occur (Fig. 1c).
These transitions are very slow for proteins: the
dwell times are around 25s and even more (see
Supplementary Information for details). Thus, only
a very small amount of dwell times could be
extracted, and we have to restrict ourselves to a
qualitative discussion of the kinetics in the presence
of ADP. The energy barrier that separates those
states has to bemuch larger than the thermal energy.
In contrast to the situation in the absence of
nucleotide, the conformational changes are not
limited to the N-terminal domain, but the N‐ and
M‐domain movements seem to be correlated. This
can be seen by the fact that the FRET histograms for
both domains (Fig. 2g and h) show two states
approximately equally distributed, and also, the
obtained FRET time traces for both processes show
long dwell times (Fig. 1c and Supplementary Fig. 3).
These data allow a reaction cycle for HtpG to

be formulated. In the nucleotide-free state, the
M‐domain is mainly closed while thermally driven
random movement of the N‐domain occurs as there
is no other energy source. After addition of ATP,
HtpG isfixed into an overall closed and rigid state. In
the presence of ADP (i.e., after hydrolysis), HtpG can
slowly switch between defined open and closed
states.
In addition, of that, the FRET histograms allow the

estimation of the distances between the dyes. These
values should only be taken as estimates since several
factors impact the exact conversion from FRET
efficiencies to distances.14 Free rotation of the dyes
was confirmed by fluorescence anisotropy measure-
ments (Supplementary Table 4). Nevertheless, rela-
tive distance changes are generally reliable and
distances determined by FRET have been self-
consistent and in good agreement with crystal
structures in the past.8,9,15 The obtained distances
for HtpG are given in Supplementary Table 2. The
distance between the dyes at the N-termini in the
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closed state is 4.9nm without nucleotide and in the
presence of ADP, whereas after ATP binding, it is
around 4.3nm and thus more compact. Without
nucleotides, the FRET efficiency values fall to around
0.2 corresponding to a distance of 8nm. An extremely
extended structure as described recently16 would
result in zero FRET efficiency. If at all, such a widely
open structure only rarely exists (Fig. 2a shows a few
data points around zero FRET efficiency) and can
therefore be neglected in the following. The closed
state of the middle domain shows a distance of
approximately 5.5nm between the cysteines at
position 341, while the cysteines at the C-terminal
position 521 are separated by about 5.2nm.

HtpG is driven by a mechanical ratchet
mechanism

How does ATP binding and hydrolysis drive
these conformational changes? In general, there are
two major possibilities, either ATP binds to the open
state of HtpG and forces it into the closed state or
HtpG moves into the closed state by thermal
Fig. 2. Conformational changes of HtpG domains upon add
the various constructs and nucleotide conditions are depicte
integral of 1), and the x-axes show the FRET efficiencies. (a–c) W
no discrete state transitions, whereas the middle domains are
together and the monomers are very stiff, whereas with ADP
schemes on the upper row show the underlying conformatio
rarely occupied. The number of data points in each graph ran
17,000 (N=98 molecules) (i).
fluctuation where ATP binds and fixes HtpG there.
The first model is often referred to as power stroke;
the second, as mechanical ratchet (see Supplemen-
tary Fig. 10 for details).

In order to gain more information about the
underlying mechanisms of HtpG, we performed
three-color FRET measurements with 1μM labeled
ATP, similar to those performed recently for
yHsp90.15 Such high concentrations of labeled
ATP are necessary because the dissociation constant
for ATP is higher for HtpG compared to yHsp90 and
they became possible by further improving the
three‐color FRET setup utilized for our yHsp90
studies. The HtpG was labeled at position 61 with
Atto488 on one monomer and with Atto550 on the
other monomer. The ATP was labeled at the γ
position via a C-6 linker with Atto647N. The labeled
ATP is hydrolyzed by HtpG 61C with wild‐type
activity (Supplementary Fig. 4). A schematic repre-
sentation can be seen in Fig. 3c (right). These
measurements simultaneously show the conforma-
tional and nucleotide binding dynamics of HtpG.
Furthermore, they permit the direct detection of the
ition of nucleotides. Histograms of the FRET efficiencies for
d. The y-axes show relative numbers (normalized to an
ithout nucleotide, the N-domain is very flexible showing

