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Abstract

GroEL, a prototypical member of the chaperonin class of chaperones, is a large supramocular
machine that assists protein folding and plays an important role in proteostasis. GroEL comprises
two heptameric rings, each of which encloses a large cavity that provides a folding chamber for
protein substrates. Many questions remain regarding the mechanistic details of GroEL facilitated
protein folding. Thus, data at atomic resolution of the type provided by NMR and EPR are
invaluable. Such studies often require complete deuteration of GroEL, uniform or residue

specific 13C and 15N isotope labeling, and the introduction of selective cysteine mutations for site-
specific spin labeling. In addition, high purity GroEL is essential for detailed studies of substrate-
GroEL interactions as quantitative interpretation is impossible if the cavities are already occupied
and blocked by other protein substrates present in the bacterial expression system. Here we present
a new purification protocol designed to provide highly pure GroEL devoid of non-specific protein
substrate contamination.
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1. Introduction

GroEL, the prototypical member of the chaperonin class of chaperones [1], is a large
tetradecameric complex comprising 14 identical subunits (GroEL14) that form two double-
ringed cylinders (7 subunits per cylinder) stacked back to back [2]. The resulting two large
cavities constitute the protein substrate folding chambers that are capped upon binding the
co-chaperone GroES. It has been proposed that confinement of a single protein substrate
molecule within the protected cage facilitates folding by preventing aggregation [3, 4]. There
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are still many unanswered questions regarding the mechanistic basis of GroEL action. For
example, GroEL displays positive intra-ring cooperativity with respect to ATP and K*
binding but negative inter-ring cooperativity for GroES and ATP binding [5], yet little is
known about how the different subunits communicate with each other. Similarly, each
GroEL subunit has a long 23-residue unstructured C-terminal tail, comprising several Gly-
Gly-Met repeats located at the base of the cavity, that is essential for the folding of protein
substrates [6, 7]; whether the tail is actively involved in the incorporation of protein
substrates within the cavity or simply facilitates retention within the cavity is still a matter of
debate. Recent developments in NMR and EPR hold promise for addressing such questions,
to name only a few, at atomic resolution. For example, selective-isotope labeling [8],
TROSY-based pulse sequences [9], and dark state exchange saturation transfer [10] have
expanded the field of NMR spectroscopy to the study of megadalton complexes, while
recent progress in pulsed double electron-electron resonance (DEER) EPR spectroscopy has
extended the range of accessible distances between spin labels up to 170 A in deuterated
proteins [11]. A pre-requisite for quantitative NMR and EPR studies is a GroEL purification
protocol that (i) results in high purity GroEL in which the cavities are devoid of any
contaminating substrate proteins present in the bacterial expression system, (ii) is
reproducible from construct to construct, (iii) allows full deuteration, and (iv) produces
sufficiently high yields to permit solution-state NMR studies.

GroEL is essential for £. coli growth [12] and has been shown to interact both /i vivoand in
vitro with several hundred proteins [13]. Many of these protein substrates bind with micro-
to picomolar affinity, and, as a result, the substrate-GroEL complexes survive many passages
through various columns, rendering GroEL purification challenging. The general GroEL
purification protocol consists of two steps: a standard purification in which GroEL is
separated from other unbound proteins, and a final clean-up to remove proteins bound within
the GroEL cavity (Fig. 1). The most commonly used final clean-up procedure, introduced by
Lorimer’s group [14], consists of an acetone precipitation step in which protein solubility is
reduced by lowering the dielectric constant of the solution. GroEL with all bound protein
impurities precipitates in the presence of acetone, and for unknown reasons only GroEL can
be resolubilized. However, this protocol is not applicable for deuterated proteins and, in our
hands, also failed for several GroEL mutants. Although deuterated GroEL has been used by
Horwich and Wiithrich in various qualitative solution-state NMR studies, the purification
protocol employed did not make use of a final clean-up procedure as this wasn’t required for
the particular questions being addressed [15]. Other protocols treat GroEL with 20%
methanol [16], salting out the major contaminant, B-galactosidase [17], or make use of
disassembly/reassembly methods [18-20]. Unfortunately, in our hands all published clean-
up procedures either failed to produce pure enough GroEL (we aimed for less than 10%
impurities expressed in terms of mol per mol GroEL 14) or the yield was too low to meet the
sample requirements for NMR and EPR.

