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The molecular chaperone GroEL is required for bacterial growth under all conditions, mediating folding
assistance, via its central cavity, to a diverse set of cytosolic proteins; yet the subcellular localization of
GroEL remains unresolved. An earlier study, using antibody probing of fixed Escherichia coli cells, indi-
cated colocalization with the cell division protein FtsZ at the cleavage furrow, while a second E. coli study
of fixed cells indicated more even distribution throughout the cytoplasm. Here, for the first time, we have
examined the spatial distribution of GroEL in living cells using incorporation of a fluorescent unnatural
amino acid into the chaperone. Fluorescence microscopy indicated that GroEL is diffusely distributed,
both under normal and stress conditions. Importantly, the present procedure uses a small, fluorescent
unnatural amino acid to visualize GroEL in vivo, avoiding the steric demands of a fluorescent protein
fusion, which compromises proper GroEL assembly. Further, this unnatural amino acid incorporation
avoids artifacts that can occur with fixation and antibody staining.
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The chaperonin (large, ring-shaped chaperones are called
chaperonins) GroEL with its co-chaperonin lid GroES is required
for growth at all temperatures,! unlike the other bacterial chaperone
systems, which are required only at elevated temperatures.?> GroEL
is adouble ring structure of identical subunits that assists a large set
of other cytosolic proteins to achieve their final active state in the
crowded cellular cytosol. This chaperone function can take place
both with and without forming a privileged GroES covered, hydro-
philic folding chamber, termed the cis cavity.* Because of the central
role played by this machine in many different organisms, a great deal
of effort has been dedicated to understanding the structural, bio-
chemical, and physiological details of GroEL function.”> However, a
fundamental question concerns GroEL cellular localization both un-
der normal growth conditions and in cells that have been subjected
to stress (heat, oxidation, pH change, toxicity, or hyperosmotic
shock). It is known that GroEL is upregulated during cellular stress,
but whether or not this induces a change in subcellular localization
remains controversial. A study using antibody immunofluorescence
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of fixed Escherichia coli cells indicated that GroEL colocalizes with
the tubulin homologue, FtsZ, involved in cell division.® A later study,
also using fixation and antibody staining of E. coli cells, however,
suggested a diffuse localization.”

Examining GroEL in vivo could further address the issue of local-
ization. However, this has been complicated by the difficulties asso-
ciated with fluorescently labeling intact GroEL in vivo. Both the
N- and C-termini are located inside the GroEL barrel, rendering
attachment of a bulky, fluorescent protein (e.g., green fluorescent
protein contains 238 amino acids with M.W. =27 kDa) unfeasible
without disassembly of the chaperonin. Attempts have been made
to extend the GroEL C-termini outside of the cavity, a technique em-
ployed for other purposes (e.g., the C-termini were fused to GroES
subunits without impairing function of the machine). But when a
fluorescent protein was fused to extended C-termini to allow for a
fluorescent signal produced from outside of the cis cavity, this failed
to produce a functional tetradecameric assembly and led to large,
terminal, fluorescent polar inclusion bodies excluded from the
nucleoid (Supplementary Fig. 1). In an effort to find a viable system
for the study of GroEL in vivo, we have employed the technique of
Schultz and coworkers using an evolved tRNA/tRNA synthetase pair
from Methanococcus jannaschii to introduce a fluorescent unnatural
amino acid at the position of an inserted amber (UAG) nonsense
mutation.®
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Figure 1. GroEL;29couaa biochemical characterization. (a) The efficiency of amber suppression was tested by growing cells harboring plasmids for GroEL;29couaa, MjtRNA, and
CouRS expression in the absence or presence of coumarin amino acid, and by analyzing the whole cell lysates by SDS-PAGE. The left panel shows the Coomassie-stained gel.
The right panel shows GroEL;,9couna €xcited using a 305 nm transilluminator. (b) The rate of ATP hydrolysis was measured using a standard malachite green-based assay
using 1 uM chaperonin tetradecamer and 1 mM ATP. Displayed is a plot of the amount of inorganic phosphate released as a function of time. (c) The ability to refold MDH, a
stringent GroEL substrate, was measured. The percentage of MDH activity relative to a native MDH control is plotted as a function of time.