mainly closed. (d–f) With ATP, both dimers are quite close
(g–i), two clear states (one open and one closed) exist. The
nal states. Dark blue is highly occupied and light blue is
ges from more than 4000 (N=32 molecules) (a) to almost

image of Fig.�2


Fig. 3. Coordination between ATP binding and the open–close kinetics of HtpG. (a) Fluorescence signal versus time for
a three‐color FRET curve (green is Atto488 attached to one HtpG monomer at position 61C, orange is Atto550 attached to
the other HtpG monomer at position 61C, and red is Atto647N attached to the ATP). The three fluorescence signals are
converted into two partial fluorescence signals (b) by dividing the acceptor 1 (black) and the acceptor 2 (blue) signals by
the total signal. Two types of binding curves can be observed, a fast binding and release dynamics (b) and a quite stable
binding of ATP (Supplementary Fig. 7). The partial fluorescence intensities are plotted in 2D histograms (c) where the
closed state without (1, yellow) and with (2, magenta) ATP bound can be separated (red square is one data point, and
yellow is two or more data points for that pixel; the overall number of data points is 2000 from N=20 molecules). The
green/brown broken circles indicate where the open state with/without ATP would occur (see Ref. 15 and
Supplementary Fig. 9). The boxes with the Hsp90 schematics show the different possible states. The underlying colors
also mark the position of every state in the 2D histogram (d) and in the example curve (b). (d) Bulk measurements of
fluorescently labeled ATP (acceptor, red trace) binding to HtpG (donor, black trace). The broken lines are a global fit of the
data with a time constant of 70±27s (the error was estimated from three independent measurements). This slow binding
process occurs because HtpG has to move into the N-terminal closed state before ATP can bind.
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coupling between both processes and, therefore,
give the causal order of reaction steps. From the
three fluorescence intensities (Fig. 3a), two partial
efficiencies are obtained (see Supplementary Text),
which are best represented in two-dimensional (2D)
FRET histograms (Fig. 3c).17,18 The fluorescence
traces are selected by a threshold criterion in the
Atto647N detection channel (which reflects ATP
binding) and subsequent manual inspection.
The first finding is that the fraction of HtpG

dimers showing ATP binding is less than one‐tenth
of the fraction observed for yHsp90, which already
suggests that not all conformational states are
binding competent. Indeed, only single‐molecule
traces similar to the example in Fig. 3a and b could
be obtained. The high acceptor 1 signal (black) in
between the binding events in Fig. 3b clearly shows
that ATP binding (high acceptor 2 signal; blue) takes
place only in the closed state. These curves result in
two peaks in the 2D histograms for the closed state
without (yellow) and with (magenta) ATP (Fig. 3c).
The position and shape of the peaks is equal to those

image of Fig.�3
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obtained for yHsp90 (see Ref. 15 and Supplementary
Fig. 9). Binding of ATP in the open state was never
observed in the more than 5000 observed molecules.
The open states would occur at the bottom left of

the 2D histogram. In the case of yHsp90, the open
apostate was within the orange broken circle and the
open ATP‐bound state was in the green broken
circle (Ref. 15 and Supplementary Fig. 9). There is no
significant number of data points for HtpG. There-
fore, HtpG binds ATP only in the N-terminally
closed state and has to convert into the closed
binding‐competent state before ATP binding can
take place. We cannot exclude occasional binding of
ATP to the open state at very high ATP concentra-
tion, but this is irrelevant for the mechanochemical
cycle, as the affinity is at least 3 orders of magni-
tude lower and therefore negligible compared to
the binding in the N-terminal closed state. Our
data eliminate models where ATP bound to the
N-terminal open state forces HtpG into the closed
state (see Discussion for more details). Thus, the
large conformational changes of HtpG are caused by
a ratchet mechanism not by a power stroke.
Figure 3d shows bulk measurements of the ATP

