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The highly conserved 90 kDa heat shock protein (Hsp90)
chaperones use ATP to regulate the stability and activity of
many signalling molecules like protein kinases and tran-
scription factors. Studies using crystallography, electron
microscopy and small-angle X-ray scattering yielded con-
troversial results for the conformational states that these
dimeric multidomain proteins assume while progressing
through the ATPase cycle. To better understand the mole-
cular mechanism of Hsp90 proteins, we studied the con-
formational dynamics of the Escherichia coli homologue
HtpG in solution using amide hydrogen exchange mass
spectrometry (HX-MS) and fluorescence spectroscopy.
A conformation-sensitive fluorescent probe allowed to
elucidate the ATPase cycle of HtpG. Continuous-labelling
and pulse-labelling HX-MS experiments revealed major
ATP-induced conformational changes throughout the pro-
tein that do not occur simultaneously, but progress sur-
prisingly slow from the immediate nucleotide-binding site
towards the N terminus and the middle domain. The
conversion between the different conformational states is
rate limiting for ATP hydrolysis, and the nucleotide-coor-
dinating residue, Glu34, is important for the rate constant
of conversion. Our findings, for the first time, allow to
kinetically resolve changes in the conformational dy-
namics of individual structural elements of Hsp90.
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Introduction

The 90 kDa heat shock proteins (Hsp90) are essential chaper-
ones in all eukaryotes. Assisted by a large number of cocha-
perones, Hsp90s control the stability and activity of some 200
client proteins, which are mostly regulatory components of
signal transduction pathways, such as receptors, protein
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kinases and transcription factors (Mayer and Bukau, 1999;
Wegele et al, 2004; Pearl et al, 2008).

The Hsp90 family of proteins is highly conserved, for
example, Escherichia coli and human members share 40%
sequence identity. Hsp90 proteins consist of an N-terminal
nucleotide-binding domain (NBD), a middle domain (MD)
and a C-terminal dimerization domain (DD). Structural in-
formation exists for both individual domains and nearly full-
length Hsp90 variants in complex with different nucleotides
and inhibitors (Stebbins et al, 1997; Prodromou et al, 1997b;
Meyer et al, 2003; Harris et al, 2004; Huai et al, 2005; Ali et al,
2006 reviewed in Pearl and Prodromou, 2006; Shiau et al,
2006). ATP binding and hydrolysis is essential for the chaper-
one activity of Hsp90 in vivo (Obermann et al, 1998;
Panaretou et al, 1998).

On the basis of the structure of the related GHKL-ATPase
DNA gyrase B and biochemical data, the ATPase cycle of
Hsp90 is proposed to involve several conformational
changes. These include an ATP-dependent docking of NBD
and MD of the same monomer, and a dimerization of the two
NBDs in the Hsp90 dimer, which results in a ring-shaped
structure (Pearl and Prodromou, 2002; Richter et al, 2002;
Immormino et al, 2004; Ali et al, 2006). The crystal structure
of yeast Hsp90 in complex with AMPPNP and Sbal and
recent biochemical studies are consistent with this proposed
catalytic mechanism (Ali et al, 2006; Cunningham et al, 2008;
Vaughan et al, 2009). However, a crystallographic and elec-
tron microscopy study on HtpG presented evidence for strik-
ingly different conformations depending on the presence or
absence of AMPPNP or ADP, none of which fits the confor-
mation proposed to be necessary for catalysis (Shiau et al,
2006). In this publication, a highly compact ADP-bound state
was proposed, which could, however, not be observed by
small-angle X-ray scattering (SAXS) in another investigation
(Krukenberg et al, 2008). The SAXS data of HtpG were
interpreted in terms of multiple coexisting conformations.

To analyse the conformational dynamics of Hsp90 during
progression through the ATPase cycle, we employed amide
hydrogen-'H/?H-exchange (HX) mass spectrometry (MS) and
fluorescence spectroscopy. We focused on the bacterial Hsp90
homologue HtpG because it is the most simple representative
of the Hsp90 family and does not seem to be regulated by
cochaperones. In this study, we resolved the changes in
conformational dynamics in space and time. We show that
ATP binding induces a series of conformational changes
to attain a tense pre-hydrolysis state with greatly reduced
secondary structure flexibility.

Results

Deuteron incorporation into full-length HtpG
To analyse the conformational flexibility of HtpG, we
performed continuous-labelling HX-MS experiments as
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described previously (Rist et al, 2003, 2006) and shown
schematically in Figure 1A. With these experiments, global
stability and different conformational states of a protein can
be analysed.