Here we introduce a novel purification protocol that was successful employed for various
mutations located around and within the GroEL cavity (specifically, E315C, A138C, and
R268C). We optimized a previously published standard purification protocol [14] and

developed a new protocol for the final clean-up phase. The latter consists of disassembly
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into monomers in 3-4 M urea, purification of the resulting monomer by gel filtration, and
finally reassembly back to GroEL 14 by the addition of ammonium sulfate and ATP.

2. Materials and Methods

2.1 Materials

Luria Bertani (LB) medium (CAPSULES) was purchased from MP Biomedicals (Solon,
OH, USA) and LB agar plates with 100 pg/ml ampicilin from IPMscientific (MD, USA).
Ampicillin sodium salt, isopropyl B-D-1-thiogalactopyranoside (IPTG) (OmniPur,
Calbiochem), DL-dithiothreitol (DTT), tris(2-carboxyethyl)phosphine (TCEP), sodium
chloride (NaCl), albumin from bovine serum (BSA), adenosine 5’ diphosphate disodium salt
(ADP), adenosine 5’ triphosphate disodium salt (ATP), ammonium sulfate ((NH4)2SO4) for
molecular biology, and streptomycin sulfate salt were obtained from Millipore Sigma (St.
Louis, MO, USA). cOmplete tablets EDTA-free (Roche, Germany) were used as a protease
inhibitor. 1M Tris-HCI at pH 7.4 or 8, and ethylenediaminetetraacetic acid (EDTA) were
purchased from K-D Medicals (Columbia, MD, USA). Molecular biology grade magnesium
chloride (MgCl,) was obtained from Quality Biological (MD, USA), and Urea
(UltraPure™) and guanidinium hydrochloride (GuHCI) from Invitrogen (ThermoFisher
Scientific, NY, USA). Nitroxide spin-labels (MTSL, S(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate, and the diamagnetic control MTS
(1-acetoxy-2,2,5,5-tetramethyl-8-3-pyrroline-3-methyl) methanethiosulfonate) were
obtained from Toronto Research Chemicals (Canada).

2.2 Point mutations

One Shot™ MAX Efficiency™ DH5a™~T1R Competent Cells (Invitrogen, ThermoFisher)
were used as the bacterial host for DNA cloning. The GroELE315C DNA sequence,
containing the wild type sequence with all 3 natural cysteines mutated to alanines and a
cysteine introduced at position 315 (C138A, C458A, C519A, E315C), was synthesized by
GenScript (NJ, USA) using the OptimumGene™ algorithm for codon optimization, and
cloned into a pET-21(a+) vector. A point mutation was subsequently introduced by PCR at
position 315 (C315E) to obtain the GroEL sequence without any cysteines (Cys0). Two
residues at positions 268 (R268C) and 138 (A138C) of the Cys0 sequence were mutated to
cysteines resulting in 3 GroEL constructs, each containing only one cysteine residue:
GroELE315C, GroELR268C and GroELAL38C, The primers are shown in Table T1 and were
obtained from Integrated DNA Technologies (1A, USA).

The PCR reactions were conducted using 0.625 units DNA polymerase, 0.2 mM dNTPs
(Taq DNA polymerase master mix, Apex™, Biocompare, CA, USA), 1 ul each, forward and
reverse primers at a concentration of 5 UM (Integrated DNA Technologies, 1A, USA), and 1
ul DNA plasmid at approximately 5 ng/ul. 17 cycles of 30 seconds denaturation at 95 °C,
annealing for 1 minute at 55 °C, selectively denaturation of the mutation for 14 minutes at
68 °C, and finally extension for 20 minutes at 72 °C w as carried out. The template vector
was removed by adding 2 ul Dpnl restriction endonuclease (New England BioLabs, MA,
USA) at 20,000 U/ml at 37 °C for 1h. The plasmid was purified using the plasmid
purification kit (QIAprep spin Miniprep Kit, Quiagen, Germany), cloned into DH5a T1R
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competent cells, and plated on LB agar plates with ampicillin at 200 pg/ml. On the next day
the colonies were amplified in 3 ml LB with 100 pug/ml ampicillin overnight and again
purified with the plasmid purification kit. All mutations were sequenced by QuintaraBio
(DC, USA).