The technique of unnatural amino acid incorporation, here a
fluorescent coumarin amino acid, uses a nonsense (amber) muta-
tion inserted into a gene of interest, here groEL, and an orthogonal
tRNA/tRNA synthetase pair that activates the unnatural amino acid
and enables its specific incorporation at the amber-position during
translation. With this system, a potential side product of the reac-
tion is a truncated form of the protein of interest, with the amount
of the side product inversely dependent on the efficiency of sup-
pression. To test incorporation of the coumarin amino acid into
GroEL, DH10B cells were transformed with two plasmids, pBK-
CouRS, containing a constitutively expressed copy of the evolved
tRNA synthetase that activates the coumarin amino acid, and
pBAD]YgroELTAG, containing both a constitutively expressed copy
of the evolved tRNA that accepts the coumarin amino acid and an
arabinose inducible copy of the groE operon with groES and an am-
ber-containing groEL mutant. An initial test was carried out to in-
sert the coumarin amino acid in place of GroEL aspartate 473,
whose side chain points out from the external surface of the equa-
torial domain, using an amber codon in the groEL gene. Position 473
has been observed to be innocuous with respect to cysteine substi-
tution and with respect to subsequent fluorophore attachment.'®
Here, however, following induction of groEL473TAG in the pres-
ence of the coumarin amino acid, a large amount of truncation
product was observed (~70%) and a relatively small amount of

full-length GroEL (~30%) was detected. The truncation product
was observed to co-assemble with full-length GroEL, resulting in
cell growth impairment (not shown). Therefore, additional posi-
tions more N-terminal to 473 were tested with amber suppression.
When position 129, also situated at the outer aspect of the equato-
rial domain,'! was tested, arabinose induction in the presence of
coumarin amino acid produced a full-length GroEL in the absence
of any observable truncation product (Fig. 1a). When over-ex-
pressed, the full-length GroEL species was readily detected by Coo-
massie staining and the species was fluorescent, reflecting the
incorporation of the coumarin amino acid (Fig. 1a). Notably, in
the absence of coumarin amino acid supplied to the medium,
induction of GroEL synthesis failed to produce either a fluorescent
GroEL species or a Coomassie-stained GroEL species (Fig. 1a). This
indicates that coumarin amino acid was specifically and efficiently
incorporated into GroEL using position 129.

Next, to demonstrate biochemical function of the GroEL;29couaa,
DH10B cells transformed with pBKcouRS and pBAD]YgroEL129TAG
were used for over-expression and purification. The standard
GroEL purification protocol was employed, involving anion
exchange chromatography, followed by hydrophobic interaction
chromatography, and then Affigel Blue incubation (to remove
GroEL-bound proteins).!! Light was excluded at each step to avoid
photobleaching of the CouAA. A fluorescent protein of the expected
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Figure 2. GroEL;29couna fluorescence characterization and fluorescence recovery after photobleaching. (a) Incorporation of the coumarin amino acid was analyzed using
fluorescence microscopy. The upper panels show fluorescence using a DAPI filter set and the lower panels show DIC images. The times post-induction are shown beneath the
images. (b-d) The dynamics of GroEL were measured using FRAP. (b) Single cell FRAP images pre-bleaching, immediately post-bleaching, and 5.6 s post-bleaching (5.6). (c) A
plot of cellular fluorescence intensity corrected for photobleaching during acquisition of images. (d) Fluorescence intensity was plotted as a function of time and fit to a single

exponential curve to calculate the rate of fluorescence recovery (1, =2.2's).

mass was detected by mass spectrometry (51,313.8 Da calcd vs.
51,314 Da observed). The function of the GroEL;>9couaa Variant
was assessed by measuring ATP turnover using a malachite green
assay and by measuring refolding proficiency of a stringent GroEL
substrate (i.e., requiring GroEL, GroES, and ATP), malate dehydro-
genase (MDH), by measuring MDH activity recovered after incuba-
tion with the chaperonin system for measured time periods. For
the ATPase assay, the amount of inorganic phosphate released
was calculated from a standard curve and plotted as a function
of time (Fig. 1b).'? The MDH refolding data were plotted by calcu-
lating the percent MDH activity relative to a non-denatured control
as a function of time (Fig. 1c).!> Both ATPase and MDH refolding
activities of the fluorescent variant were found to be effectively
equivalent to wt GroEL.

To study GroEL localization in living cells, MC1000 cells (a wild-
type E. coli strain) transformed with pBKcouRS and pBADJYg-
roEL129TAG were employed and grown in either LB media (as
shown in Fig. 2) or M9 minimal media. Prior to microscopy, it was
necessary to remove unincorporated coumarin amino acid by
washing the cells with minimal media. We observed that in cells
grown in the presence of the coumarin amino acid but without
induction of GroEL;>9couaa Synthesis, no fluorescence over back-
ground obtained (not shown). Also, cells imaged by fluorescence
and DIC microscopy within 1 min after arabinose induction of

GroEL;29couaa and washing showed no fluorescence over back-
ground, as expected (Fig. 2a). In contrast, after 180 min of
GroEL;29couaa induction, fluorescence images displayed a diffuse
fluorescent pattern (Fig. 2a). These data demonstrate that the
orthogonal suppression system produced fluorescent GroEL and
no other fluorescent proteins.