Apo-HtpG exchanged about 38% of its exchangeable
amide hydrogens within 10s and about 60% within 1 h in
D,0 (Figure 1B). Addition of ADP only induced a small
protection (ca. 7 amide hydrogens). However, in the presence
of ATP solvent, accessibility of HtpG was strongly reduced as
compared with apo-HtpG, with almost 50 protected amide
hydrogens. This protection slowly decreased to the level of
the apo state by 1200s (Figure 1B; for a detailed discussion
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see Supplementary data part 1). These data indicate that
the HtpG state with least amide hydrogens accessible can
only be reached through addition of ATP but not of ADP,
which seems to be at odds with a structural study on HtpG
(Shiau et al, 2006). However, these experiments do not
exclude the alternative interpretation that the solvent pro-
tected ATP-induced state is a post-hydrolysis conformation.
We considered this possibility because the generation of the
ATP-induced protected state required a pre-incubation of
HtpG with ATP that was much longer than we had expected
for a protein with high nucleotide association rate constants
(see below).
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Figure 1 HX Kkinetics of the full-length HtpG and localization of fast and slow exchanging regions. (A) Scheme of the continuous labelling HX
experiment. HX is initiated by diluting the equilibrated sample 1:20 into D,O buffer (pD 7.4). After different incubation times at 30°C,
temperature is lowered to 0°C and pH to 2.5 by addition of ice-cold phosphate buffer (quench buffer). The reaction is subsequently analysed by
HPLC-MS. For the analysis of overall exchange rate constants (B, C) full-length proteins are desalted on a reversed-phase trap column and
eluted over an analytical column into the mass spectrometer. For localization of fast and slow exchanging regions (D) peptic fragments of the
protein are generated online by including a column with immobilized pepsin in front of the trap column. (B) Numbers of deuterons
incorporated into full-length E. coli HtpG in the absence of nucleotides (black circles) and in the presence of ADP (blue diamonds), ATP (red
triangles) and AMPPNP (cyan squares). The y-axis to the right indicates the percentage exchange of total number of exchangeable amide
hydrogens. The solid lines are fits of a tri-exponential equation to the data to guide the eye. (C) Deuteron incorporation into full-length HtpG-
E34A variant in the absence of nucleotides (open black circles) and in the presence of ATP (open red triangles). (D) Localization of fast and
slow exchanging regions of nucleotide-free HtpG. Secondary structure representation of nucleotide-free HtpG (PDB ID code 2I10Q) with
segments corresponding to peptic fragments coloured according to the relative deuteron incorporation into the nucleotide-free protein after 10's
(left panel) and 10 min (right panel) in D,O as indicated in the figure. Numbers indicate segments mentioned in the text. NBD, nucleotide-
binding domain; MD, middle domain; DD, dimerization domain. N and C terminus are indicated.
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The ATPase cycle of HtpG

The issue, whether the highly protected state was an ATP-
bound state or a post-hydrolysis state, could be resolved by
determining the rate-limiting step of the ATPase cycle. To this
end, we measured the ATPase rate constant of HtpG under
steady state and single turnover conditions. The velocity of ATP
hydrolysis of HtpG increased with increasing ATP concentra-
tions, according to normal Michaelis-Menten kinetics, resulting
in a key 0f 0.011 £0.0015™ " (t=90s) and a Ky of 250 + 82 uM
at 30°C (Supplementary Figure 1). Under single turnover con-
ditions, the amount of ATP decreased with single exponential
kinetics resulting in a hydrolysis rate constant kpyq of
0.0077 £0.0003 s !, which is smaller but close to the steady
state ATPase rate constant. These results show that product
release is not rate limiting in the ATPase cycle of HtpG.
Therefore, in the presence of high concentrations of ATP, the
majority of HtpG molecules is in the ATP-bound state.

As an independent confirmation of these results, we
repeated the HX experiments in the presence of the non-
hydrolysable ATP analogue AMPPNP, which was devoid of
any detectable amounts of ATP (Figure 1B). Here, we also
observed a strong protection of about 35 amide hydrogens as
compared with 7 in the presence of ADP and 47 in the
presence of ATP. Strikingly, in the presence of AMPPNP, we
observed the same protection throughout the entire kinetics
up to 3600 s incubation time, which contrasts with the loss of
protection observed after 1200s in the presence of ATP. We
made the same observation when using an HtpG variant with
Glu34 replaced by Ala (HtpG-E34A; constructed in analogy to
the hydrolysis-deficient yeast Hsp82-E33A (Obermann et al,
1998; Panaretou et al, 1998)) (Figure 1C), which in our hands
hydrolyses ATP (t=1071s) about 10-times more slowly than
wild-type HtpG at 30°C. However, at very long time-points,
the deuteron incorporation curve for HtpG-E34A in the pre-
sence of ATP also approaches the exchange curve for apo-
HtpG-E34A (data not shown). These data indicate that the
loss of protection in the presence of ATP is directly linked to
ATP hydrolysis.

Taken together, our results show that (1) ATP hydrolysis is
the rate-limiting step in the ATPase cycle of HtpG, (2) the
ATP-bound state is the state with least solvent accessible
amide hydrogens and (3) the ADP state shows only little
protection as compared with the nucleotide-free state sug-
gesting similar conformations. Henceforth, we call the most
solvent protected ATP-bound state ‘tensed (T) state’ and the
nucleotide-free state ‘relaxed (R) state’.

Localization of fast and slow exchanging regions

in nucleotide-free HtpG

To localize the regions within HtpG that contain slow and fast
exchanging amide hydrogens, we digested the protein after
the continuous-labelling HX reaction under quench condi-
tions, using a column with immobilized pepsin in our HPLC
setup as described previously (Rist et al, 2003). Such experi-
ments allow the identification of structural elements in HtpG
that are tightly folded in solution or that are in a rapid
unfolding-refolding equilibrium.

The regularly observed peptic peptides of HtpG had an
average length of 14.5 residues and covered 88% of HtpG’s
sequence (Supplementary Figure 2). Figure 1D shows sec-
ondary structure representations of apo-HtpG coloured ac-
cording to the deuteration level of the analysed peptic
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fragments when the nucleotide-free protein was incubated
for 10's or 10 min in D,0. Our HX data of HtpG free in solution
are in good agreement with the published crystal structure of
apo-HtpG (PDB entry code 2I0Q). Two exceptions are regions
of the NBD that exhibited a high degree of solvent accessi-
bility with almost complete deuteration within 10s. These
regions are the very N terminus (residues 2-19, all numbers
in the text refer to the number of backbone amides within a
peptide therefore omitting the first residue of the peptide,
which does not contain an amide) and the so-called ATP-lid
(residues 90-98 and 121-127; the ATP-lid was originally
defined in yeast Hsp82 by Pearl and coworker as residues
95-125 (Prodromou et al, 1997a)). The crystal structure
indicates a secondary structure with a significant number of
hydrogen bonds for these regions (Figure 1D and
Supplementary Figure 2). However, these regions have a
relatively high b-factor denoting high degrees of positional
variation consistent with our data.