2.3 Protein expression

The various plasmids were transformed into One Shot™ BL21 Star™ (DE3) Chemically
Competent £. coli cells (Invitrogen, ThermoFisher). A pre-culture of 3 ml LB was grown
overnight at 37 °C and transferred into 1 L LB the next morning. Gene expression was
induced with 0.5 mM IPTG at an optical density at 600 nm of 0.8. After overnight
expression at 20 °C the cells were harvested by centrifugation at 4500 g (Avanti™ J-20 XP,
Beckman Coulter, Inc.) at 4 °C for 30 minutes and stored at —80 °C.

2.4 Cell lysis and fast protein liquid chromatography

Cells were lysed using the Constant System cell disruptor, TS Series 0.75 kW Version 4
(Constant Systems Limited, UK). Fast protein liquid chromatography (FPLC) was
performed using an AKTA Explorer (GE, Healthcare, MA, USA) with a Frac-950 fraction
collector for ion exchange chromatography and a Frac-920 for size exclusion
chromatography. Elution of protein was monitored by UV absorption at 254 and 280 nm. A
Biologic LP system with a BioFrac fraction collector (BioRAD, CA, USA) was used for all
urea containing purification steps and the elution profiles were monitored by UV absorption
at 280 nm. For ion exchange chromatography a column was self-packed with 60 ml Q
Sepharose™ Fast Flow resin (GE, Healthcare, MA, USA). For gel filtration, a HiPrep 26/60
Sephacryl S-300 column (GE, Healthcare, MA, USA) was employed for assembled
GroEL 14, and a HiLoad™ 26/60 Superdex 200 prep grade column (GE, Healthcare, MA,
USA,) for disassembled GroEL monomer. For ion exchange column in urea a HiTrap™ QFF
(2 x 5 ml) (GE, Healthcare, MA, USA) column was used; for hydrophobic interaction
chromatography (HIC) a HiTrap™ Phenyl FF (1 x 5 ml) (GE, Healthcare, MA, USA)
column was used; and for buffer exchange a disposable PD-10 desalting column was used
with Sephadex G-25 resin, 2.5 mL samples (GE, Healthcare, MA, USA).

For the purification of GroEL the following buffers were employed:
. Lysis buffer: 50 mM Tris, pH 8, 1 mM EDTA, and 2 mM DTT
. Buffer A: 50 mM Tris pH 8, 5 mM MgCly, 2 mM EDTA, and 2 mM DTT

. Buffer B: 50 mM Tris pH 8, 5 mM MgCl,, 2 mM EDTA, 1 M NaCl, and 2 mM
DTT

. Buffer C: 10 mM Tris, pH 7.4, 10 mM MgCl,, 2 mM DTT, and 1 mM TCEP

. Buffer D: 10 mM Tris, pH 7.4, 10 mM MgCly, 2 mM DTT, 1 mM TCEP, and 3
M urea

. Buffer E: 10 mM Tris, pH 7.4, 10 mM MgCl,

Centrifugation we carried out at 50,000 g for 25 minutes unless otherwise indicated.

Protein Expr Purif. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilti and Clore

Page 5

2.5 Gel electrophoresis

For SDS-PAGE gel electrophoresis, 15 ul sample was mixed with 5 pl SDS protein gel
loading solution (2x) (Quality Biological, MD, USA) and loaded onto a NUPAGE™ 4-12%
Bis-Tris gel with 1.5 mm x 10 or 1.5 mm x 15 wells (Novex, ThermoFisher Scientific, NY,
USA). The PageRuler™ Plus prestained protein ladder (ThermoFisher Scientific, NY, USA)
was used as a molecular marker. The running buffer was NUPAGE MES SDS buffer (20x)
(Novex, ThermoFisher Scientific, NY, USA). Gel electrophoresis was performed according
to the manufacturer’s instructions. Gels were stained for 1h or overnight with PageBlue™
protein staining solution (ThermoFisher Scientific, NY, USA) and destained for several
hours with deionized water.

Assembly and disassembly of GroEL was monitored using blue native PAGE (BN-PAGE;
Native PAGE™ 3-12% Bis-Tris gel) with 1 mm x 15 wells. 7.5 pl sample was mixed with
2.5 ul loading solution (NativePAGE 4x sample buffer). The gel, cathode buffer (20x),
running buffer (20x), and loading solution were obtained from Novex, ThermoFisher
Scientific (NY, USA). Gel electrophoresis was performed in the cold room following the
manufacturer’s instructions, followed by staining for 1h or overnight with PageBlue™
protein staining solution (ThermoFisher Scientific, NY, USA) and destaining for several
hours with deionized water.

