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Abstract

E. coli GroEL is a member of ATP-dependent chaperonin family and is involved in proper folding of cytosolic
bacterial proteins. The E. coli GroEL contains 14 identical subunits of ~58.3 kD and arranged as two stalked rings.
In current study, we have determined the X-ray structure of E. coli GroEL at 3.2-A resolution. The GroEL protein was
coexpressed during recombinant M. tuberculosis DprE1 protein expression in E. coli and was co-purified with DprE1.
The GroEL-DprE1 complex was crystallized and x-ray structure analysis yielded electron density for only GroEL protein
only and no density for DrpE1 protein. Comparison of our GroEL structure with previous wild type GroEL (PDB-1XCK),
DM-GroEL-(ATP),, (PDB-1KP,) and GroEL- GroES-(ADP), (PDB-1PF,) structures have yielded the differences in (i)
interactions between heptameric rings involved in allosteric signaling (ii) interactions within heptameric ring, (iii) H and
| helices of apical domain involved in substrate binding and (iv) residues involved in signaling route. These results
indicate that our GroEL structure may be in different state, which occurred during protein folding cycle after unloading

the substrate and ADP.

Keywords: Molecular chaperone; GroEL; X-ray structure; Compara-
tive structure analysis

Introduction

The GroEL protein is a member of ATP-dependent chaperonin
family and promotes protein folding together with GroES protein
[1]. The GroEL structure consists of 14 identical subunits of ~ 58.3
kD and arranged in two heptameric rings associated back-to-back on
each other exhibiting D72 symmetry [2]. Each GroEL subunit contains
three functional domains e.g., apical, intermediate and equatorial.
The apical domain captures unfolded polypeptide and binds to GroES
protein to encapsulate of substrate protein. The ATP-binding site is
observed in equatorial domain of GroEL and equatorial domain forms
contact between both heptameric rings. The intermediate domain
of GroEL links apical domain to equatorial domain and flanked by
hinge region. This hinge region allows the movement of polypeptide
in response to ATP and GroES binding [2-4]. The GroEL and GroES
proteins are essential for bacteriophage A growth in E. coli. Cell [5].
The ATP binding to GroEL equatorial domain is required for GroES
binding [6]. The coordinated ATP hydrolysis within heptameric ring of
GroEL is required for release of protein substrate. The ATP binding to
one GroEL subunit promotes ATP binding to another subunit within
heptameric ring, but inhibits ATP binding to another heptameric
ring. In earlier studies, several wild type GroEL crystal structures
have been determined (PDB: 1XCK [7], 1SS8 [8], IGRL [2], 2NWC
[9], 10EL [10]). Single particle cryoelectron microscopic analysis
has yielded the de novo backbone tracing of native GroEL structure
(PDB-3C9V) [11]. We have determined the crystal structure of wild
type GroEL at 3.2 A resolution in ADP and substrate unloaded state
during crystallization experiment. We have compared our GroEL
structure (PDB-4HEL) with previous wild type GroEL (PDB-1XCK)
[7], DM-GroEL-(ATP),, (PDB-1KP,) [12] and GroEL-GroES-(ADP),
(PDB-1PF,) [13] crystal structures. Structural comparison analysis
has shown significant differences in inter and intra heptameric rings
contacts of GroEL protein, in H and I helices of apical domain involved
in substrate binding and in residues involved in signaling route. These
data suggest that our GroEL structure has occurred in different stage
of protein folding cycle, when substrate and ADP is unloaded during
crystallization experiment.

