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Here we employ hydrogen/deuterium exchange mass spectrometry (HDX-MS) to access E. coli chaperonin
GroEL conformation. The ~800 kDa tetradecameric GroEL plays an essential role in the proper folding of
many proteins. Previous studies of the structural dynamics of GroEL upon ATP binding have been
inconsistent, showing either minimal or major allosteric changes. Our results, based on the native,
non-mutated, protein under physiological conditions in solution demonstrate substantial changes in
conformation and/or flexibility upon ATP binding. We capture the pivotal step in its functional cycle by use
of anon-hydrolyzable ATP analog, ATPYS, to mimic the ATP-bound GroEL state. Comparison of HDX-MS
results for apo GroEL and GroEL-ATPyS enables the characterization of the nucleotide-regulated
conformational changes throughout the entire protein with high sequence resolution. The 14-mer GroEL
complex is the largest protein assembly yet accessed by HDX-MS, with sequence resolution of segments of as
few as five amino acids.

n response to environmental stress, a cell employs molecular chaperones to maintain protein folding home-

ostasis. The most remarkable molecular chaperone in E. coli, chaperonin GroEL, aided by GroES, plays an

essential role in the protein quality-control system'~>. More than 200 cytosolic proteins are known to interact
with GroEL. Thus, the GroEL/GroES system has been intensively studied in attempts to understand the under-
lying mechanism of its mediated-folding of diverse substrate proteins®'>".

GroEL is composed of 14 identical subunits of 57 kDa each (~800 kDa total), arranged in two homohepta-
meric rings stacked ‘back to back’ to form a cylinder with a central folding channel for substrate proteins. Each
GroEL subunit consists of three functional domains: equatorial, intermediate, and apical. From the x-ray crystal
structure of bacterial apo GroEL', the equatorial domain, which includes the ATP-binding site, serves as the
foundation of the complex, providing most of the lateral intra-ring and inter-ring interactions between subunits.
The intermediate domain, which is flanked by the apical and equatorial domains, serves as part of the outer
surface of the cylinder wall. The apical domain forms the opening of the central channel.

To function in vivo, the GroEL complex undergoes coupled structural movements across its three subdomains,
triggered by ATP binding to the equatorial domain®'*""". It was recently found that ATP-binding to GroEL
precedes the binding of the substrate protein and GroES™'". Thus, structural characterization of the nucleotide-
bound intermediate state and the associated conformational changes that occur before the binding of substrate
protein are crucially important for understanding the overall chaperone cycle. Despite a host of studies aimed at
dissecting the underlying mechanism of GroEL/GroES-mediated refolding of substrate proteins”*'*'%, the
molecular details of GroEL during its functional cycle are sparse.

To capture the ATP regulated GroEL structure, previous attempts have employed X-ray crystallography, cryo-
EM, and fluorescence spectroscopy. For X-ray crystallography, Boisvert et al. crystallized an ATPase activity-
deficient double mutant GroEL complexed with ATPyS, with little structural difference compared to apo
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GroEL". Wang et al. crystallized a triple-mutant GroEL with ATPyS
and then replaced ATPYS by ATP, but the ATP triggered an observ-
able structure change only in the apical domain®. The X-ray crystal-
lography data is in contradiction with the cryo-EM findings by
Ranson et al, who observed ATP induced allosteric changes
throughout the entire GroEL molecule. Such a paradox suggests that
the solution structure of GroEL is not well characterized by X-ray
crystallography. Based on fluorescence spectroscopy, Inobe et al.*!
observed no significant GroEL conformational changes triggered by
ATPYS or AMP-PNP, perhaps due to incomplete sequence coverage
(i.e., one or a few tryptophan probes for the entire GroEL molecule)
and/or the sensitivity of fluorescence detection. Moreover, all of the
above experiments were performed with GroEL mutants, which may
not represent the true wild type GroEL.

