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Hydrophobic interactions play a major role in binding non-native substrate proteins in the central cavity of
the bacterial chaperonin GroEL. The sequence of local conformational changes by which GroEL and its
cofactor GroES assist protein folding can be explored using the polarity-sensitive fluorescence probe Nile
Red. A specific single-cysteine mutant of GroEL (Cys261), whose cysteine is located inside the central cavity
at the apical region of the protein, was covalently labeled with synthetically prepared Nile Red maleimide
(NR). Bulk fluorescence spectra of Cys261-NR were measured to examine the effects of binding of the stringent
substrate, malate dehydrogenase (MDH), GroES, and nucleotide on the local environment of the probe. After
binding denatured substrate, the fluorescence intensity increased hy 3%, suggesting enhanced
hydrophobicity at the position of the label. On the other hand, in the presence of ATP, the fluorescence
intensity decreased by 18 3%, implying increased local polarity. To explore the sequence of local polarity
changes, substrate, GroES, and various nucleotides were added in different orders; the resulting changes in
emission intensity provide insight into the sequence of conformational changes occurring during GroEL-
mediated protein folding.

Introduction

The “chaperoning”are oligomeric barrel-shaped-complexes
composed of~60 kDa protein subunits, which mediate the
folding of polypeptide chains in an ATP-dependent fasiion.
The bacterial chaperonin frorischerichia coli GroEL, in
concert with its caplike cofactor, GroES, has been the subject
of many studies (for reviews, see refs 3-5). The oligomeric
complex GroEL is actually a homotetradecamer composed of
identical 57 kDa (547 aa) subunits arranged in two stacked
heptameric toroidal rings (Figure 1B), as first clearly shown (c)
by the crystal structure without nucleotide published in 1994.

Each subunit of GroEL consists of three domains: an apical

domain that binds substrate and GroES; an intermediate or hinge .
domain; an equatorial domain, which binds ATP and is closest A
to the other ring of the structure (red, green, and blue m)@:

LeSpeﬁt'V?IV in F]'cgf(;ekéA)' 'I;)he 7:20?]h8;]pif02|n, GroES, IS a Figure 1. GroEL tetradecamer, which consists of two rings, illustrated
omoheptamer o a subunftsyhich binds as a dome- 'the right (Figure 1B) with one of the monomer subunits shown in

shaped cap on one end of the double-ring GroEL structure. A grange expanded on the left to indicate the position of the mutation
wide array of biophysical and biochemical studiéé has (A). This cysteine mutant (Cys261, shown in yellow) was labeled with
provided useful information on the method by which GroEL/ Nile Red maleimide. Color of the left figure (A) corresponds to the

ES assists in folding of substrates, especially the kinetics of three different domains in GroEL; apical is red, intermediate is green,
the ATPase cycle, which features positive cooperativity among and equatorial is blue. This crystal structure is from the X-ray structure

o . . . . of apo-GroEL, PDB filename 1GRE.
the seven ATP binding sites in one ring and negative cooper-
ativity for the affinity of the two rings of GroEL for GroES.

From all these investigations, a generally accepted view of the
overall mode of action of the system has appeared, summarized
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cis ring, causing an increase in affinity for GroES as well as to binding of GroES, substrate, and different nucleotides using
other conformational changes, and a closed folding cavity is fluorescence spectroscopy. A maleimide-functionalized Nile Red
fully formed by binding the GroES over the open end of the (Figure 1C) was synthesized for this study. A GroEL mutant
structure. (4) ATP hydrolysis eventually occurs, and disassembly with a single cysteine at the inner surface of the apical domain
of the complex is triggered by ATP binding to the trans ring. (termed Cys261, Figure 1A) was labeled with Nile Red

The released substrate may have achieved the native form; ifmaleimide. Changes in local polarity were monitored by

not, the substrate may bind the GroEL/ES system again. recording Nile Red fluorescence intensity as a function of time.