Materials and Methods
Protein purification and characterization

During recombinant dprE1 gene expression in E. coli, the GroEL
protein co purified with DprEl and eluted as DprE1-GroELcomplex
from Ni-NTA column. The M. tuberculosis dprE1 (Rv3790) gene
was cloned in pET28a (+) vector and the resulting clone was used to
transform E. coli BL21 (DE3) for protein expression. The cells were
grown in luria-bertani media containing 25 pg/ml kanamycin at
37°C, until OD,; reached to 0.5-0.6. The culture was induced with
0.1 mM IPTG at 25°C and grown further for 5 h at 25°C. The cells
were harvested by centrifugation at 4000xg for 15 min at 4°C. The
cell pellet was washed with 20 mM Tris-HCI pH 8.0, 150 mM NaCl,
0.1% triton-X100 and pelleted again by centrifugation. The pellet was
resuspended in lysis buffer containing 20 mM Tris-HCI pH 8.0, 150
mM NaCl, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride, 3 mM
benzamidine-HCI, 3 mM (-mercepthanol, 10 mM imidazole, 0.2 mg/
ml lysozyme and kept on ice for 1 h. The cells were lysed by sonication
and centrifuged at 12,000xg for 30 min at 4°C. For purification, lysate
was mixed with Ni-NTA resin and incubated for 2 Hours at cold room
with rotating. Further resin was loaded in empty column and washed
with buffer containing 25 mM Tris-HCI pH 8.0, 300 mM NaCl, 1
mM phenylmethylsulfonyl fluoride, 1 mM benzamidine-HCIl, 1 mM
2-mercepthanol, 5% glycerol, and 35 mM imidazole. After washing,
the protein was eluted in buffer containing 20 mM Tris-HCl pH
8.0, 150 mM NaCl, 0.25 mM phenylmethylsulfonyl fluoride, 2 mM
benzamidine-HCI, 1 mM 2-mercepthanol, 5% glycerol and 300 mM
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imidazole. The eluted protein fractions were pooled and concentrated
using Amicon-10- Ultra centrifugal device (Millipore). The purified
protein was analyzed on mass spectrometry, which indicated the
presence of DprE1-GroEL protein. The complex protein was loaded
on Sephacryl 200 (16/60) HR size exclusion column, pre-equilibrated
with buffer containing 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 4 mM
2- mercepthanol and 5% glycerol. The complex protein eluted in void
volume of size exclusion column. The identity and purity of complex
protein was checked on SDS-PAGE and mass spectrometry. The
protein fractions were pooled and concentrated to 20 mg/ml by using
Amicon- Ultra centrifugal device (Millipore).

Crystallization

Initial crystallization conditions were screened using Crystals
Screen, Crystals Screen II and PEG/ION screen from Hampton
Research. The crystallization experiments were performed using
hanging and sitting drop vapor diffusion techniques at 4°C. In each
trial, 0.2 ul of protein solution was mixed with 0.2 ul of precipitant
solution and equilibrated against reservoir containing 100 ul of
precipitant solution in 96 well plate. The microcrystals appeared in
many crystallization conditions and these conditions were further
optimized. Best crystals appeared in a drop containing 2 pl of protein
solution mixed with 1 pl of precipitant solution containing 32% MPD,
100 mM Tris-HCl pH 7.5, 160 mM MgCl,, 10% Glycerol and 2% (w/v)
PEG6000. The crystals grew as rectangular bars with typical dimension
0f 0.6 x 0.4 x 0.3 mm (Figures 1A and 1B).

Intensity data collection and processing

For intensity data collection, single crystals were picked up from
crystallization drop and flash- frozen in liquid nitrogen. The 32% MPD
in precipitant solution worked as good cryo-protectent for diffraction
measurements at cryogenic temperature. The native X-ray intensity
data was collected using MAR225 CCD detector at BM14 beamline at
ESRF, France. The reflections were indexed, integrated and scaled using
iMOSFLM [14], POINTLESS and SCALA programs of CCP4 suite
[15,16]. The CTRUNCATE program was used to generate Fobs and
FreeR flag. The crystals belong to P2 2 2, space group and diffracted to
3.2 A resolution. The details of intensity data collection and refinement
statistics are given in Table 1.

Structure solution and refinement

The GroEL structure was determined by molecular replacement
technique using wild type GroEL coordinate (PDB-1XCK) as initial
model [7]. The Phaser [17] program of Phenix [18] suite was used
for molecular replacement calculation. The structure was refined by
phenix.refine [19] module and rebuilt using COOT [20] program.
The Fo-Fc and 2Fo-Fc electron density maps indicated no electron
density for DprEl protein and electron density of only GroEL protein
was observed. The GroEL model was built by COOT program using
composite omit map. All three mutated residues in wild type GroEL
structure (PDB-1KP8) were refitted using COOT program. After
refitting, the structure was refined by REFMAC [21] program of CCP4
suite [16] using all data between 50-3.2 A resolutions. 5% of the data
were kept for R, . calculation to monitor the progress of refinement.
The final apo-GroEL structure was refined to Rwork of 0.19 and Rfree
of 0.22. The quality of the model was checked by MolProbity [22] and
PROCHECK [23]. Superpositions of GroEL structures were performed
using LSQMAN program of CCP4 [16] suite. Figures were prepared by
PyMOL [24].