HDX-MS offers a non-perturbative means to characterize protein
higher-order structure and solvent accessibility>>* and protein-
ligand/protein interactions**. Recently, several technical advances
have improved HDX analysis monitored by the ultrahigh resolution
Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS)*, including: automation®**, faster chromatographic sepa-
ration®”, more efficient protein digestion®’, and enhanced data
analysis®. Extension of HDX to higher molecular weight target pro-
teins requires rapid elution of more peptide segments and dramat-
ically increases mass spectral complexity. We therefore set out to
study nucleotide-induced GroEL conformational changes in solution
by amide backbone hydrogen/deuterium exchange coupled with
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mass spectrometry (HDX-MS). To access the GroEL complex, our
analysis has been significantly enhanced through the use of ultra-
high-resolution (and thus high peak capacity) 14.5 T FT-ICR MS*.

Here, we complex ligand-free GroEL with ATPYS, a non-hydro-
lyzable ATP analog™, to capture and mimic GroEL in its ATP-
bound state. HDX data from the ligand-bound state and apo GroEL
may then be interpreted based on available X-ray crystallographic
structures to provide comprehensive characterization of nucleotide-
induced solution-phase GroEL conformational changes.

Results

HDX-MS analysis of nucleotide-regulated GroEL. By use of a
combination of protease XIII and urea denaturant optimized to
yield maximum proteolytic sequence coverage®, we identified
more than 500 peptides for both apo GroEL and ATPyS-bound
GroEL. Altogether, 134 peptides common to both apo- and ligand-
ed proteins and containing fewer than 30 amino acid residues were
chosen for data analysis (Supplementary Fig. 1 and Supplementary
Table 1). Averaged relative difference in deuterium uptake (ARDD)
was calculated (Fig. 1) for each peptide from apo and liganded GroEL
as described previously®. ARDD values for each GroEL peptide are
color-coded and mapped onto the GroEL sequence in Fig. 1. The 134
overlapping peptides provide ~99% sequence coverage, including
the C-terminus unstructured region 527-548, thus providing
access to structural changes throughout the protein assembly.
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Figure 1| H/D exchange results for three GroEL domains. The structural elements are identified above the sequence with 3 domains colored as in
the top left GroEL monomer x-ray crystal structure, with line format designating helix/beta strand/random coil. For each of the proteolytic peptides
common to apo GroEL and GroEL-ATPYS, the relative D-uptake difference (ARDD, liganded minus apo, averaged over all HDX incubation periods, t;) is
calculated as shown in the bottom left equation. The results from all peptides are combined such that short peptides are mapped below the sequence and
longer peptides are then chosen to fill any gaps. Color coding for ARDD values is shown at bottom right.
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Structural asymmetry of the nucleotide-bound GroEL. Deuterium
uptake for a given peptide after a particular HDX period is calculated
as the increase in the abundance weighted average mass of its isotopic
distribution relative to that for the unlabeled peptide (the blank
control). Interestingly, some of the peptide isotopic distributions
are bimodal for GroEL-ATPYS, but not for apo GroEL (e.g., Fig. 2,
peptide 6-13). Notably, the bimodal pattern applies only to those
regions that exhibit conformational change upon ligand binding
(Fig. 2, peptide 117-127). Furthermore, for those GroEL-ATPyS
peptides showing a bimodal distribution, the lower mass segment
of the distribution is similar to the isotopic envelope for apo GroEL
(Fig. 2, peptide 387-406).

A bimodal distribution could result from EX1 type HDX kin-
etics®>?®, in which two distinct protein conformations interconvert
during the HDX incubation period. In our case the GroEL conforma-
tion is fixed by incubating the ligand with GroEL for 30 min prior to
HDX, whereas ATP-induced conformational changes are reported to
have a rate constant of ~10 s™' *, which is too fast to be captured by
the present HDX MS technique. Rather, the observed bimodal dis-
tribution may be ascribed to structural differences between the two
heptameric rings caused by ATP binding to one ring. Previous stud-
ies indicate that nucleotide may bind to only one GroEL ring®”*'~*
despite an earlier X-ray structure indicating one ATPYS per GroEL
monomer". Such structural asymmetry of nucleotide-bound GroEL
persists for HDX experiments at higher nucleotide concentration. As
shown in Supplementary Fig. 2, when the protein 14-mer is saturated
by 14 ATPS, the two GroEL rings maintain different conformations.
Consistent with that HDX result, the cryo-EM captured ATP-bound
GroEL also indicates that one ATP bound GroEL ring is in a relaxed
state whereas the other ring is in a tense state*’. In the EM structure,
the tense state ring is structurally more similar to a ring of apo GroEL,
whereas several inter-subunit contacts are found to be lost in the

relaxed state ring. Taking into account all of the discussed evidence,
we interpret that the bimodal distribution is the result of structural
asymmetry between the two GroEL rings.