binding with 1μM labeled HtpG and 10μM labeled
ATP. The obtained curve shows an effective binding
rate, around 1/70s. To exclude artifacts caused by
fluorophore physics, we repeated the measurements
with unlabeled HtpG and labeled ATP, as well as
with labeled HtpG and unlabeled ATP (same
concentrations as above). Neither of the control led
to any signal change (Supplementary Fig. 5). The
effective binding rate (~1/70s) is far slower than
ATP binding to the closed state itself (few seconds)
as can be seen in Fig. 3a and b. Thus, as predicted by
our ratchet mechanism and discussed in detail
Fig. 4. Stability of the C-terminal dimerization for HtpG. (a
mainly closed (high FRET efficiency around 0.8) with rare ope
No significant effect of nucleotides can be seen. Blue circles, A
13,000 data points); green triangles, no nucleotide (total of 10,
natural nucleotides on monomer exchange (dark curves are do
without nucleotide, red is with 2mM ADP, and green is with
relevant for C-terminal dimerization stability. Only the unna
slowdown of the exchange rate (black).
below, ATP binding is limited by the transition
into the closed binding‐competent state (with a rate
of ~1/70s).

The C-terminal dimerization site is not
influenced by nucleotides

In the case of yHsp90, we recently described a
C-terminal opening and closing on the timescale of
seconds in addition to the N-terminal conforma-
tional changes. The opened–closed equilibrium was
regulated by nucleotide binding at the N-terminus,
demonstrating an N- to C-terminal communication
in yHsp90.9 To check if similar effects can be found
in HtpG, we used an HtpG mutant without a zipper
and with a cysteine in the C-terminal domain
(521C), which also showed wild‐type ATPase rate
(Supplementary Table 1). The HtpG mutant was
labeled and encapsulated in lipid vesicles as
described previously for yHsp90.9

Figure 4a shows the FRET histograms for the
C-terminal domain under various nucleotide condi-
tions. The C-terminus is not affected by nucleotides,
staying mainly in the closed state and only rarely
can it be found in the open state (some values can be
seen at lower FRET efficiencies in Fig. 4). This is in
contrast to the situation in yHsp90 where rich
C-terminal dynamics on the timescale of seconds
was found. Moreover, in yHsp90, we found that the
N- and C-terminal dynamics are anti-correlated,
resulting in slow monomer exchange, with a time
constant of around 1000s, despite opening rates at
the N-terminus and the C-terminus in the range of a
few seconds. To test if similar effects can be found
for HtpG, we performed monomer exchange exper-
iments by mixing two differently labeled HtpG
) Single‐molecule data show that the C-terminal domain is
ning events (few events at low FRET efficiency close to 0).
DP (total of 22,000 data points); red squares, ATP (total of
000 data points). (b) Bulk measurements show no effect of
nor signal and bright curves are acceptor signal; yellow is
2mM ATP). Therefore, the N-terminal conformation is not
tural nucleotide AMP‐PNP (2mM) leads to a significant

image of Fig.�4


Fig. 5. Comparison and evolution of HtpG and yHsp90 reaction cycles. (a) ATP causes the closure of HtpG by a
mechanical ratchet mechanism. ATP binds after N-domain closure and fixes this state (2→3). Thus, the system proceeds
in ordinal succession through the states 2, 3, and 4. The C-terminal domains are mainly closed. (b) In contrast for yHsp90,
no successive reaction cycle exists. The protein diffuses in random order through a network of states including N- and
C-terminal opening and closing. The underlying energy landscapes are shown in Supplementary Fig. 8 and the rates are
given in Supplementary Table 3.
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species and measured the FRET signal upon
formation of heterodimers (Fig. 4b), as described
previously.9 For HtpG, the effective mean exchange
time is around 150s (for details, see Supplementary
Text) and thus faster than in the case of yHsp90,
although the C-terminal dimerization is stronger.
We repeated the measurement with 10× lower
concentration to exclude that the measurement is
diffusion limited and indeed found the same result
(Supplementary Fig. 6). Only the nonnatural nucle-
otide AMP-PNP led to a strong slowdown of the
exchange rate.
In summary, in contrast to yHsp90, no effect of

natural nucleotides could be found on the exchange
process or the C-terminal dynamics. Furthermore,
the N-terminal dimerization state, which is changed
by nucleotides, does not influence the exchange rate,
which means that even complete N-terminal closing
as in the presence of ATP does not alter the exchange
rate. Thus, no N–C communication of the type
found in yHsp90 exists in HtpG.
Discussion