Protein data bank accession codes

Coordinates and structure factor amplitudes have been deposited
in PDB database with accession code (4HEL).

Results and Discussion
Overall structure of GroEL

During recombinant M. tuberculosis DprEl protein expression,
the GroEL protein was co- expressed together with DprE1 and purified
using standard Ni-NTA and gel filtration chromatography (Figure
1A). The purified GroEL was analyzed on SDS-PAGE, which shows
two proteins having small difference in molecular weight (Figure 1A).
MALDI TOF-TOF mass spectrometric analysis on both bands shows
the DprE1 and GroEL proteins. The crystal structure of GroEL trapped
with its substrate during protein folding process is still lacking. We
performed the crystallization experiments on DprE1-GroEL complex
and obtained the rectangular shaped crystals of GroEL (Figure 1B).
Native X-ray intensity dataset was collected at 3.2 A resolution and
structure analysis has yielded only GroEL structure with no electron
density for DprE1 protein. The GroEL crystals belong to P2,2 2 space
group with one GroEL molecule in asymmetric unit. The GroEL

A

2 1M
2 GroEL e o7 4
300 Y —t 66
250 - /" By 43
L dprEA

= 200 - — 29

2 !

= 150 4 € 20.1

3

< 100 - w—c 14.3
50 -

0.0 0 00 T k0

Elution volume (ml)

Figure 1: (A) Gel filtration chromatogram and SDS-PAGE analysis of purified GroEL-DprE1 complex. (B) Rectangular shaped crystals of GroEL.
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Beamline BM,,, (ESRF)
Wavelength (A) 0.97327
Temperature 100 K
Space group P222,

Unit cell parameters (A, 0)
Resolution range A

a=136.2, b=261.8, c=282.3
59.38-3.20 (3.37-3.20)

Total observations 12,47,571
Unique observations 166,588 (24,106)
Multiplicity 7.5(7.3)
Completeness 100 (100)

Vo (I) 6.1(2.4)
merge 0.32 (0.85)
Molecules/AU 1

Solvent content, Matthew’s coefficient 62%, 3.27 A*Da

Refinement statistics

R, ... (Work/free) 0.19/0.22

Protein atoms 53,970
Mean B factor(A?) 48.2

r.m.s deviation bond (A) 0.015

r.m.s deviation angle (0) 1.647

Ramachandran plot

Most Favored regions (%) 911
Additional allowed regions (%) 7.4
Generously allowed regions (%) 0.8
Disallowed region (%) 0.8

Values in parentheses describe the highest resolution shell.

Rmerge=Y hyi| |h,i-<Ih>| Y hYi |lh,i|, where lh,i is the i intensity measurement of
reflection h and

<lh> is the average intensity of that reflection. R, =5hkl |F
F.o(hKI)

(hKI)-F__(hkl)l/ Shkl

bs cale

Table 1: Intensity data collection and refinement statistics.

structure was determined by molecular replacement technique using
wild type GroEL structure (PDB-1XCK) [7] as input. The GroEL
structure was refined to Rfactor of 0.19 and Rfree of 0.22 and contains
7364 residues (14 x 526 residues in each subunit). Both heptameric
rings of GroEL are stalked back-to-back using equatorial domain as
interface. Mg?* and K* ions are required for ATP binding, hydrolysis
and cooperatively between inter and intra heptameric rings of GroEL
[12,25,26]. The ion-binding sites in GroEL were identified using
thallium ions (Ti*) replacement [27]. Electron densities of these ions
are not observed in our GroEL structure, though MgCl, was used in
crystallization buffer.