Specific changes in GroEL structure induced by nucleotide
binding. The sensitivity of the present approach to structural
differences depends on both the solvent exposure for a specific
residue and the secondary structure. For example, moving a loop
from a buried position to a more open location will be detected by
HDX-MS. Here, we simply report conformational changes, whether
they originate from a change in secondary structure or solvent expo-
sure. Based on the extent of deuterium uptake difference, specific
GroEL regions can be categorized as having "major" (>50%) or
"minor" (15%-50%) nucleotide-induced conformational changes.
Such changes are observable in all three functional domains of
GroEL, indicating that the changes induced by nucleotides binding
are global. In Fig. 3, the various regions are mapped onto a three
dimensional x-ray crystal structure of GroEL".

In the equatorial domain, there are 2 major and 3 minor changed
regions upon nucleotide binding. The most dramatic change occurs
in helix A and B strand 1 (Fig. 3, I), revealed by a group of overlapping
peptides spanning residues 2 to 29. In particular, peptides 6-13 (also
shown in Fig. 2), 16-23, and 18-25 display deuterium uptake differ-
ences greater than 60%. Interestingly, residues Val 6 and Val 22
constitute a pair of inter-subunit contacts in the same ring' and
the mutation on Ala 3 has been shown to cause a functional defect,
possibly by disrupting communication between neighboring subu-
nits*. The second major changed region is 459-487 (Fig. 3, II), from
part of helix Q and B strand 15/16. The representative peptides are
459-466 (Fig. 2) and 467-490, in which the residues Glu 461, Ser 463,
and Val 464 are involved in the inter-ring interaction between two
subunits'. The 3 minor changed regions are 38-65 (P strand 2/3 and
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Figure 2 | Deuterium incorporation vs. H/D exchange period for five representative peptides, along with HDX mass spectra for at three indicated
incubation periods. For each peptide exhibiting significant difference in HDX behavior between apo GroEL and GroEL-ATPYS (e.g., peptides 6-13,
238-253, 387-406, and 459-466), a clear bimodal isotopic distribution is observed. However, for peptide 117-127 which is unaffected by nucleotide

binding, a single isotopic distribution is observed.
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Figure 3 | The equatorial domains in three interacting GroEL subunits. Five regions (I-V) from the HDX comparison of GroEL-ATPYS vs. apo GroEL
are colored as in Fig. 1. Two subunits in the top GroEL ring and one in the bottom ring are chosen to represent the inter-subunit and inter-ring
interactions (viewed from the outside of the cylinder). Representative peptides for the regions are shown in the inset table.

helix B, Fig. 3, IIT), 422-441 (part of helix O/P and their linker, Fig. 3,
IV), and 520-528 (B strand 18 Fig. 3, V), all exhibiting significant
increase in deuterium uptake by GroEL-ATPYS. The B2/B3 stem
loop is slightly shifted in the crystal structure of GroEL-ATPyS"
compared with the crystal structure of apo GroEL'. Residues 36-40
from P strand 2/3 are also in contact with residues 516 and 518-522
near [} strand 18 in a neighboring subunit’, and collectively form a §
sheet, as shown in Fig. 3, IITand V. The first residue in helix P (shown
in Fig. 3, IV), Glu 434, participates in the inter-ring interaction'.

In the intermediate domain, B strand 4, 5, and 13 exhibit minor
changes and part of helix N (Fig. 2 peptide 387-406) shows major
changes. The small intermediate domain connects the apical domain
and equatorial domain and forms part of the outer circumference of
the cylinder. The short antiparallel B strands 4, 5, and 13 (Fig. 4, I)
function as the covalent linker between the two domains. The minor
D-uptake change observed for  strands 4, 5, and 13 may indicate
that they function as a communicator between the apical and equat-
orial domains during the allosteric regulation. The changed B strands
are likely the key regions that facilitate the 10° rotation of the inter-
mediate domain observed in the cryo-EM captured ATP-bound
state**. The helix N (Fig. 4, II) is in contact with the apical domain
of the neighboring subunit, and the major change in deuterium
uptake may indicate an altered inter-subunit interaction.