Although GroEL/GroES-assisted folding has been studied for T0 observe the binding sequence dependence, various reagents
more than a decade and many characteristics of the System havéUCh as GI‘OES, Substl’ate, and nucleotide or nucleotide mimics
been established, the exact role that the chaperonin plays withwere added in different orders. The stringent substrate malate
respect to the substrate is still not fully understood, and new dehydrogenase (MDH) was selected for these studies, since
physical measurement techniques are needed. In one #fotfel, MDH is known to require a minimum of three consecutive apical
GroEL acts as an “unfoldase” upon ATP/GroES binding, domain8 for binding. This requirement increases the probability
actively pulling apart misfolded substrate (but see ref 21). In of interaction with Nile Red, since a low labeling ratio of Nile
an alternate model, the step of binding a non-native protein Red/GroEL (approximately 2 Nile Red molecules/tetradecamer)
multivalently to an open GroEL ring via hydrophobic interac- Was employed.
tions is associated with unfoldirf§2® and then ATP/GroES
binding produces an environment, encapsulated and hydrophilic,Materials and Methods
that is conducive to productive foldirf§:2> Fully definitive . ,
evidence has yet to be provided for these models, and a better Proteins. Wild-type GroEL and GroES were expressed and

o L S purified as describet? Briefly, the cells were lysed in a buffer
g;a;élgnfljgcétlijg:erstandmg is central to the elucidation of GroEL/ containing 50 mM Na-phosphate (pH 8.0), 300 mM NaCl,

. 1mM PMSF, and 2g/mL DNAse. The lysate was loaded onto
Here we address the question how can fluorescence Specy Ni—NTA column, and the column was eluted with a buffer
troscopy of a local probe detect the sequence, size, and type 0f;ontaining 50 mM Na-phosphate (pH 8.0), 300 mM NaCl, and
conformationally driven local polarity changes that occur inthe 200 mM imidazole. The protein was further purified using a
GroEL folding chamber during the process? Previous studies \jonoQ column with a linear gradient of- M NacCl in a
have shown that the hydrophobic interaction is important in the pyffer containing 25 mM HEPES (pH 7.4). Cys261, where all
binding of substrate to GroEL. A set of hydrophobic residues native cysteine residues have been replaced with alanine except
on the inner surface of the apical domain of GroEL is known gne cysteine at position 261 mutated from threonine, was
to be involved in substrate bindif§.On the basis of the  produced by site-directed mutagenesis of GroEL and purified
hydrophobic amino acid sequences from strongly binding as describel Cys261 was stored in a buffer containing 50 mM
substrates, workers have even been able to predict potentialryis-Hc| (pH 7.4), 50 mM KCI, and 5 mM DTT. Porcine heart
GroEL substrates from all of the proteins i coli?® More malate dehydrogenase (MDH) and bovine liver rhodanese were
broadly, b|nd|ng Of GI’OES, Substrate, and nuCleOUdeS may a.” purchased from S|gma and used as received_
mflugnce the conformation of. GfoEL. X-ray and cryo'E'\(I Synthesis of Nile Red Maleimide and Labeling of Cys261.
studies have shown that ATP binding promotes small elevation 14 atach the Nile Red fluorophore to a specific residue such
and counterclockwise twisting movements of the apical domain, o5 cysteine, a maleimide-functionalized Nile Red was synthe-
and GroES binding induces a further upward movement and sizeq (Figure 1C). This Nile Red maleimide, with the thiol-
large clockwise twist (129 of the apical domaif’~2° Binding reactive maleimide unit spaced from the fluorescent Nile Red
of substrate induces conformational changes of GroEL that chromophore by a hexamethylene chain, was prepared from a
breaks the symmetry between the two rings of GroEL and \jle Red precursor bearing a phenolic hydroxyl group at the
reducgs the diameter of GroEL at the ends by rearranging ap'calz-position, 9-diethylamino-2-hydroxyFsbenzof]phenoxazin-
domains® These conformational changes would be also ex- 5_gne40 The overall synthesis involves preparation of the
pected to affect the local polarlty of the apllcall domain in GroEL. phengl-functionalized chromophore and a protected maleimide
To sense the local environmental polarity in GroEL, we have moiety followed by connection of the two parts via thespacer
chosen the Nile Red fluorophore as a reporter dye. The emissionand finally deprotection to create the free maleimide. Full details
of Nile Red has a pronounced red-shift as the solvent environ- of the synthetic method are presented in the Supporting
ment becomes more polar, and due to its visible absorption |nformation.
wavelength compared to other polarity reporters such as ANS  The cysteine residue on Cys261 (@B1) was labeled with
(1-anilinonaphthalene-8-sulfonic acié;)Nile Red has been used  Njle Red maleimide (1:1 molar ratio of label to tetradecamer)
as a local polarity reporter in hesguest studies of polymers  at room temperature for 2 h. Before labeling, Cys261 was
at the single-molecule levét.In biological systems, Nile Red  exchanged into a buffer containing 2 mM TCEP. The labeling
has been used as a hydrophobic probe of Iiids protein reaction was terminated by 5 mM DTT, and the labeled protein
hydrophobic surface¥.® In these experiments, Nile Red was as separated from free dye by dilution and concentration in a
added to the solution without any specific covalent bond, and Microcon YM30 (Amicon, Inc.), followed by gel filtration
an increase in fluorescence intensity was detected, since thevicro bio-spin P30 column; Bio-rad). After labeling, the protein
fluorescence of free dye in water is very weak compared to the concentration was determined to 540 «M by a BCA assay
fluorescence in hydrophobic environments. Recently, covalent (pjerce), probably due to the loss of the protein during buffer
attachment of a Nile Red derivative with a reactive functional exchange before and after |abe|ing_ YVis absorption Spectra
group to a protein with four cysteine residues was repcitted, were used to determine that the average number of Nile Red
and an amine-reactive form was used to observe conformationaklyorophores/Cys261 tetradecamer wasg, using a value of
changes in single calmodutirpeptide complexe¥. 20000 M1 cm? for the measured extinction coefficient of
Extending an earlier brief repoft,we describe in this paper  Nile Red maleimide in buffer A (defined below). Therefore,
the sequence of changes in local hydrophobicity of GroEL due the average value of Nile Red labels/single GroEL ring could