2.6 Tryptophan fluorescence

The final purity of GroEL can be judged by measuring the intrinsic fluorescence based on
the emission of the aromatic amino acid tryptophan [21]. Since GroEL does not contain any
tryptophan residues, any residual tryptophan fluorescence must arise from co-purified
protein impurities.

An infinite M200 Pro plate reader, in conjunction with the Magellan™ V 7.2 data analysis
software from Tecan (Switzerland), was used to measure fluorescence. 96 well plates (PP,
FBottom, chimney well black, and greiner bio-one; NC, USA) were used. The measurement
was performed at 25 °C, starting with orbital shaking with an amplitude of 1 mm for 10
seconds prior to the actual fluorescence measurement. An emission scan from 325-450 nm
was employed, with an excitation wavelength at 295 nm and a top readout. GroEL samples
were denaturated in 8 M GuHCI and loaded in the wells at a concentration of 10 uM. Al
measurements were performed in triplicate and the accurate concentration of GroEL was
measured from the A,gg of each well. The amount of impurities was estimated using a
standard curve for BSA from 0 to 2 uM. BSA contains two tryptophans per molecule, and,
assuming the average molecular weight of the protein impurities is around 40 kDa with an
average 3-4 tryptophans per protein, the molar amount of impurities in the sample can be
estimated [21].

2.7 Expression and purification of FynSH3

The triple A39V/N53P/V/55L (SH3PY) mutant of the Gallus gallus FynSH3 domain was
isotopically labelled with 1°N and purified using a hexahistidine purification tag according
to a previously published protocol [22]. Tobacco etch virus (TEV) protease, required to
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cleave the N-terminal His tag of FynSH3, was purified according to a published procedure
[23].

2.8 Expression and purification of GroES

GroES was expressed in £. coli (BL21 DE3) using LB medium and purified as previously
reported [24]. Briefly, a hexahistidine containing construct was purified with a nickel
Sepharose column, the affinity tag was cleaved with thrombin, and further purified with a
second nickel Sepharose column. A final passage through a benzamidine column removed
thrombin from the final sample.

2.9. GroEL/GroES assembly

GroEL was complexed with GroES as previously described [24]. In brief, GroES was added
in excess (400 UM in subunits) to 100 pM (in subunits) MTSL-labeled GroEL(A138C) in 50
mM Tris, pH 7.4, 100 mM KCI, and 10 mM MgCl,. Approximately 10 mM ATP was added
and left for at least 15 minutes at room temperature. The ATPase reaction was inhibited by
the addition of 2 mM AlF3, and by adding either ATP or ADP bullet- (or football-shaped
complexes were formed, corresponding to one or two GroES molecules, respectively, bound
per GroEL-14mer. [25].

2.10 NMR spectroscopy

GroEL sample quality was assessed by measuring lifetime broadening of SH3"P! resulting
from the interaction of SH3"P! with GroEL. This was carried out by measuring 1°N- R},
and 15N-£ relaxation rates for SH3'P! in the presence and absence of GroELR268C, The
entire yield of 1 L cell culture of GroELR268C provided one 250 pl NMR sample at a
concentration of 105 uM per subunit. The buffer employed comprised 50 mM sodium
phosphate pH 7.0, 0.2 mM EDTA, 0.05% NaN3, 90% H,0/10% D,0 (v/v); SH3"P! was
added to the sample to a final concentration of 100 pM. Solution-state NMR experiments
were performed at 283 K in Shigemi tubes in a volume of 250 pl on a Bruker 600 MHz
spectrometer equipped with a triple resonance zaxis gradient cryoprobe. Data processing
was performed using NMRPipe [26] and spectral analysis was performed with Topspin3.5
(Bruker Biospin) and ccpNMR [27]. 1°N-R}5, and 15N-R; relaxation rates were measured
on SH3P! in the absence or presence of GroELRZ68C_MTS as described previously [28]. An
effective spin-lock field of 1.8 kHz was employed for the 1°N-A5, to suppress chemical
exchange. Relaxation rates were obtained by fitting the signal intensity decays to a single
exponential. For the 1°N- Ry, experiments, relaxation delays of 1, 21, 41, 71, 111 and 150
ms were used; for the 1°N-/; experiments the relation delays were 40, 120, 200, 320, 520
and 720 ms. Ry, values were corrected for off-resonance effects to obtain /A, values using
the equation R, = (R, - Ryc0s20)/sin?, where @is the angle between the effective spin-lock
field and the external magnetic field (where 90° represents a resonance exactly on-resonance
with the spin-lock field). 8= tan™1(a/Q), where wy is the spin-lock radiofrequency field
strength and Q the 15N carrier offset.
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2.11. Electron microscopy

GroEL in the apo state or in complex with GroES was diluted to a final concentration of 1
UM (in subunits), blotted onto carbon-coated copper EM grids (Ultrathin Carbon Film/Holey
Carbon; Ted Pella) for 1 min, and stained with 2% uranyl acetate for 30 s. Images were
taken with an FEI Tecnai T12 electron microscope (at 120 kV) using a Gatan US1000 CCD
camera.