In this work, we dissected the mechanochemical
cycle of HtpG, the bacterial homologue of yHsp90.
Most interestingly, the turnover of ATP causes large
conformational changes of the N-terminal domain in
HtpG, while the N-terminal conformational changes
are onlyweakly coupled to ATP turnover in yHsp90.
As discussed in the following, HtpG is driven by a
ratchet mechanism, while yHsp90 is dominated by
thermal fluctuations, which sheds a new light on the
evolution of this important heat shock protein.
Figures 1 and 2 show that HtpG occupies many

states and is very flexible in the N-domain without
nucleotide and becomes rigidly closed upon binding
of ATP. In the presence of ADP, a slow thermally
driven transition between well‐defined opened and
closed states can be found. These results are consistent
withHD(hydrogen–deuterium) exchangedata,where
high flexibility was observed in the nucleotide-free
state while significant stabilization was observed in
the presence of ATP, especially in the N-domain.11

The kinetics of the HtpG mechanochemical cycle
was further dissected with our three-color FRET
experiments (Fig. 3). A schematics of this cycle is
depicted in Fig. 5a. The apo‐HtpG (no nucleotide)
has to reach the closed state via thermal fluctuations
(1↔2) in order to be able to bind ATP (2↔3) with
high affinity. At physiological ATP concentrations,
binding of ATP (2→3) is then much faster than the
N-terminal opening (2→1) and HtpG therefore
stays mainly in the closed state. Some of the ATP
is then fixed and committed for hydrolysis (3→4).
This step is rate limiting for the steady‐state ATPase,
and the similarity of the timescales between the
ATPase and the closing is coincidental. The amount
of committed ATP was determined to be around
15% from HD exchange data.11 Such a committed
state would require the occasional transition from
weakly bound ATP to strongly bound ATP, which
then awaits slow hydrolysis—indeed, we observe
the occasional long binding of ATP in our FRET
assay (e.g., see Supplementary Fig. 7). Finally, HtpG

image of Fig.�5
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is left in the ADP-bound state (4↔5), where the
N‐domain and the M‐domain move together and
thus a kind of hinge exists between the C‐domain
and the M‐domain. Indeed, an increase in flexibility
upon ADP binding could also be found by HD
exchange.11 In summary, the system proceeds in an
ordinal cycle through the states 2, 3, and 4. Here, the
rate constants can only be given as rough estimates
since either no discrete transitions (apostate) or too
few transitions (ADP state, ATP binding) could be
observed for a quantitative analytics. Nevertheless,
at least the order of magnitude of the temporal
transitions can be given here.
ATP binding in the open state with subsequent fast

closure, altogether taking less than 100ms (the time
resolution of our setup), can also be excluded. In this
case, we would observe single‐molecule traces where
a closed state with bound ATP follows an ATP‐free
open state, which we never observed. Finally, we can
exclude that HtpG opens after ADP release, binds
ATP, and is closed by a power stroke, all within less
than 100ms. In this case, bulk experiments would
show an immediate (b100ms) transition to the closed
state after addition of ATP, but it was shown that this
process takes around 1min.11

This cycle is in strong contrast to the situation in
yHsp90, where nucleotides can bind in either the
open or the closed state without directing large
conformational changes.15 Thus, yHsp90 does not
showan ordinal reaction cycle, but the proteinmainly
diffuses through a network of states in random order
(Fig. 5b). Another striking difference between HtpG
and yHsp90 can be found in the different properties
concerning the C-terminal domain. In HtpG, the
C-terminal domain is mainly closed and unaffected
by nucleotide binding at the N-terminus, whereas in
yHsp90, C-terminal dynamics that is influenced by
nucleotide binding was found. Such dynamics
require N–C communication in yHsp90 causing
anti-correlated N‐ and C-terminal movements. Con-
sequently, yHsp90 dissociates slowly (τ≈1000s)
despite the fact that N‐ and C-terminal ends open
frequently. HtpG dissociates considerably faster,
even in the ATP‐bound (N-terminal closed) state.
This suggests that the N-termini are not entangled in
the natural cycle. Only with AMP-PNP is the
dissociation strongly reduced, pointing toward an
entangled state similar to the crystal structure of
yHsp90 with AMP-PNP.
In SupplementaryTable 2,we compare the obtained