For the apical domain, several changed regions are observed. The
changed regions are 190-221 (P strands 6, 7, and 8 with linker, Fig. 4,
III), 238-252 (B strand 9 with flanking loop, Fig. 4, IV), 275-302 (p
strand 10 and helix J, Fig. 4, V), and 352-367 (part of helix M, Fig. 4,
VI). Several residues from regions 190-221, 275-302, and 352-367
(Phe 281, Try 360, Arg 197, and Arg 285) are in contact with helix N
of the intermediate domain from the neighboring subunit in the 3D
model, indicating that the interaction might be weakened upon nuc-
leotide binding. From the crystallographic model, the portions of the
apical domain facing the channel and the top surface of the cylinder
may be inherently flexible, enabling them to accommodate a variety

of unfolded peptide substrates'. The residues 238-252 (Fig. 2, peptide
238-253) near P strand 9 (Fig. 4, IV) lie on the edge of the channel
entrance, and their flexibility and/or solvent accessibility is further
enhanced upon nucleotide binding. This structural change may indi-
cate conformational rearrangement enabling GroES to bind a sub-
strate protein. The conformational change for region 238-252
explains the radial expansion of the channel entrance in the allosteric
R ring observed by cryo-EM*.

Discussion

The HDX-MS data herein reveal a much more detailed picture of
nucleotide regulated wild type GroEL structure than any previous
effort. Allosteric conformational changes are resolved to as few as
several amino acid positions in solution, whereas previous cryo-EM
studies have observed structural changes only at the domain or sub-
domain level. Moreover, the HDX-MS experiments have been opti-
mized to achieve ~99% sequence coverage and to reveal detailed
structural differences between the two GroEL conformational states.
The overall solvent accessibility and/or structure flexibility of GroEL-
ATPYS is enhanced relative to apo GroEL, as indicated by higher
deuterium uptake levels throughout the sequence upon nucleotide
binding. Multiple regions with different structural function are iden-
tified as changed in ATPyS-bound GroEL.

A major effect of nucleotide binding is significant weakening of the
interaction between the GroEL subunits within one ring. The wea-
kened intra-ring interaction was also observed by cryo-EM, in which
the intermediate domain of one ring rotates significantly and its
inter-subunit contact between intermediate and apical domains is
lost*. Another major effect is that the interaction between the two
GroEL rings is weakened. Notably, prior cryo-EM study also revealed
that the two rings move apart upon ATP binding, but the present
HDX-MS results pinpoint the detailed sequence composition
responsible for such domain movement (Fig. 3, II).
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Figure 4 | Top: Apical domain (right monomer) and intermediate domain (left monomer). Bottom: Top view of one GroEL ring colored for the apical
domain. The representative peptides for the regions are shown in the inset table. Color coding is as in Fig. 1.

Relatively minor conformational changes are seen for the short
antiparallel f strands in the intermediate domain and the portion of
the apical domain forming the channel entrance. Conformational
change in the intermediate domain P strands may explain the
domain rotation previously observed by cryo-EM. Interestingly,
the channel entrance is observed to be more flexible upon nucleotide
binding, to facilitate subsequent entry of a substrate protein.

Methods

GroEL and nucleotides. Wild-type GroEL was expressed in E. coli BL21 (DE3) cells.
The protein was purified to homogeneity as reported previously®*"*. Protein quality
was verified by SDS polyacrylamide gel electrophoresis with both Coomassie-brilliant
blue and silver staining. The commercial nucleotide, ATPYS (Sigma), was further
purified to remove commercial contaminants by HPLC. Briefly, a nucleotide stock in
50 mM ammonium carbonate was applied to a self-packed Q-sepharose anion-
exchange column (GE. Healthcare Bio-Sciences AB, Uppsala, Sweden) and eluted
with a linear gradient of 50-500 mM ammonium carbonate. The nucleotide-
containing fractions were pooled and lyophilized.