Structural changes in apical domain

We have superposed the backbone Ca atoms of all 14 subunits
of our GroEL structure using equatorial domain as reference
(Figure 2A). It yielded maximum r.m.s.d. of 7.2 A for apical
domain and rest of structure superposed well. When Ca atoms of
all 14 subunits of GroEL were superposed to each other, following
conformational changes e.g., 12.3° for apo-GroEL (PDB-1XCK) [7],
7.4° for DM-GroEL-(ATP),, (PDB-1KP8) [12] and 2.1° for GroEL-
GroES-(ADP), (PDB-1PF9) [13] structures were observed in apical
domain. The GroEL is composed of two heptameric rings and each
ring consists of 7 fold symmetry [2]. Deviation from ideality in
GroEL structure shows variability in perfect symmetry with its all
domain [8]. Equatorial domain of GroEL is most stable and highly
symmetric in nature due to less mobility and little conformational
change. The GroEL apical domain is highly mobile in nature, as it
interacts with native polypeptide. The GroEL apical domain goes
into a series of conformational changes with a little conformational
change in intermediate domain [28,29].

Contacts within heptameric ring

Several structural changes are occurred in GroEL during protein
folding cycle, in which many bonds are broken and new bonds are
formed [17]. These bonds are formed within heptameric ring and
between both heptameric rings of GroEL. In a recent study [17], the
switch between trajectory of protein folding cycle is dissected [17]. As
shown in Figure 2B, specific inter-domain interactions are observed,
which stabilize the monomeric GroEL structure. Arg58(Nn2) of
equatorial domain forms hydrogen bond with Pro208(0O’) of apical
domain (~2.4 A). Asp83(082) of apical domain forms hydrogen
bond with Ser79(N) of equatorial domain (2.7 A). In all 14 subunits,
Lys327(N{) of apical domain forms salt bridge with Ser79(OH)
and also with Asp83(082) in few cases. The interactions between
heptameric rings play key role in release of substrate and ADP during
protein folding cycle. Interactions between apical to equatorial
domains provide compactness to overall GroEL structure, when it
needs to rearrange itself in proper conformation for trapping unfolded
polypeptide in next cycle.
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Figure 2: (A) Superposition of backbone Ca atoms of all 14 subunits of GroEL.
Maximum r.m.s.d. is observed in apical domain ~7.2 A (circle 1), in hairpin
loop that binds to ATP ribose moiety (circle 2) and in loop involved in blocking
polypeptide to cross ring interface (circle 3). (B) Interactions between apical and

equatorial domain in GroEL monomer, which stabilize the monomeric structure.
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Interactions between two GroEL subunits within heptameric ring
are shown in Figure 3B. The contact distances between heptameric
rings in our GroEL structure are different than apo- GroEL structure
obtained by cryo-electron microscopy [17]. In TT state, when GroEL
is not bound to ATP and naive polypeptide, the average distance
between Arg197(Nn1) to Glu386(O¢1) was 4.6 Ain CryoEM structure
[17]. Current distance is 3.2 A in our GroEL structure, which indicates
more closer subunit interaction. Contact distance of another switch
bond Glu255(0¢l) to Lys207(N{) was 4.0 Ain apo-GroEL structure by
Clare et al. [17]. Same contact distance is 7.5 A in our GroEL structure.
It indicates that our GroEL structure is not in native stage, but in a
different stage of protein folding cycle. The hydrophobic collar of
GroEL is involved in trapping non-native polypeptide to fold them
properly [12,29,30]. Three domains of GroEL monomer interact
specifically with three domains of adjacent GroEL monomer. In Figure
3B, Glu386(0O¢l) of apical domain of one monomer forms salt bridge
with Argl97(Nn1) of intermediate domain of next monomer (3.2 A),
which has been proposed in positive allostery [30]. Lys226(N{) of
apical domainforms salt bridge with Glu216(0O381) of adjacent apical
domain (3.0 A). Asp283(N) of apical domain forms hydrogen bond
with Thr181(0O’) of adjacent apical domain (3.1 A). These interactions

Figure 3: Interactions between two GroEL subunits of heptameric ring. (A)
Residues involved in interaction between apical to apical domains are shown in
circle 1. (B) Residues involved in interaction between equatorial-to-equatorial
domains are shown in circle 2.