Conformationally Induced Polarity Changes in GroEL J. Phys. Chem. B, Vol. 109, No. 51, 20054519

(A) (B)
1.6e+5
= 1.5e+5
. 1.5e*6 1 pecreasing s Cys261-NR + MDH o LyscB1ENR
3 Hydrophobicity 3 Cys261-NR r'm‘\ = 1.0e+5 '
ki < 12e+5 \ 2
z i \\| & 5.0e+4 -
2 1.0e+6 | 2 W\ E :
@ | i % : .".\'\, 0.3150 0.3165 0.3180
E = .
5 75045 | = 8.0e+4 Af
e 2 x=0.18
@ N 1E
3 5.0e+5 | S B
] L 4.0e+4 %=0.10
o g x=0.1C
E 2.5e+5 0
0.0 S i 0.0 — T . T .
550 575 600 625 650 675 700 725 750 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 2. Fluorescence spectra of Nile Red maleimide in methanol/water mixtures. (A) Fluorescence spectra of Nile Red maleimide were measured
in water with various molar ratios of methanol. The emission maximum was red-shifted, and the emission intensity decreased as solvent hydrophobicit
decreased. The molar ratios of methanol in water decreasing from the top are 1 (pure methanol), 0.85, 0.65, 0.5, 0.35, 0.25, 0.2, 0.18, 0.15, 0.12,
0.1, 0.06, 0.03, and O (pure water). (B) Expanded plot of (A), where the emission intensities of Nile Red maleimide are comparable to those of
Cys261-NR. The inset shows that the emission intensity linearly decreases as a fungtfon tis range. Spectra of Cys261-NR and Cys261-NR

with unfolded MDH are shown for comparison.