Localization of nucleotide-induced changes in HtpG

To localize nucleotide-induced conformational changes, we
compared deuteron incorporation into different segments of
HtpG in the absence of nucleotide and in the presence of
ADP, ATP and AMPPNP (Figure 2). The addition of ADP only
had small effects on the incorporation of deuterons. For exam-
ple, amide hydrogens were protected in the nucleotide-binding
site (residues 90-98) and in the N-terminal segment (residues
2-19). In addition, a small but significant deprotection was
detected in specific segments in the NBD (residues 108-119), the
MD (residues 279-299 and 401-416) and almost the entire DD.

In the presence of ATP, we observed, in seven segments,
a large protection (up to 7 amide hydrogens) compared with
the nucleotide-free state (Figure 2A, middle panel; Figure 2B,
dark blue segments): the N-terminal segments 2-19 and 21-
31, the ATP-lid segments 90-98 and 121-127, the last helix of
the NBD (residues 192-206) and the loop in the MD (residues
319-334 and 336-359) that contains the catalytic Arg336
(homologous to Arg380 in yeast Hsp82) (for detailed discus-
sion see Supplementary data part 2). We detected a small but
significant protection in additional segments scattered
throughout the entire protein (Figure 2B, cyan segments).
Two segments in the MD exhibited slightly more exchange in
the presence of ATP than in the nucleotide-free state
(Figure 2B, orange segments). Thus, our data show that
ATP induces conformational changes not only in the NBD
but throughout the HtpG protein leading to a significant loss
of conformational dynamics.

The kinetics of deuteron incorporation in all of the highly
protected segments in the presence of ATP were nearly
identical ~with an  average rate  constant of
0.0038 +£0.0005s ™! (Figure 2B). This is fully consistent with
ATP hydrolysis being rate limiting for HX in the ATP-bound
state. As expected from the data for the full-length protein,
the mutant protein, HtpG-E34A, exhibited a similar protec-
tion in the presence of ATP and this protection was observed
over a much longer time interval (Figure 2B). Consistent with
the hypothesis that ATP hydrolysis is rate limiting for HX, a
bimodal distribution of the isotope peaks was observed in
several peptides (Supplementary Figure 3). Bimodal isotopic
peak distributions are indicative of the coexistence of two
different conformational states. These two conformational
states are the ATP-bound T state, in which the segments are
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Figure 2 Nucleotide dependent changes in HtpG. (A) Difference plots of deuterons incorporated in the presence of ADP (left panel), ATP
(middle panel) and AMPPNP (right panel) minus deuterons incorporated in the absence of nucleotides into HtpG segments after 30s in D,0.
The domain structure of HtpG and numbers of the corresponding segments are given at the left of the panels. The data are the average of three
independent experiments. The gray area indicates the average standard error. Bars within the gray area are not significantly different from zero.
Bars to the left indicate nucleotide-induced protection, bars to the right indicate nucleotide-induced increase in solvent accessibility, that is,
opening of the structure. (B) Nucleotide-dependent HX kinetics of selected segments of HtpG. Secondary structure representation of the crystal
structure of full-length E. coli HtpG in complex with ADP (PDB ID code 2I0P; only one dimer shown with protomers in different shades of
gray). Segments with more than 1.5 amide hydrogens protected in the presence of ATP at time-point 30 s are coloured in dark blue and the HX
kinetics for these segments in the absence of nucleotides (black circles) and the presence of ADP (open squares) and ATP (black triangles) and
for HtpG-E34A in the presence of ATP (open triangles) are shown. The solid lines are fits of a bi-exponential equation to the data to guide the
eye. For this fit, the total amplitude was fixed to the total number of exchangeable amide hydrogens, and the rate constant for the first phase
was estimated from the theoretical exchange rate constant in the unprotected peptide. Segments with 0.5 to 1.5 amide hydrogens protected at
30s are coloured in cyan. Segments deprotected upon ATP binding are coloured in orange.
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largely protected from HX, and the ADP-bound and nucleo-
tide-free R state with higher HX rate constants.

In the presence of AMPPNP, the same changes in deuteron
incorporation occurred as in the ATP-bound state, which
confirms that the T state is the pre-hydrolysis state
(Figure 2A). The magnitude of the observed protection was
slightly reduced compared with the ATP-bound state, consis-
tent with our HX data for full-length HtpG.

Some of the observed ATP-induced changes in amide
hydrogen protection could be caused by an N-terminal
dimerization, which was shown to occur in yeast Hsp82
upon ATP or AMPPNP binding (Prodromou et al, 2000; Ali
et al, 2006). To test this hypothesis, we constructed a C-
terminal truncation variant of HtpG (HtpGAC containing re-
sidues 1-496), which lacks the DD and, consequently, is
monomeric (Krukenberg et al, 2008). For reasons explained
in detail below this truncation variant contained, in addition,
the Glu12 to Cys amino acid replacement (HtpGAC-E12C). This
amino acid replacement did not change the conformational
dynamics of the protein significantly as the full-length HtpG-
E12C incorporated deuterons with the same Kkinetics as wild-
type HtpG (data not shown). As verified by size exclusion
chromatography in the absence or continuous presence of ATP
and site-specific cross-linking HtpGAC-E12C was monomeric
independent of the nucleotide bound (Supplementary Figure 4
and data not shown). Comparison of deuteron incorporation
into HtpGAC-E12C in the presence or absence of ATP revealed
the same degree of protection as observed for full-length HtpG,
indicating that N-terminal dimerization is not responsible for
the protection of amide hydrogens on addition of ATP
(Supplementary Figure 5A). This result seems similar to the
biochemical data for human Hsp90, the ATPase activity of
which was shown not to be dependent on N-terminal dimer-
ization (McLaughlin et al, 2004).