3. Results and Discussion

Purification of recombinant GroEL presents a challenging problem as GroEL binds a wide
range of naturally produced proteins in £. coli [3]. Further, since both the N- and C-termini
are buried within the cavity, GroEL is not suitable for purification using an affinity tag.

The standard purification of GroEL followed a previously published protocol with minor
modifications [29]. Cells from a 1 L culture were resuspended in 25 ml lysis buffer and
stirred at 4 °C with a protease inhibitor tablet for 30 minutes. The cells were lysed by one
passage through a cell disruptor, and the suspension cleared by centrifugation. 4 ml (100x)
streptomycin sulfate was added and stirred at 4 °C for 10 minutes. The suspension was
cleared again by centrifugation and the supernatant loaded onto an ion exchange column.
Initially a standard 20 ml column was used leading to an insufficient separation; further due
to the low capacity of the column not all protein from the 1 L cell culture was bound within
a single run. Therefore, the flow through from the first run was reloaded for a second run to
recover some sample (Supplementary Fig. S1). Since some protein was lost even after two
runs and there was no obvious path for obtaining better separation with the 20 ml column,
subsequent work was carried out with a 60 ml self-packed ion exchange column. The sample
was loaded in buffer A at 2 ml/min, and GroEL was eluted with buffer B and a 0 to 0.56 M
NaCl gradient. The GroEL containing fractions (peak between 0.4 to 0.45 M NaCl) were
pooled, and (NH,4)2SO,4 was added to 66% (w/v) and stirred overnight at 4 °C. The solution
was centrifuged for 35 minutes at 10,000 g, and the pellet was resuspended in 7-8 ml buffer
C and applied onto a HiPrep 26/60 Sephacryl S-300 column at 2.5 ml/min. The GroEL
containing fractions eluted between 105 and 125 ml, and at this stage the resulting GroEL
sample is free from unbound protein contaminations. However, according to tryptophan
fluorescence, around 1.5-3.5 mol of bound protein impurities per mol GroEL 14 remain with
large sample to sample variability (Supplementary Fig. S2).

3.1 Initial trials for the final GroEL clean-up

Acetone precipitation is often used to clean the cavities of protonated wild type GroEL
resulting in less than 10% protein impurities per GroEL14[29]. Unfortunately, addition of
acetone to deuterated GroEL and several GroEL cysteine mutants results in aggregates that
are refractory to resolubilization. In addition to the standard solvent (buffer C), stronger
solvents such as 3 M urea or 50 mM sodium acetate at pH 4 were also tried in an attempt to
dissolve the precipitate. Note, the lower pH maintains in solvent exposed cysteines in a
reduced state and prevents the mutants from aggregating. Unfortunately, either GroEL could
not be resolubilized or the protein impurities resolubilized simultaneously with GroEL,
resulting in no benefit.
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Further, addition of 20% (v/v) methanol to the buffers, as previously proposed [16, 21] and
re-running GroEL through an ion-exchange column did not improve the purity of GroEL.
Slight improvement was achieved by adding 200 mM MgCl5, to salt out B-galactosidase, as
suggested earlier [17]: specifically the protein impurity level was decreased from 1.5 mol
impurities per mol GroEL 14 to about 0.25 mol/mol GroEL 14 in the case of the GroELE315C
mutant. However, a level of 25% for residual protein impurities is inadequate for our
purposes and this approach was therefore discontinued.

We therefore decided to proceed with protocols in which GroEL is disassembled into
monomers, purified, and subsequently reassembled back to GroEL 4. We started with a
previously published protocol, where no chaotropic agents are needed [19]. In this protocol
intersubunit interactions within GroEL oligomers are weakened by the addition of MgADP
(or MgATP) and then disassembled to monomers using a solid-phase ion exchange medium.
Reassembly is achieved by the addition of 1 M (NH,),SO,4. Unfortunately, we were
unsuccessful in disassembling GroELE315C under these conditions and consequently the
purity did not improve (Supplementary Fig. S3).