be regarded as 1. The labeled Cys261 GroEL tetradecamer willaddition of any reagent. In the case of ADP/AlEhe fluores-
be referred to as Cys261-NR. The enzymatic activity of the cence was measured for 30 min, thereby allowing enough time
labeled protein was tested using a standard refolding assay withfor ADP/AIF, complex formation. All of these measurements
the substrate rhodanese as descriBeéthportantly, this assay ~ were repeated-24 times.
showed that the complex of GroES with the labeled GroEL
variant is as effective as the wild-type GroEL/ES system in Results and Discussion
facilitating refolding of the substrate protein. We have explored
increases in the number of Nile Red labels/GroEL tetradecamer. Fluorescence Measurements of Nile Red Maleimide in
With ~4 Nile Red molecules/tetradecamer, GroEL did show Various Solvents.First, the polarity-sensitive fluorescence of
normal activity as above. It also showed similar behavior in the maleimide-functionalized Nile Red was measured in various
terms of the approximate fluorescence changes for all the casesolvents. The emission maximum shifted from 564 nm (in a
described in this study, except that the raw fluorescence valueshonpolar solvent, toluene) to 656 nm (in a polar solvent, water)
were higher than for the case of 2 Nile Red labels. Using the as the solvent hydrophobicity decreases, and the emission
empty Cys261-NR fluorescence as a reference, the addition ofintensity in water decreased to 300 times less than that in
unfolded MDH to the 4-Nile Red-labeled Cys261-NR caused toluene, the similar behavior for the parent molecdl@he
an increase of 506t 6% in the emission intensity (data not wavelength shifts of both absorption and emission in different
shown), compared to 32 7% increase for 2 labels. (The fact solvents can be examined with a parameter describing the
that these two numbers are not identical can be understood bysolvent polarity, the orientation polarizabilithf, which is
realizing that when four labels are present (e.g., two/ring), then defined asAf = (e — 1)/(2¢ + 1) — (n? — 1)/(2n? + 1), where
one MDH molecule can bind to two labels at a time, and this € is the dielectric constant amlis the refractive index of the
case is not probable when there are only two labels/tetra- solvent. Lippert? showed that the spectral shifts are proportional
decamer.) On the other hand, when GroEL has more than 6t0 Af (the so-called Lippert equatié), because solvent
Nile Red labels/tetradecamer, the enzymatic activity and binding reorientation affects the energy difference between ground and
behavior were altered. In this study, we only present measure-excited state of the fluorophore. Using this equation, the solvent
ments with the case of 2 Nile Red labels/GroEL tetradecamer. polarity of an unknown solution can be estimated in principle
Fluorescence MeasurementsAll of the fluorescence mea- by comparing the wavelength shifts with those of known
surements utilized a FluoroMax-2 fluorometer (Jobin-Yvon ISA solvents. However, our measurements of Nile Red labeled
Spex, Inc.) with an excitation wavelength at 532 nm. A Cys261- Cys261 (Cys261-NR) showed little spectral shift after the
NR solution (0.2uM, 100 uL) was prepared in buffer A addition of substrate, nucleotides, and GroES (Figure 4) due to
containing 50 mM Tris-HCI (pH 7.4), 50 mM KCI, 5 mM the limited polarity range of the local environment in the protein,
MgCly, and the molar ratio of the Cys261-NRIDH—GroES while the emission intensity did show changes.
was maintained at 1:1:2.5. To measure fluorescence changes To quantify the relationship between solvent polarity and
upon addition of reagents, /. of GroES (24.5uM), 2.5 uL emission intensity, we used a binary solvent mixture to vary
of MDH (8.6 uM), and 1uL of nucleotide (100 mM) were used  the polarity in a limited range and measured Nile Red maleimide
to minimize dilution effects on the fluorescence intensity. The fluorescence. A methanol/water mixture was chosen for the
transition state analogue (ADP/A)Rvas generated with 1 mM  following reasons. First, the emission maximum of Nile Red
ADP, 0.5 mM AI(NG)3, and 5 mM NaF. The final Mg maleimide in methanol (635 nm) is close to that for Cys261-
concentration was increased to 10 mM when ADPJAlRS NR (625 nm). Second, the emission intensity of Nile Red in
used. MDH was denaturedyb2 h incubation in a buffer methanol/water mixtures was observed to be linearly dependent
containirg 3 M GdHCI, 50 mM Tris-HCI (pH 7.4), and 5 mM  on solventAf in an earlier study? Figure 2A shows the emission
DTT. For the kinetic measurements, the fluorescence intensity spectra of Nile Red maleimide in various molar ratios of
was followed for 15-20 min to reach equilibrium after each  methanol dissolved in water. The emission maximum red-shifts
reagent was added, and percentage changes were computegnd the intensity decreases as the molar ratio of methanol is
relative to the emission from empty Cys261-NR before the decreased (decreasing hydrophobicity). This trend is consistent
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with the behavior in different pure solvents of varying polarities. £ 660

A specific polarity range of the methanol/water mixture, in £ A A AA A A A A
which the Nile Red maleimide emission intensity was compa- & 650 1

rable to that for Cys261-NR, was examined more closely, as & 8
can be seen in Figure 2B. In this range, the maximum emission £ 401 2
wavelength of Nile Red maleimide in methanol/water mixture s L

was not altered due to the limited polarity changes. However, & 630 1 L d o

the emission intensity decreased as solvent polarity increased. 3 ® ) a8 ©

The Af values of the solvent mixture were calculated by using § 6201 o

literature values of the refractive indéxand dielectric con- E 610 4 g R MO

stant?¢ As shown in the inset of Figure 2B, the decrease of g A Niered maleimide @ or mixiure
emission intensity was proportional taf in this range. S 600 . ' : : : : : :
Therefore, the emission intensity of CySZGl-NR, Iylng in this 460 480 500 520 540 560 580 600 620 640
:)%?;c;i%/ can be expected to respond linearly to the solvent Excitation wavelength (nm)