are broken during ATP and polypeptide binding to GroEL. During
recycling, these contacts further stabilize the GroEL structure needed
for next cycle. Interactions between equatorial domain of two GroEL
monomers are shown in Figure 3C. Leu513(O’) forms hydrogen bond
with Asn37(N§2) of adjacent subunit. Lys4(N(2) forms hydrogen
bond with Glu59(0’) (3.0 A) and Lys4(N) forms hydrogen bond with
Glu61(0’) (2.7 A). Glu61(0¢2) forms hydrogen bond with Ala2(N)
(3.1 A). These interactions are observed in loops extended at ring
interface and between subunit-subunit contacts. Distances of all other
interactions are given in Figure 3C. Contacts between two adjacent
equatorial domains of same ring are needed for signaling between
GroEL subunits. These interactions stabilize the ring-ring interface
during expansion at the time of cycling [17,31]. These interactions are
also observed in apo-GroEL (PDB-1XCK) [7] and DM-GroEL-(ATP),,
(PDB-1KP8) [12] structures having different bond lengths than our
GroEL structure (PDB-4HEL).

Contacts between both heptameric rings

Contacts between heptameric rings are important for inter-ring
signaling of GroEL and have been studied extensively [2,7,28,32,33].
We have observed different inter-ring contacts than previous GroEL
structures. One GroEL subunit of top ring interacts with two subunits
of bottom ring in 1:2 stoichiometry, termed as left and right of top
ring [2]. On right site of Figure 4, Arg452(Nn2) of top ringforms salt
bridge with Glu461(Osl) of bottom ring (3.5 A), and Glu461(081)
of top ring forms salt bridge with Arg452(Nn2) of bottom ring (3.9
A). These interactions play key role in signaling and temperature
sensing [17,34,35]. The distances of these contacts are similar in GroEL
structure in TT state [7,24], but little different in our GroEL structure
(PDB-4HEL) and in apo-GroEL (PDB-1XCK) and DM-GroEL-
(ATP),, (PDB-1KP8) structures [7,12] (Figure 4). On left site of Figure
4, Asnl112 is located at the loop connected with helix, where Alal09 is
located and play key role in the left site of contact [2,17]. Alal109 of top
ring contacts Alal09 of bottom ring with average distance of 4.0 A.

Superposition of our GroEL structure (PDB-4HEL) with apo-
GroEL (PDB-1XCK), DM- GroEL-(ATP)14 (PDB-1KP8) and
GroEL-GroES-(ADP)7 (PDB-1PF9) structures

Superposition of backbone Ca atoms of our GroEL structure
(PDB-4HEL) with previous wild type GroEL structure (PDB-1XCK),
has yielded the r.m.s.d. of 0.89 A. Most of the structure is superposed,
but significant deviations are observed in H and I helices involved in
naive polypeptide binding [12,36,37]. Superposition of backbone Ca
atoms of our GroEL structure with DM-GroEL-(ATP)14 structure
gave r.m.s.d. of 1.59 A. DM-GroEL-(ATP),, structure looks elevated at
apical domain, little at intermediate domain than our GroEL structure,
consistent with earlier observation [36,38]. Superposition with our
GroEL structure with GroEL-GroES- (ADP)7 structure gave r.m.s.d.
of 1.01 A, more than wild type GroEL structure (PDB-1XCK). To
know whether both heptameric rings of our GroEL structure are in
symmetry with TT state, we superposed both heptameric rings of our
GroEL structure and observed the r.m.s.d. of 0.55 A, similar to previous
apo-GroEL structure (PDB-1XCK). It indicates that both rings of our
GroEL structure are not in perfect TT state and having some deviation
from ideality in H and I helices of apical domain.

Factor analysis

Our GroEL structure has overall B factor of 49.9 A% and maximum
deviation is observed in apical domain. We superposed 14 subunits
of our GroEL structure using equatorial domain as reference and
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observed high B factor for apical domain (Figure 5). Apart from apical
domain, two- hairpin loop of equatorial domain also contain high B
factor. As shown circle 1 of Figure 5, hairpin loop interacts with ATP’s
ribose moiety. In DM-GroEL-(ATP), , (PDB-1KP8) [12] structure,
this loop is well ordered, but contains high B factor in our GroEL
structure. It indicates the role of ATP in stabilizing this loop, which
may work as lid for ATP to enter and release. Another loop at central
channel of interface of two rings has high B factor. It may work as
barrier for peptide crossing at interface of two rings. GroEL asymmetry
is measured and refined by TLS refinement by Chaudhary et al. [8]
and found maximum at apical domain. It shows greater flexibility,
highly mobile for binding naive polypeptide and shows high domain
movement during folding cycle.