Taken together, significant nucleotide-dependent changes
of the conformational dynamics of HtpG were observed in all
three domains of the protein. Our data not only show the
existence of an R and a T state but also show which structural
elements of the protein are more tightly folded in the T state.
This T state is not dependent on N-terminal dimerization
because it can be reached in a monomeric truncation variant
of HtpG.

Kinetics of R to T transition

As mentioned above, we noticed that the T state was only
observed after a pre-incubation with ATP. To explore this
observation in more detail, we measured the kinetics of
R-to-T transition using pulse-labelling HX experiments as
schematically illustrated in Figure 3A. HtpG and HtpG-E34A
were incubated for different time intervals with ATP and then
pulse-labelled for 10s with D,0. As the HX reaction times
were always identical, changes in the numbers of incorpo-
rated deuterons are because of the ATP-induced transition
from the R to the T state. In the absence of ATP or at the
shortest time-point after addition of ATP, only a single mass
peak is observed (Figure 3B and C). However, the mass of
pulse-labelled HtpG after the shortest incubation with ATP
was already smaller than the mass of pulse-labelled apo-
HtpG, indicating a conformational transition that happens
within 10s. At later time-points, a second species with a still
lower mass appeared and became dominant. These data
strongly suggest a two-phase transition: a rapid transition
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Figure 3 Kinetics of the ATP-induced R to T transition of HtpG.
(A) Scheme of the experiment. (B, C) Deconvoluted mass spectra
of wild-type HtpG (B) and HtpG-E34A (C) before incubation in D,0
(bottom curve), after 10 s in D,O in the absence of nucleotides (apo;
R state) or after different pre-incubation times with ATP (as
indicated to the left; 10-fold different scale between A and B)
followed by pulse-labelling for 10s in D,0. Dashed gray lines
indicate the maximum of the mass peaks after 10s pre-incubation
in the presence of ATP (I state) and after 600s (B) and 3600s (C)
pre-incubation in ATP (T state) as designated. The masses for R, I
and T states were 73158 £3, 73151 £ 1 and 73106 £ 1 for wild-type
HtpG and 73100%3.5, 73086+3 and 73046+ 6 for HtpG-E34A,
respectively. (D) Relative amount of T state versus the pre-incuba-
tion time in ATP. A first-order rate equation was fitted to the data
(solid line) to give the I to T conversion rate constants of 0.01 st
and 0.0006s~! for wild-type HtpG and HtpG-E34A, respectively.
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between the fast exchanging R state to a slightly protected
intermediate (I) state and a subsequent slow transition to the
considerably protected T state. The second transition is much
slower in HtpG-E34A (Figure 3B, right panel). We fitted an
equation for two Gaussian peaks to the data and determined
the relative amount of I and T states (Figure 3D). The average
I to T conversion rate constant for wild-type HtpG and mutant
HtpG-E34A were 0.01 s~ ' and 0.0006 s, respectively, which
are within the error of the experiment identical to the ATP
hydrolysis rate constants showing that the conformational
changes are rate-limiting for ATP hydrolysis under these
conditions.

We also analysed the R to T transition for the monomeric
HtpGAC-E12C (Supplementary Figure 5B). Similar to the full-
length proteins, the HtpGAC-E12C converted rapidly into an I
state on addition of ATP, and then very slowly into the T state.
The rate constant for this conversion was much lower than
for full-length HtpG, suggesting that the ATPase activity of
this fragment is considerably lower than for the full-length
protein as has been reported for the analogous fragment in
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yeast Hsp82 (Richter et al, 2001). Direct measurement of the
ATPase rate constant for HtpGAC-E12C yielded a value of
0.0018s™", confirming this hypothesis.

Together, these data show that the R to T transition occurs in
at least two steps with a first, fast step equilibrating within 10's
and a second, slow step, the rate constant of which is decreased
dramatically either by the single amino acid replacement of
Glu34 to Ala or by the elimination of dimerization.

Spatial resolution of the R to T transition

Our HX-MS data on peptide level revealed ATP-dependent
conformational changes not only in regions close to the
nucleotide-binding site but also in regions far distant in
space. This raises the question of whether all ATP-induced
conformational changes occur simultaneously in a concerted
fashion or whether they occur in an ordered succession of
events. In the first scenario, the protein would oscillate
continuously between an open and a closed state with ATP-
binding trapping the closed state. In the second scenario, ATP
would bind to the open state and trigger local conformational
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Figure 4 Spatially resolved kinetics of R to T transition. (A) Representative mass spectra (m/z scale) of selected peptic peptides of wild-type
HtpG before incubation in D,0 (bottom curve; monoisotopic mass-to-charge ratio and charge state are given), after 10s in D,0 in the absence
of nucleotides (apo) or after pre-incubation for 10 to 300 s with ATP (as indicated to the left) followed by pulse-labelling for 10s in D,0O. Dotted
gray lines indicate the highest peak after 10s pre-incubation in ATP followed by 10s HX (I state, black circle) and the highest peak after 300s
pre-incubation in ATP followed by 10 s HX (T state, black square). The numbers above the spectra refer to the corresponding backbone amides.
The actual peptic peptide contains one additional N-terminal residue. (B, C) I to T transition rate constants for selected peptides of wild-type
HtpG (B) and HtpG-E34A (C) calculated as described in Materials and methods. The bars represent the mean of three independent
determinations and standard error of mean.
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changes that are subsequently propagated throughout the
protein. To distinguish between these two scenarios, we
performed spatially resolved pulse-labelling HX experiments
by including peptic digestion under quench conditions.