values for the distances in between various amino
acids in view of the yHsp90 crystal structure in the
presence of the non‐hydrolyzable ATP analogue
AMP-PNP and the cochaperone p23/Sba1.19 The
distance between the N-terminal cysteine in the
yHsp90 crystal structure is 7.1nm and thus bigger
than the measured values for HtpG (4.3nm). This
indicates that the N-terminal domain seems to be
differently oriented than in the yHsp90 crystal. In our
opinion, this can only be explained by somekind ofN-
terminal rotation compared to the yHsp90 crystal
structure. The distance for the middle domain at
position 341C is 2.4nm in the yHsp90 crystal, and
thus, HtpG is more extended or also rotated in the
middle domain. The C-terminal cysteines in yHsp90
have a distance of around 4.7nm, in good agreement
with the measured values. Taken together, the C--
terminal orientation seems to be similar in HtpG and
yHsp90, whereas the M‐domain and the N-domain
are differently oriented in HtpG compared to the
AMP-PNP‐bound yHsp90. Within the uncertainty of
the measurements, the HtpG structures based on
small‐angle X‐ray scattering (see Supplementary
Table 2) are also consistent with our measured values
if a rotation of theN-terminal domains is assumed. For
a more detailed discussion, see Supplementary Text.
What could be the advantage of the observed

increased flexibility and only marginal control by
nucleotides for yHsp90 compared to HtpG? First, a
flexible protein can adapt to different types of
substrate with greater ease than a rigid one. This
might be important since the number of different
proteins that have to be protected from aggregation
upon heat shock is bigger for yHsp90 compared to
that forHtpG.20–22 Second,HtpGwas recently shown
to wrap around a substrate.23 Such an “enclosing” of
substrates could be much easier for the more flexible
yHsp90. Third, more flexible chaperones (i.e., pro-
teinswith shallow energybarriers) can bemuch easier
controlled by cochaperones. Since the different
conformational states are separated by only shallow
energy barriers, small binding energies are sufficient
to significantly shift the conformational equilibrium.
This might explain why no cochaperones for HtpG
are known whereas a large number of these proteins
are known for yHsp90. Additionally, it could explain
why cochaperones with very little binding energies
such asAha1 or p23 (both have dissociation constants
in the lowermicromolar range24,25) are able to control
the conformation of yHsp90.
In this context, what might be the advantage of the

more pronounced C-terminal dynamics in yHsp90
compared to HtpG? Our data allow us to speculate
that the additional C-terminal opening in yHsp90
effectively increases the accessible surface of the
protein, providingmore possibilities for client binding.
Furthermore, it allows the substrate to enter from two
sides of the inner part of the protein, which is thought
to be the client binding region. Thus, C-terminal
opening increases the modes of substrate binding and
might allow processing of a greater variety of clients.
Finally, the anti-correlated movement in between

the N-terminus and the C-terminus hinders yHsp90
from falling apart despite the high flexibility. This is
very important because monomers are not function-
al in vivo.13 Thus, this anti-correlation effectively
increases the amount of dimer and, thus, the overall
chaperoning efficiency in the cell.
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We can only speculate on the remaining questions,
namely, why did the obvious evolution from a
nucleotide‐regulated ordered mechanism toward a
random fluctuating network of states takes place?
Why the controlled mechanism of HtpG had to be
replaced by the randomfluctuation of yHsp90?Aswe
already pointed out above, the number, as well as the
size, of the proteins in the cell increased from bacteria
to yeast. Therefore, a more effective chaperoning
might be necessary. Another observation is that the
role of Hsp90 in the cell seems to have changed from
bacteria to yeast. Thus, Escherichia coli without the
HtpG-encoding gene is still viable, but yeast does not
survivewithout any functionalHsp90. Finally, a lot of
the known yHsp90 substrates are involved in cell
regulation and signal transduction. Thus, in eukary-
otic cells, Hsp90 has a more important role in cellular
processes, which might have caused an evolution
toward a more sophisticated chaperone system.
In summary, we observe a clear change in protein