To study GroEL diffusion dynamics, fluorescence recovery after
photo bleaching (FRAP) was employed. Cells were grown as above
in M9 minimal medium and GroEL39couaa Synthesis was induced
for 180 min in the presence of 1 mM coumarin amino acid. The
cells were then washed with M9, and placed on an agarose pad
for visualization. Cephalexin was added to the cell culture to halt
cell division for more reproducible measurements of diffusion
dynamics.’* A small area of individual cells was then photo
bleached using a Photonic Instruments Micropoint Laser at
364 nm and the rate of fluorescence recovery measured. A repre-
sentative FRAP experiment is shown with the bleached area indi-
cated by a red circle (Fig. 2b). The intensity of the fluorescent
signal as a function of cell position was also determined and plot-
ted (Fig. 2¢). A plot of relative fluorescence density as a function of
time was fit to a single exponential decay to yield a half time of dif-
fusion of 2.0+ 1.1 (mean + SD) s (n=5 cells) for ~6 um long cells
(Fig. 2d). Using the protocol of Cone and coworkers, an apparent
diffusion constant can be calculated, D,p,=0.16+0.15 pm?*s™"
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Figure 3. GroEL remains diffuse after all tested insults. Fluorescence images of cells growing at 45 °C (a), in the presence of 100 pig/ml ampicillin and 0.5 M Nacl (b), and in

hypertonic solution (0.5 M NaCl) (c).

(n =17 cells).’ The rate of diffusion of several GFP polymers (from
1-5 GFPs linked end to end) linked to either cytosolic or periplas-
mic proteins has been used to estimate size dependence of appar-
ent diffusion rates.'® The apparent diffusion constant of GroEL was
slower than the largest cytoplasmic test cases reported (138 kDa;
Dapp=2.8+ 1.9 um? s7") reflecting either the greater size of the
800 kDa assembled chaperonin or the binding dynamics of GroEL
to polypeptide substrates.!” The latter is unlikely to have a large ef-
fect, however, as the substrates are mostly small (<60 kDa), cyto-
solic proteins.*18-20

Inquiries concerning cellular localization of the GroEL-GroES
chaperonin system in response to environmental stress have been
complicated by the inability to generate a functional, labeled GroEL
variant. Therefore, we have utilized GroEL;29couaa to study stress ef-
fects. We first examined the effects of severe heat shock. Cells were
grown and GroEL;9c0uaa Synthesis was induced as above. However,
prior to visualization cells were washed, heated to 45 °C for 5 min,
placed on an agarose pad, and visualized on a microscope stage
heated to 45 °C. Under these stressful conditions, the diffuse cellular
localization of the GroEL signal was observed to remain despite
apparent stress-induced effects, such as cell elongation and slow cell
division rate (Fig. 3a and Supplementary movie 1). Next, the effects
of other stress conditions were examined including toxic stress by a
one hour treatment with ampicillin in a hypertonic solution (Fig. 3b),
and osmotic stress by treatment with a hypertonic solution
(Fig. 3¢).% These cellular stress conditions, coupled with fixation
and antibody staining, were used by Ogino et al. who observed colo-
calization of GroEL with the cell division protein FtsZ. Further stud-
ies by Winkler et al., also using fixation and antibody staining,
however, indicated GroEL remains diffuse under heat shock.” In each
of the present studies, the stressed cells displayed an elongated mor-
phology, but showed the same diffuse GroEL,9couana localization ob-
served under normal conditions.

Genetic and proteomic evidence indicate that a major function
of GroEL is to assist newly translated, cytosolic proteins to achieve
their functional form.*'8-2% This activity takes place along with the
assistance of other chaperone systems, but it is known that
GroEL-GroES over-expression can rescue cells deficient in these
other chaperones, at otherwise non-permissive temperatures.?!
However, once stress-induced aggregation obtains, the ClpB/
DnaK/DnaJ/GrpE system has been shown to be the primary
machinery for disentangling these aggregated proteins. As such,
this latter chaperone system was shown to colocalize with
aggregated proteins at the cell poles.” In contrast, GroEL remains
diffusely distributed under the same aggregation-promoting
conditions. In addition to newly translated proteins, GroEL also as-
sists pre-existent proteins to maintain native form, for instance,
under heat shock conditions. As such, GroEL seems to be needed
throughout the cytosolic compartment including the nucleoid.
More specifically, localization in the nucleoid suggests a role in
assisting proteins involved in chromosomal maintenance and

replication, in agreement with the discovery of proteins of this
class in proteomic studies.*'%*°
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