The comparison of the mass spectra of selected peptic
peptides of HtpG in the nucleotide-free state with 10s of
incubation with ATP already revealed a significant shift of the
centre of the isotopic peak distribution towards lower m/z
values most notably in peptides 90-98 and 121-127, and also
in peptides 2-19 and 336-359 (Figure 4A). These data locate
the conformational changes that lead to the I state.
At subsequent time-points, the isotope peaks in most spectra
formed a clear bimodal distribution showing the simulta-
neous presence of two HtpG states with different solvent
accessibility. The more accessible state slowly converts into a
more protected state. From the intensities of the highest
peaks in the two states, we determined the rate constants
for the I to T transition for each of the peptides analysed.
It was interesting to note that the rate constant of I to
T conversion was different in the analysed segments
(Figure 4B). The transition rate constant was highest in the
ATP-lid (segments 90-98 and 121-127) and decreased to-
wards the N-terminal segment, 2-19, and the MD segments,
319-334 and 336-359, which contains the catalytic Arg336.
For the HtpG-E34A variant protein, we observed the same
phenomenon, although with overall much lower rate con-
stants (Figure 4C and Supplementary Figure 6) as expected
from the data for the I to T conversion of the full-length
protein. However, the transition from the R to the I state
occurred for HtpG-E34A, also within 10s as a close analysis
of the data for the earliest ATP pre-incubation time-points
revealed. These data confirm that the R to T transition occurs
in two phases: a fast phase, which cannot be resolved by HX,
and a slow phase. As the first phase not only affects the ATP-
lid region but also the N terminus and segments in the MD, it
is a global transition to an intermediate state (I) that may
happen in a concerted fashion. The major second phase, the
transition from the I state to the T state, does not occur in all
segments simultaneously but in sequential steps. The I to T
conversion in the MD segments had the same rate constant as
the single turnover ATPase rate constant, indicating that this
conformational change is rate limiting for y-phosphate cleavage.

Conformational changes in HtpG followed

by fluorescence

To follow the kinetics of the conformational changes with
better temporal resolution, we introduced a cysteine for
fluorescent labelling at position 12 in HtpG, which is in the
middle of a segment that strongly changes amide hydrogen
accessibility on addition of ATP. HtpG-E12C was labelled with
the environmental sensitive fluorophor, Hilyte Fluor™ 488
(HtpGgr). The presence of ATP but not of ADP induced a
time-dependent decrease in fluorescence (Figure S5A).
Addition of a large excess of ADP to reactions of HtpGgy,
already equilibrated with ATP, led to an increase in fluores-
cence (Figure 5B). Close inspection of the fluorescence traces
after the addition of ATP revealed that the fluorescence
emission first increased rapidly before it decreased again
(Figure 5A and B). We determined the kinetics of the first
phase in the dependence of the ATP concentration using
a stopped-flow device (Figure 5D and E). The observed
rate constant increased with increasing ATP concentrations
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according to a hyperbolic relationship, which indicates a two-
step process with a fast equilibrium as the first step and a
subsequent isomerization. A fit of the hyperbolic equation to
the data yielded a dissociation equilibrium constant of
3.6+ 0.6 mM and forward and back isomerization rate con-
stants of 227 +12s ' and 30+5s '. The isomerization step
was followed by the much slower conformational change,
which caused the slow decrease in fluorescence. The rate
constant for this step was determined from the traces of
Figure 5A and B to 0.0089 +0.0003s™', which is very close
to the I-to-T conversion rate constant of segment 2-19 as
determined by HX-MS (Figure 4B). The reversion of the
fluorescence decrease on addition of a large excess of ADP
to the equilibrated reaction of HtpGg;, with ATP occurs with a
rate constant of 0.0062 +0.0003 s, which is similar to the
ATP hydrolysis rate constant at the HtpG and ATP concentra-
tions used. This argues that ATP hydrolysis is rate limiting for
the fluorescence change and that ATP dissociation from this
stage occurs at a rate constant of <0.00625s .

On addition of ADP to HtpGgr, we also observed a rapid
increase in fluorescence but no subsequent slow decrease.
(Figure 5A and Supplementary Figure 7). These data are
consistent with our HX-MS experiments, which revealed a
small protection in segment 2-19 in the presence of ADP but
not the large conformational change observed in the presence
of ATP. From the dependence of the initial increase in
fluorescence on the ADP concentration, we determined asso-
ciation and dissociation rate constants for ADP to be
70000+ 2300M 's ! and 5.4 £ 1.657 ', respectively.