mechanism between the prokaryotic HtpG and the
eukaryotic yHsp90. yHsp90 has a higher N-terminal
flexibility, a new C-terminal dynamics, and an anti-
correlation between N- and C-terminal dynamics to
increase its potential to bind various substrate
proteins and, at the same time, stay in its functional
dimeric form. Although we do not know which
evolutionary pressure lead to this type of change in
the protein mechanism, our findings show that
noisy systems, which have smaller energetic differ-
ences in between their conformational states, can be
favorable since they can adopt much better to
changing tasks and show a greater functionality.
Materials and Methods

Cloning, expression, and protein purification

Cloning, expression, and purification were performed
as described previously11,26 and detailed in Supplemen-
tary Information.

Protein labeling and biotinylation

The protein was labeled by maleimide chemistry as
described previously.8,9 The labeling efficiency was
checked by measuring the dye and protein concentration
by UV/Vis absorption spectroscopy. The labeling effi-
ciency was close to 100% (±15%). Biotinylation was
performed as described previously.8 For more detailed
information, see Supplementary Information.

Bulk measurement of ATP binding

Fluorescence measurements were performed with a FP-
6500 fluorometer (Jasco, Easton, MD, USA). The HtpG
labeled at the cysteine at position 61 without C-terminal
zipper was pre-incubated at 30°C at a concentration of
1μM in the cuvette. After 2min of pre-incubation, 10μM
Atto647N‐labeled ATP at γ position (Atto Tec, Siegen) was
added to the protein. The sample was excited at 532nm
and the fluorescence was detected at 580nm and 675nm.
Bulk measurement of monomer exchange

HtpG was pre-incubated at a concentration of 500nM
for each monomer (50nM, respectively, for the measure-
ment shown in Supplementary Fig. 5) without or with
2mM ADP/ATP/AMP‐PNP at 30°C for 15min to reach
equilibrium. Then, the two differently labeled monomers
were mixed 1:1 with a final concentration of 250nM
(25nM). The exchange was followed by measuring the
fluorescence intensities of the donor (580nm) and the
acceptor (675nm) after donor excitation (530nm).

Single‐molecule measurements

All single-molecule fluorescence measurements were
performed in a custom‐built prism-type total internal
reflection fluorescence microscope equipped with three
lasers [473nm Cobolt Blues, 50mW (Stockholm, Sweden);
532nmCompass 215M, 75mW(Coherent Inc., Santa Clara,
CA, USA); and 635nm LPM635-25C, 25mW (Newport,
Irvine, CA, USA)]. The excitation intensity was around
2mW at the measurement chamber for all measurements.
The setup is furthermore equipped with an Acusto Optical
Filter (AOTFnC-Vis; AAOptics, Orsay Cedex, France),
which was triggered by the camera switching on the laser
light only when the camera was collecting light. For the
two‐colormeasurements, the samplewas illuminatedwith
the 532‐nm laser. For the measurement of the N-terminal
dynamics of HtpG, the sample was illuminated 200ms
every second in the case of inter-domain measurements
and 200ms with a 20‐ms delay time in the case of intra-
monomer measurements (to minimize photo degradation
of the dye and to optimize the observation times). The
measurements were analogous to those of Mickler et al.8

The C-terminal dynamics was recorded with 200ms
camera illumination and 20ms delay with green‐laser
excitation (532nm). The measurements of C-terminal
movement were analogous to those of Ratzke et al.9 For
the three‐color measurements, the sample was illuminated
with the 473‐nm laser with 200ms illumination and 20ms
delay times. The detection and analysis are described in
Supplementary Information.
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