Hydrogen/deuterium exchange. A stock solution of ~10 pM GroEL tetradecamer
was prepared in a standard buffer containing 20 pM HEPES, pH 7.5 in H,O. Apo-
GroEL and GroEL-ATPYS were prepared at equal protein concentration at final salt
concentrations of 10 mM KCl and 10 mM MgCl,, with or without 500 pM ATPYS,
and incubated on ice for 30 min. Similar buffer conditions were applied for the
preparation of the corresponding D,O buffers, except that the nucleotide
concentration was reduced to 50 pM.

The HDX experiments for apo GroEL and GroEL-ATPYyS were optimized and
automated with an HTC Pal autosampler (Eksigent Technologies, Dublin, CA). 5 pL
of GroEL or GroEL-ATPYS was mixed with 45 pL of corresponding buffer in D,O to
initiate each H/D exchange period. For the blank control, the initial dilution was made
in H,O buffer. The HDX incubation periods were 0.5, 1, 2, 4, 8, 15, 30, 60, 120, 240,
and 480 min, each followed by simultaneous quench and proteolysis. Each 50 uL
sample was quenched by rapid mixing with 25 pL of 200 mM TCEP, 8 M urea in
1.0% formic acid, and 25 pL of a five-fold dilution of saturated protease type XIII in
1.0% formic acid (final pH ~2.3) Protease digestion was performed for 2 min fol-
lowed by injection for LC-MS analysis. Each HDX reaction and assay was performed
in triplicate. All HDX experiments were performed at ~1°C controlled by a Huber
power water bath (Peter Huber, Offenburg, Germany).

On-line LC ESI FT-ICR MS. After proteolysis, the GroEL peptides were separated
and desalted with a Jasco HPLC/SFC instrument (Jasco, Easton, MD) interfaced
with an HTC Pal autosampler (Eksigent Technologies, Dublin, CA)*. For LC, 45 pL
of the protein digest was injected from a 50 pL loop to a Pro-Zap Expedite MS Cy4
column (Grace Davidson, Deerfield, IL), HR 1.5 pm particle size, 500 A, and pore
size, 2.1 X 10 mm. A rapid gradient from 2% B to 95% B in 1.5 min (A: acetonitrile/
H,O/formic acid, 5/94.5/0.5 v/v; B: acetonitrile/H,O/formic acid, 95/4.5/0.5 v/v) was
performed at a flow rate of 0.3 mL/min. The LC eluent flow rate was reduced by
~1/1000 by a post-column splitter for efficient microelectrospray ionization
(micro-EST)*.

The ionized LC eluent was directed to a custom-built hybrid LTQ 14.5 T FT-ICR
mass spectrometer (ThermoFisher, San Jose, CA)**. Mass spectra were collected from
m/z 380 - 1300 at high mass resolving power (m/Amsgo, = 100,000 at m/z 400, in
which Amysge, is mass spectral peak full width at half-maximum peak height). The
total data acquisition period for each sample was 6.5 min (319 acquisitions). External
ion accumulation®® was performed in the linear ion trap with a target ion population
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of three million charges for each FT-ICR measurement. LTQ-accumulated ions were
transferred (~1 ms transfer period)* through three octopole ion guides (2.2 MHz,
250 V},_p) to a capacitively coupled™ open cylindrical ICR cell (55 mm i.d.) for mass
spectral analysis. The ion accumulation period was typically less than 100 ms during
peptide elution and the FT-ICR time-domain signal acquisition period was 767 ms
(i.e., an overall duty cycle of ~1 Hz per acquisition). Automatic gain control® and
high magnetic field** provided excellent external calibration® mass accuracy
(normally better than 500 ppb rms mass error).

HDX data analysis. Data were acquired with Xcalibur software (Thermo-Fisher)
and analyzed by a custom algorithm®. For each deuterium-labeled peptide, each
isotopic distribution was visualized by a Python script to determine deuterium
uptake. Time-course deuterium incorporation profiles were fitted by a maximum
entropy method™.
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