To better understand the cause for the ATP-dependent
changes in fluorescence, we fluorescently labelled the cy-
steine containing monomeric C-terminal truncation fragment
(HtpGAC-E12C; HtpGACy.). As for the dimeric full-length
protein, addition of ATP led to a rapid increase in fluores-
cence (Figure 5A). However, the subsequent slow decrease
could not be observed for HtpGACg,, suggesting that
N-terminal dimerization is responsible for the quench of
fluorescence observed for full-length HtpG. More specifically,
the interaction of the two fluorophors at the NBD seemed to
be responsible for the quenching because a mixture of
labelled and unlabelled HtpG exhibited, on addition of ATP,
a smaller decrease of fluorescence than labelled HtpG alone
(Figure 5A). In a 1:1 mixture of labelled and unlabelled HtpG,
protomers exchange stochastically and only 25% of the
dimers are homodimers of HtpGgy.

As fluorescence could monitor ATP binding and subse-
quent isomerization steps, we extended our analysis to HtpG-
E34A to determine which of these steps are affected by Glu34.
On addition of ATP, the fluorescence first increased rapidly, as
observed for the wild-type protein, but the subsequent de-
crease in the fluorescence was significantly slower
(Figure 5C). The addition of excess ADP to the equilibrated
reaction of HtpG-E34Ag;, with ATP led to the recovery of the
fluorescence. From the kinetic analysis of the fast, first phase
of the reaction, we determined the Ky, for the association step
to be 2.1 +1.2mM and the forward isomerization rate con-
stant to be 368 + 697! (Figure 5E). The data did not yield a
precise value for the back isomerization rate constant. The
slow decrease in fluorescence as a consequence of N-terminal
dimerization yielded a rate constant of (8.3 £0.2) x 10 *s™ !,
and the increase in fluorescence after addition of ADP to the
HtpG-E34Af;, ATP complex as a consequence of the replace-
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Figure 5 Kinetics of nucleotide-induced conformational changes followed by fluorescence. (A) Fluorescence trace of fluorescently labelled
dimeric HtpG-E12C (HtpGgr; 300nM), HtpGpp, (300 nM) mixed with unlabelled HtpG (600nM), or monomeric HtpGAC-E12C (HtpGACky,
300 nM) after addition of ADP (20 mM) or ATP (20 mM) as indicated (excitation 475 nm; emission 525 nm). For better visibility, the curves were
shifted in y-axis direction. (B) Fluorescence trace of HtpGg, (300 nM) after addition of ATP (20 mM) and subsequent addition of ADP (40 mM)
as indicated by the arrows. (C) Fluorescence trace of HtpG-E34Ag; (300 nM) after addition of ATP (20 mM) and subsequent addition of ADP
(40 mM) as indicated by the arrows. (D) Fluorescence traces of HtpGry, (150 nM final concentration) after rapid mixing 1:1 with 0.15 to 7.5 mM
ATP (final concentrations) (excitation 488 nm; cut-off filter 530 nm). (E) Plot of the observed rate constants of fluorescence increase versus the
ATP concentration. The solid line represents the non-linear regression fit of a hyperbolic equation giving a Kp; of 3.6£0.6mM, k, of
227+12s 'and k_, of 30 £ 55! (means of two independent determinations) for wild-type HtpG and a Kp; 2.1 £ 1.2mM and k, of 368 £ 695!
for HtpG-E34A (k_, was not precise enough determined by the data). (F) Single-turnover ATPase assay to determine the degree of commitment
to catalysis of bound ATP. HtpG (50uM) was mixed with [o-**P]JATP (40uM; 3.7kBq) and ATP hydrolysis followed by thin layer
chromatography and phosphoimaging. The ratio of ATP divided by ATP plus ADP is plotted versus incubation time. At the indicated time-
point 5 mM unlabelled ATP was added to the samples with filled symbols (three independent experiments shown); open circle, control sample.
The solid lines are non-linear regression fits of a single exponential decay function to the data.

rate constant of

ment of ATP by ADP yielded a
(2.610.4) x 107*s~ L.

Taken together, our fluorescence experiments enabled us
to dissect the ATPase cycle of HtpG (Figure 6A). The fluor-
escent probe monitored a series of nucleotide-dependent
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conformational changes in the segment 2-19, which are
fully consistent with our HX-MS experiments. Thereby,
we link conformational changes, as observed by HX-MS,
and N-terminal dimerization to the Kkinetic parameters of
the ATPase cycle. These data also clearly show that Glu34
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Figure 6 ATPase cycle of HtpG and model of conformational changes. (A) Steps of the ATPase cycle of HtpG with rate and equilibrium
constants as determined by fluorescence spectroscopy and biochemical assays. EX, E' and E', HtpG in the relaxed, intermediate and tensed
states. (B) Model of conformational changes of HtpG during the ATPase cycle. Secondary structure representations of the crystal structure of
ADP-bound HtpG (PDB entry code 2I0OP (Shiau et al, 2006); left panel) and of an homology model of HtpG on the crystal structure of yeast
Hsp82 in complex with AMPPNP and Sbal (PDB entry code 2CG9 (Peitsch, 1995, 1996; Guex and Peitsch, 1997; Ali et al, 2006)) as model for
the ATP-bound structure of HtpG (right panel) coloured according to the I to T transition rate constants with red (high rate constants) to blue
(low rate constants). Residue Glul2 (E12), where the fluorescent dye was attached in the HtpG-E12C variant, is shown in magenta. Between the
structural representations, a model of the ATPase cycle is shown, which includes the nucleotide-free R state, the first intermediate (I state) after
ATP binding, the T state and the ADP-bound state, which is similar to the I state.

only slows down the transition from the I to the T state and
not the preceding steps of the ATPase cycle, i.e. ATP binding
and R to I transition.