Finally, we moved on to a urea-based disassembly/reassemble protocol. GroEL can be
disassembled into monomers by the addition of urea and reassembled back to functional
GroEL14 by the addition of 0.6 to 1 M (NH4)>SO,4 and ATP (or ADP) (Supplementary Fig.
S4) [20, 30]. Since it is crucial to use only the minimum amount of chaotropic agent to
regain the structure and function of GroEL [31], the minimum amount of urea (between 3—4
M) needed to disassemble GroEL 14 was determined for each mutant individually.

Using the latter approach, the GroELE315C monomer was successfully purified with an ion
exchange column (2 x 5 ml QFF column, Supplementary Fig. S5). The protein was injected
immediately after disassembly in 3 M urea onto the column and washed with 70 ml running
buffer D at 2.5 ml/min. GroEL was eluted with a gradient from 0 to 0.56 M NaCl in 100 ml
at 5 ml/min with the GroEL containing peak between 0.26 to 0.31 M NaCl. GroELE315C was
further reassembled and the final yield from 1 L cell culture was around 42 pM (in subunits)
in 1 ml (i.e. 42 nmoles) with less than 0.1 mol protein impurities per mol GroEL14. This
purification protocol, however, was not successful for the other two GroEL mutants. The
yield for GroELA138C was 240 uM (in subunits) in 1 ml (i.e. 240 nmoles) with 1.6 - 3 mol
protein impurities per mol GroEL 4. Similarly, the yield for GroELR268C was 190 pM in 1
ml (i.e. 190 nmoles) but had more than 3 mol protein impurities per mol GroEL14.
Optimization of the ion exchange purification by the addition of 4 M urea, slowing down the
flow rate, or addition of 20% methanol did not result in any increase in purity.

We further tried to purify GroEL monomer with a HIC column equilibrated in buffer C with
1.5 M (NH,)»SO4. GroEL was eluted with a gradient against buffer C at 5 ml/min. However,
GroEL bound very tightly to the column and could not be eluted with the buffers mentioned
here (data not shown).

3.2 Final protocol for final clean-up

We finally succeeded in purifying all three mutants (GroELE315C, GroELAL38C,
GroELR268C) py gel filtration chromatography (Superdex 200) (Fig. 1 right panel). GroEL,
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after the standard purification, was disassembled into monomers by incubation at 4 °C
overnight in 3-4 M urea. The sample was loaded onto the gel filtration column at 1 ml/min
in buffer C with 3 M urea (Fig. 2). The protein impurities can be successfully separated from
the main peak. As the shoulder on the higher elution volume side of the main peak contains
too many impurities, only the central portion of the main peak was collected. However, the
shoulder can be reloaded onto the column, and by collecting only the middle portion of the
resulting main peak and combining it with the fraction collected from the first run, less than
10% impurities remain in the sample. Reassembly was achieved in several steps as follows:
(1) Initial dialysis was carried out against buffer E including 3-4 M urea overnight at 4 °C.
(2) The GroEL cysteine mutants were spin-labeled with MTSL (or its diamagnetic
equivalent MTS) by incubation with a 10-fold excess of spin-label overnight at room
temperature. Note, nitroxide spin-labeling of GroEL prior to reassembly was required to
avoid aggregation (Supplementary Fig. S6). (3) GroEL was concentrated with a 100 kDa cut
off filter to 2.5 ml, and the buffer exchanged with a PD10 column to buffer E following the
manufacturer’s spin protocol. (4) 1.7 ml of a buffer containing buffer E and 2 M (NH,4)»,SO4
was added to the sample, and immediate GroEL reassembly was obtained after addition of 5
mM ATP (Fig. 3). The amount of GroEL 14 did not change over time (data not shown). (5)
Incorrectly folded or unassembled species were removed with a final gel filtration
chromatography step (HiPrep 26/60 Sephacryl S-300) at 2.5 ml/min, in buffer E. For all
three GroEL mutants, the yield from 1 L cell culture was between 100-500 uM (in subunits)
protein in 500 pl (i.e. 50-250 nmoles), which corresponds to at least one NMR sample per
liter. Reassembly was verified with a BN-PAGE gel and purity assessed by SDS-PAGE,
mass spectrometry and tryptophan fluorescence (Supplementary Fig. S2).