Residues involved in signaling route

In Figure 6, Argl3(Nn1) forms hydrogen bonds with Glu518(O¢2)
of same GroEL subunit (2.6 A). In earlier apo-GroEL structure [7],
Argl3(Nnl) also forms hydrogen bonds with Glu518(O¢2) of same
subunit (2.8 A). Arg36(Nnl) forms salt bridgeswith Glu518(Oel) (2.9
A) and Asn457(081) (3.0 A). Contact distances between Arg36(Nnl)
to Glu518(0O¢l) of adjacent subunit was 2.8 A in GroEL-GroES-(ADP),
structure (PDB-1PF9), 4.4 A in apo-GroEL structure (PDB-1XCK) and
42 A inDM-GroEL-(ATP),, structure (PDB-1KP8). The Asn457(N81)
forms hydrogen bond with Leu31(O’) and Leu31 is the neighbor of
Gly32 that contact directly with ATP. Asn457 and Arg36 contacts at
interface of two subunit of same ring. It may play a role in positive Figure 5: B factor analysis of all 14 subunits of our apo-GroEL structure.
co-operativity in ring and pass information to helix P, where Arg452 !\/Iaximum. B factor isl obsgwgd in apical domain, which is highly .mobile apd
. . . . . . involved in polypeptide binding. In two other loops of equatorial domain,
is located. Argd52 is the key residue for interface signaling. (?n the involved in ATP binding and interface barrier. Inset shows ATP interactions
right site, Arg452(Nnl) forms salt bridge Glu461(Oel) (3.9 A) and with loop.
Glu461(Oel) form salt bridge with Arg452(Nnl) (3.8 A) of opposite
ring. The contact distance of Arg452(Nnl)-- Glu461(Oel) was 3.4 A
in apo-GroEL structure (PDB-1XCK), 3.4 A in DM- GroEL-(ATP),,
structure (PDB-1KP8) and 4.9 A in GroEL-GroES-(ADP), structure
(PDB-1PF9). The contact distance of Glu461(Oel) ---- Arg452(Nnl) Glus18 Subunitn
was 4.6 A in apo-GroEL structure (PDB-1XCK),4.6 A in DM-GroEL- f

[/ arg3e Inter-ring subuni

Arg13
.2.6
Top-ring e
29"
F_Qing-ring
interface 38
Gludé1
Arg452
Bottom-ring
Figure 4: Interactions between GroEL heptameric rings, defined as left and Figure 6: Interactions between residues involved signaling route of GroEL.
right hand of top ring. (A) Inter ring residues involved in interactions on left hand Interactions between residues involved in intra and inter ring signaling of
(B) Inter ring residues involved in interactions on right hand. GroEL. Salt bridges are shown in broken lines.
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(ATP),, structure (PDB-1KP8) and 2.8 A in GroEL-GroES-(ADP)7
structure (PDB-1PF9).

Conclusion

In summary, we have determined the crystal structure wild type E.
coli. GroEL at 3.2 A resolution in substrate and ADP unloaded state.
Comparison of our GroEL structure with previous wild type GroEL
(PDB-1XCK), DM-GroEL-(ATP),, (PDB-1KP8) and GroEL-GroES-
(ADP)_(PDB-1PF9) structures have yielded significant differences in (i)
interactions between heptameric rings involved in allosteric signaling
(ii) interactions within heptameric ring (iii) H and I helices of apical
domain involved in substrate binding and (iv) interactions between
residues involved signalingroute of GroEL. These results indicate that
our GroEL structure exists in different stage of protein folding cycle,
when substrate and ADP is unloaded. In crysal structure some time
difference in the contact distance and little change also observed due to
the crystal packing contacts but in our case we also compared with apo-
GroEL [7] that has same space group (P2,2 2 ) and having same space
group and this much of difference is highly unlike possibility.
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