Commitment to catalysis
The fluorescence data showing that ATP displacement by
ADP occurs at a rate constant similar to the ATP hydrolysis
rate constant suggest that once the ATPase cycle has reached
the T state, ATP is committed to catalysis. To test this
hypothesis, we performed single turnover ATPase assays
using [o-**P]JATP (Figure 5F). At 60s after the start of the
reaction we added an excess of unlabelled ATP to prevent
rebinding of any dissociated [o->?P]ATP. After addition of
unlabelled ATP, conversion of [o->?P]ATP into ADP did not
stop immediately but continued with essentially the same
rate constant, but the total amount of ATP that was converted
decreased to 13% of the control sample. These data indicate
that 13% of the ATP could not be replaced by cold ATP
and was therefore committed to catalysis. Approximately the
same fraction of HtpG molecules is converted into the T state
under these conditions.

These data show that the last slow conformational change
after the addition of ATP leads to trapping of ATP and
commitment to catalysis.

VOL 28 | NO 5 | 2009

Discussion

Our analysis of the conformational dynamics of the E. coli
Hsp90 homologue, HtpG, yielded several novel insights into
the ATPase cycle of HtpG: (1) Nucleotide binding induces
conformational changes in NBD, MD and DD; (2) The ATP-
bound state is the HtpG state with least backbone amide
hydrogens solvent accessible; (3) The majority of the ATP-
induced conformational changes happen surprisingly slowly
and with different rate constants, with the highest rate
constants in the nucleotide-binding pocket and decreasing
rate constants towards the very N terminus and the MD; (4)
The I to T conversion also occurs in a monomeric HtpG
truncation variant, although much more slowly, showing
that N-terminal dimerization accelerates this step; (5) Glu34
is important for the rate constant of I to T conversion but not
for the rate constant of ATP binding or the R to I conversion;
(6) The slow conformational change leads to trapping of the
ATP and to commitment to catalysis; this step is rate limiting
for ATP hydrolysis and therefore acts like a timer for the
chaperone cycle of HtpG. In addition, our fluorescent probe
allowed us to determine the kinetics of ATP binding, which
occurs in a multi-step process.

Our data differ significantly from a recent HX-MS study on
human Hsp90 (Phillips et al, 2007). In this study, Jackson and

©2009 European Molecular Biology Organization



coworkers analysed the influence of two inhibitors, which
bind into the nucleotide-binding pocket, and of the cochaper-
one Cdc37 on the conformational flexibility of Hsp90.
Although some of the inhibitor-induced changes in human
Hsp90 occurred in similar regions as the ATP-induced
changes in HtpG, the magnitude was much smaller, and it
remains an open question whether inhibitors in general cause
smaller changes than nucleotides or whether the human
Hsp90 protein is less affected by ligand binding to the
nucleotide-binding pocket.

A recent crystallographic and electronmicroscopic study
provided evidence that HtpG performs dramatic conforma-
tional changes when progressing through the ATPase cycle
(Shiau et al, 2006). In this study, the ADP-bound state was
proposed to be the most compact conformation within the
ATPase cycle of HtpG. Our data show that the ATP-bound
state, and not the post-hydrolysis or the ADP-bound state is
the least solvent accessible and the most rigid state of HtpG in
solution. Although the ADP-bound state may have a more
compact shape as proposed by Agard and coworkers (Shiau
et al, 2006), it is nonetheless almost as flexible as the
nucleotide-free state. Alternatively, a compact ADP-bound
state exists only transiently. As HX-MS can detect coexisting
conformations with different degrees of protection, a highly
protected compact ADP state cannot constitute a major
subpopulation. These conclusions are consistent with a re-
cent SAXS study on HtpG (Krukenberg et al, 2008).

Our HX-MS and fluorescence data show that ATP binding
induces a series of consecutive conformational states that are
in equilibrium with each other (Figure 6A). ATP associates
with the R-state of HtpG to form an initial encounter complex
that has a dissociation equilibrium constant of 3.6 mM. The
encounter complex is converted rapidly with a rate constant
of 227s7! into an intermediate state. A similar two-step
binding process with very similar equilibrium and rate con-
stants was also derived for human Hsp90 from steady state
and pre-steady state kinetics (McLaughlin et al, 2004). The I
state of HtpG is characterized by reduced solvent accessibility
of backbone amide hydrogens in several regions of the
protein, including segment 2-19 and segments in the MD,
and an increase in fluorescence of a fluorophor at position 12.
The transition to the I state occurs, most likely, in a concerted
conformational change. ADP binding also induces a small
protection in segment 2-19 (Figure 2) and a fluorescence
increase of HtpGgy, (Supplementary Figure 7). Thus, the ADP-
bound state might be similar to the ATP-induced I state.
However, the subsequent slow step to the T state only occurs
upon binding of ATP. This conversion appears as a succession
of conformational changes starting around the nucleotide-
binding pocket, for which we measured the highest conver-
sion rate constant, and progressing stepwise towards the
N terminus and the catalytic loop of the MD, which reach
the T state conformation with lower rate constants. This is the
first time that such stepwise changes in the conformation of
an Hsp90 protein could be spatially and temporally resolved.
Such sequential conformational changes may be more com-
mon in proteins as a ®-value analysis of the acetylcholine
receptor (Purohit et al, 2007) and a cryoEM study of the
chaperonin CCT (Rivenzon-Segal et al, 2005) came to a
similar conclusion. However, in the case of CCT, the con-
formational changes were observed in different subunits and
not within one polypeptide.
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The differences in rate constants are highly statistically
significant as determined by an ANOVA test (P=0.0002) and
were independently observed for wild-type HtpG and variant
HtpG-E34A. For wild-type HtpG, the highest and lowest rate
constants were 0.012s™' and 0.006s!, respectively.
Consequently, the last conformational change occurs, on an
average, more than a minute after the first conformational
change. Such differences could be critical for client protein
folding on HtpG. Peptidylprolyl isomerization, for example,
occurs at a similar time scale (Fischer, 2000), other folding
processes are generally faster. Such a timer may be critical for
HtpG function.