3.3 Sample quality

To assess the quality of the sample we made use of 1°N lifetime broadening (°N-AR,)
measurements. Specifically, we measured residue-specific 1°N-AR, values for a protein
substrate SH3P! in the presence of GroELR268C and compared the resulting profiles to those
previously published for the interaction of SH3'P! with wild type GroEL [32]. 1°N-AR,
values are obtained by taking the difference in 15N transverse relaxation rates (1°N-A) of
uniformly 15N-labeled SH3P! in the presence and absence of MTS spin-labeled
GroELR268C The AR, profile is similar to that published previously (Fig. 4A), indicating
that SH3VP! interacts in the same manner with spin-labeled GroELR268C and wild type
GroEL. The slightly lower AR, values (~1.5 s™1 here vs. ~4 s~1 with wild type GroEL) is
probably due to the fact that the concentration of GroEL used here (105 pM per subunit) is
lower than that used previously (120 pM per subunit). In addition, the R268C mutation is
located within the substrate binding site; it is therefore not surprising that the binding
affinity for SH3'P! may be reduced slightly, especially when taking into account the presence
of seven hydrophobic MTS labels per heptameric ring.

Further evidence that the purified GroEL is correctly reassembled and functional is provided
by electron microscopy showing that GroEL can adopt different conformational states
needed for folding of protein substrates. Binding of the co-chaperonin GroES is only
possible when GroEL undergoes a conformational change from the apo to the open
conformation. ATP binding triggers tilting and twisting of the domains within each subunit,
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burying the hydrophobic substrate binding sites and opening up the GroES binding site [33].
Electron micrographs of purified and reassembled MTSL-labeled A138C mutant of GroEL
reveal a two-ring structure that is capable of binding GroES, either on one side of GroEL
(forming the so-called bullet-shaped complex), or on both sides (forming the football-shaped
complex) (Fig. 4B). Thus, the purification protocol described here results in GroEL
constructs that are fully capable of adopting the various conformational states present in the
natural GroEL cycle.

4. Concluding Remarks

In the present work we describe a new purification protocol to obtain high purity GroEL
containing less than 10% of GroEL cavities blocked by substrate proteins present in the
bacterial expression system. This method was developed to specifically address the yield and
high-sample quality required for quantitative NMR and EPR studies. The method is suitable
for a range of mutations, illustrated here by three mutations within the GroEL cavity
(E315C, A138C, R268C), and should also be suitable for deuteration and complex isotopic
labeling of GroEL. These constructs, with only one cysteine in the sequence, allow site-
specific spin labeling needed for fluorescence, EPR double electron-electron resonance and
solution NMR paramagnetic relaxation enhancement measurements, and will hopefully
contribute to a better understanding of the functioning of GroEL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A straightforward purification protocol involving disassembly and reassembly
of GroEL, a dual-ringed tetradecamer, is described
. Effectively removes naturally occurring, tightly bound proteins present in the

bacterial expression system

. Suitable for isotope labeling, deuteration and introduction of site-specific
paramagnetic labels via surface engineered cysteine mutations

. Provides yields in sufficient quantities suitable for both NMR and EPR
studies.
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10 mM MgCl,

10 mM MgCl, 10 mM MgCl,
2mM DTT
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in buffer C 2.5 ml/min in buffer C without reducing agent
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C)

GroEL with blocked cavity

clean, reassambled GroEL

Figure 1. Summary of the GroEL purification protocol
The protocol consists of two parts: a standard purification protocol (left panel) and a final

clean-up (right panel). The standard purification comprises streptomycin sulfate
precipitation, ion exchange column chromatography, (NH,4)»,SO4 precipitation, and gel
filtration (Sephacryl S-300). During the first purification phase, GroEL is separated from
other proteins produced during protein expression in £. colithat do not bind to GroEL.
Tightly binding protein substrates of GroEL are still present in the cavities (illustrated
schematically in blue). The second purification phase comprises the final clean-up in which
intrinsic protein substrates are removed from the cavities of GroEL. Phase 2 consists of
disassembly into monomers by addition of 3-4 M urea (depending on the mutant), gel
filtration to purify the monomer (Superdex 200 column), site-specific nitroxide spin labeling
(for surface engineered cysteine mutants), reassembly (by the addition of (NH,4)»SO,4 and
ATP), and finally gel filtration (Sephacryl S-300 column) to remove the unassembled GroEL
fraction. For each step, the respective columns, buffers, and flow rates are specified.
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Figure 2. Analysis of GroEL monomer obtained after disassembly and gel filtration
The lower left panel shows the elution profile of the GroELE315C monomer from run 1