As discussed in more detail in Supplementary data, our
data are consistent with the ATPase cycle for yeast Hsp82
(Weikl et al, 2000; Richter et al, 2001) and the recently
published data for mitochondrial Hsp90 Trapl (Leskovar
et al, 2008). In contrast to these publications, our data
suggest that N-terminal dimerization precedes docking of
NBD and MD.

Glu33 in Hsp82 was originally linked to catalysis of
v-phosphate cleavage because of the structural similarity
to DNA gyrase B, in which the homologous Glu42 was
shown to act as the general base (Jackson and Maxwell,
1993; Obermann et al, 1998; Panaretou et al, 1998). On the
basis of our data (see also Supplementary data), we propose
that Glu34 in HtpG has an additional role in coordinating the
docking of the NBD with the MD and the NBD of the second
protomer in the HtpG dimer by guiding Arg336 to the y-
phosphate and by favouring strand exchange through stabi-
lizing helix 2.

In conclusion, by analysing HtpG, which appears to act
without cochaperones, with HX-MS and fluorescence spectro-
scopy, we were able to establish the evolutionary basic
ATPase cycle of Hsp90 proteins and to resolve the kinetics
of conformational changes with an unprecedented spatial
resolution. It will be interesting to observe how the confor-
mational changes are conserved in the ATPase cycles of
eukaryotic Hsp90 proteins, and how they are modulated by
cochaperones and client proteins.

Materials and methods

Protein purification

HtpG, HtpG-E34A, HtpG-E12C, HtpG-E12C,E34A and HtpGAC-E12C
were expressed as C-terminal Hisj-fusions in E. coli MC4100
AhtpG::kan, and purified by Ni-IDA-chromatography (Protino,
Macherey-Nagel) and anion-exchange chromatography (ResourceQ,
GE Healthcare). The purified proteins were checked to be
nucleotide-free by anion-exchange chromatography (ReSourceQ)
and by UV detection by 254 nm.

ATPase assays
Single turnover assays were performed with 50 uM HtpG, 40 uM
ATP and 3.7kBq [a->*P]ATP. At different time-points the reaction
was quenched in 10% acetic acid containing 400 mM LiCl, and ATP
was separated from ADP by thin layer chromatography and
quantified by phosphoimaging, as described (Mayer et al, 1999).
Steady state ATPase activity was measured in an enzyme-
coupled colorimetric assay using pyruvate kinase/lactate dehydro-
genase as described earlier (Ali et al, 1993) (see also Supplementary
data).

Hydrogen-exchange experiments
HX-MS experiments were performed similar to those described
earlier (Rist et al, 2003, 2006).
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For continuous HX labelling experiments, nucleotide-free HtpG
proteins (40 uM) were pre-incubated with a large excess of buffered
ATP (120mM), ADP (60 mM) and AMPPNP (60 mM) for at least
10 min (90 min for HtpG-E34A) or with HKM buffer as control at
30°C to ensure that the steady-state equilibrium is reached. For
pulsed HX labelling, the apo-proteins were pre-incubated with
nucleotides or an equivalent amount of buffer for the indicated time
intervals at 30°C before HX labelling was performed for 10s.

Amide hydrogen exchange was initiated by a 20-fold dilution of
the proteins into D,O buffer containing 25mM HEPES, pD 7.4,
50mM KCl and 5SmM MgCl, at 30°C. After various time intervals
(10s-90min), the exchange reaction was quenched by decreasing
the temperature to 0°C and the pH with ice-cold quench buffer
(400 mM KH,PO4/H3PQy,4, pH 2.2). Quenched samples were directly
injected into an HPLC-MS setup as described (Rist et al, 2003, 2005)
(see also Supplementary data).

Analysis of HX kinetics
Analysis of HX experiments was performed essentially as described
earlier (Rist et al, 2003, 2006). For the kinetic analysis of the
transition of I to T state in HX experiments, full length protein mass
spectra of three independent measurements of 8 time-points were
deconvoluted using MagTran software (Zhang and Smith, 1993),
and the abundance of the two deuterated mass species was
calculated by fitting two Gaussian peaks with different means and
areas but with similar width into the deconvoluted spectra using the
following equation:
s\ 2 -\ 2

Al e’%(%) + AZ e’%(%)
g\/2n gy\/21
with A;, A,, X; and X, being the area and the mean of the first and
second peak and o being the standard deviation of the Gaussian
peaks. The ratio of A; and the sum of A, and A, represented the
relative amount of the T state. The absolute amount of I and T state
at the shortest and longest time-points could not be assessed
because of the tailing of the peaks to higher and lower mass range
but were estimated from peptide data. The increasing amount of the
T state in dependence of time was fitted using a first-order rate
equation.

For the analysis of the transition kinetics in deuterated peptides,
peptide MS spectra of three independent experiments with 10
different pre-incubation times were extracted, normalized to the
highest peak of the isotope cluster and the intensity of two peaks
determined (indicated with a circle and a square in Figure 4A): the
peak, which is highest at 10's pre-incubation with ATP (I state), and
the peak, which is highest at 300s pre-incubation with ATP
(T state). We plotted the T state peak intensity divided by the sum

y:
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