through the gel filtration column (Superdex 200). The lower right panel shows the elution
profile for run 2 in which the shoulder on the side of the main peak from run 1 (indicated in
grey) is re-injected. Buffer C with 3 M urea was used at a flow rate of 1 ml/min. SDS-PAGE
(4-12% w/v) analysis of the relevant fractions is shown in the top panel. Lane 1: sample
after standard purification (stand. puri.); lane 2: after addition of 3 M urea; lanes 3-5:
fractions from gel filtration run 1; and lanes 6-9: fractions from gel filtration run 2. During
the first gel filtration run only the main peak (lane 4) results in a sample with sufficient
purity. When the shoulder of the peak (lane 5) is re-injected for a second gel filtration run,
the middle part of that peak (lanes 7 and 8) have less than 10% impurities. Lane M is the
molecular weight standard with masses indicated in kDa.
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Figure 3. BN-PAGE native gel analysis of GroEL reassembly
GroELE315C js disassembled into monomers upon addition of 3 M urea to the sample

obtained after the standard purification (stand. puri.; lane 1). During the gel filtration step
GroEL remains mostly monomeric (lane 2). For reassembly back into GroEL14 both
(NH4)2SO4 (lane 3) and ATP (lane 4) are needed (see results section for details). Lane M is
the molecular weight standard with masses indicated in kDa.
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Figure 4. Biophysical characterization of reassembled GroEL 14
(A) 1N lifetime line broadening (1N-A£») of SH3'P! in the presence of reassembled

diamagnetic MTS-labeled GroELR268C_15N-AR, profile of 100 pM SH3YP! obtained in the
presence of 105 uM GroELR268C (in subunits) measured at 600 MHz and 283 K. The close
to uniform °N-AR, profile indicates that SH3P! binds to GroEL as a rigid body. The buffer
employed was 50 mM sodium phosphate pH 7.0, 0.2 mM EDTA, 0.05% NaNs3, and 90%
H,0(v/v)/10% D50 (v/v). (B) Negative stain electron micrographs of reassembled MTSL-
labeled GroELAL38C in different conformational states: left panel, apo GroEL as seen after
the purification; middle panel, bullet-shaped GroEL14/GroES complex formed upon addition
of ADP and the co-chaperone GroES, where one end is capped by GroES; right panel,
football-shaped GroEL14/(GroES); formeq Upon addition of ATP and GroES with both ends
of GroEL capped with GroES. The inserts depict ribbon diagrams of the respective X-ray
structures with GroEL in blue and GroES in red (left, 1LXCK [34]; middlem 1SX4 [35]; and
right, 4PKN [36]). The complexes were formed at 100 UM (in subunits) GroEL with an
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excess of GroES and diluted 100 times to blot on the grid. For further details see Materials
and Methods
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Table T1

Primers used to introduce point mutations into GroELE315C

GroEL-Cys0 forward: 5’- CTG GAA AAA GCG ACG CTG GAA GAT CTG GGT CAA GCC AAA -3’
reverse: 5°- TTT GGC TTG ACC CAG ATC TTC CAG CGT CGC TTT TTC CAG -3’
GroEL-A138C | forward: 5°- CTG TCC GTT CCG TGC AGC GAT TCT AAG -3’
reverse: 5°- CTT AGA ATC GCT GCA CGG AAC GGA CAG -3’
GroEL-R268C | forward: 5°- GTT GTC AAC ACG ATG TGT GGT ATT GTC AAA GTG -3’

reverse: 5°- CAC TTT GAC AAT ACC ACA CAT CGT GTT GAC AAC -3’

Protein Expr Purif. Author manuscript; available in PMC 2019 February 01.

Page 19



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Materials
	2.2 Point mutations
	2.3 Protein expression
	2.4 Cell lysis and fast protein liquid chromatography
	2.5 Gel electrophoresis
	2.6 Tryptophan fluorescence
	2.7 Expression and purification of FynSH3
	2.8 Expression and purification of GroES
	2.9. GroEL/GroES assembly
	2.10 NMR spectroscopy
	2.11. Electron microscopy

	3. Results and Discussion
	3.1 Initial trials for the final GroEL clean-up
	3.2 Final protocol for final clean-up
	3.3 Sample quality

	4. Concluding Remarks
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table T1