. o Figure 3. Dependence of fluorescence maximum emission wavelength
We now compare these results with the emission spectra of g the excitation wavelength. While Nile Red maleimide in a 0.1 M

the protein Cys261-NR in the absence or presence of unfoldedratio of methanol in water (triangles) did not change its emission
MDH (Figure 2B). These spectra were recorded with equal wavelength, both Cys261-NR (circles) and unfolded MDH-loaded
absorbance solutions at the excitation wavelength (532 nm). In Cys261-NR (open diamonds) showed red shifts in the maximum
general, both the emission wavelength and intensity of a emission wavelength as excitation wavelength increased.

fluorescent solute can reflect the polarity of a solution. In

particular, when emission wavelength is also utilized to extract the same maximum wavelenath near 625 nm withi2nm
the polarity information, it is important to recognize that other 'eng . ) ’
. . Although the spectrum did not shift appreciably due to the
effects such as hydrogen bonding and spectral relaxation can,. . : ; . . :
limited polarity change, changes in polarity could still be easily

also cause a i emission wayelength. Mgreoyer, the followed by the peak or integrated fluorescence intensity. The
behavior of a fluorophore in a protein can be quite different " i
from that in a solvent due to protein relaxation. In other words addition of the unfolded substrate to the Cys261-NR caused an
the environment of Nile Redpin Cvs261 mi ht.not be same a:5 increase of about 32 7% in the emission intensity, suggesting
Nile Red | vent. si diel yt | gt' fth tei enhanced hydrophobicity at the labeling position. By contrast,
Ir? € r'?niﬁonven ’ s;lréce d 1€ i%lrf renat>;la Iotrr] OCmV;Frﬁ €N \when native substrate was added, the fluorescence intensity did
can occu anoseconds depending on the stru e ot change significantly, understandable since properly folded
is comparable to the excited-state lifetime of Nile Red. In this MDH does not bind to GroEL. These results suggest two
case, _spec_tral relaxation toward longer waveleng_th due 1o possibilities: (1) Exposed hydrophobic residues from unfolded
solvation mlght_ not be complete, _and spectral relgxatlon eff(_acts MDH can interact with the Nile Red fluorophore in the apical
should be considered before making a direct polarity comparison domain of GroEL. (2) Unfolded MDH binding to GroEL induces

using maximum emission wavelength. In our case, the maximum conformational changes at the labeling position such that the
wavelength of Cys261-NR was shorter than the Nile Red dye samples a moreghydrophobic envi?oFr)lment

ma!eir_nide_ in mgthanol/water mixture (Fi_gure_ 2B), while the The effects of singly added nucleotides (ATP, ADP, and the
emission intensity was comparable. This difference can be transition-state mimic ADP/Alff and GroES on the fluorescence

explained by the relatively slow relaxation in the protein, and jhangity were also investigated. In contrast to unfolded MDH,
experimentally *red edge effects” can be used to measure they,e aqdition of nucleotides or GroES leads to a decrease in

dynamics of the spectral relaxati6hin fact, studies of polarity- e mission intensity compared to the level of fluorescence from
sensitive probes such as 2,6-TNS and PRODAN (6-propionyl- 4, empty Cys261-NR (Figure 4B). GroES induced a small
2-(dimethylamino)naphthalene) in proteins showed that the yecrease of the fluorescence£53%) similar to the ADP case,
emission maximum shifted to longer wavelengths with longer yegpite the lack of affinity of GroES for GroEL in the absence
wavelength excitation, due to slow relaxation of the environ- ¢ cleotides! ATP reduced the fluorescence intensity by the
ment:%0 The dependence of maximum emission wavelength |5rgest amount, 13 3%, implying increased local polarity at
on excitation wavelength was measured for Nile Red maleimide o position of the probe. A rasmol comparison between the
and Cys261-NR (Figure 3). The emission maximum of Cys261- x_ray ano structufeand the ATP-bound cryo-EM structdfe
NR did shift from 621 to 646 nm as the excitation wavelength gho\s that apical domain is twisted counterclockwise after ATP

changed from 475 to 625 nm, while the emission maximum of hinging, causing more hydrophilic amino acids near the apical
Nile Red maleimide in 0.10 M methanol in water did not shift qomain to move closer to the probe position at residue 261.

at all. This result suggests that the protein relaxation affects The other nucleotides used in this study, ADP and ADPJAIF
the emission wavelength shift, and thus, for fixed excitation at showed a similar but smaller decrease in emission intensity (6
532 nm, we are justified in interpreting changes in the brightness . 294 for ADP, 11+ 3% for ADP/AIF see Figure 4B)

of Cys261-NR emission as primarily reflecting changes inlocal compared to ATP, although ADP/Alad a comparable value

all spectra reached steady state within 30 min and had nearly

polarity near theAf value of 0.317. to that for ATP. This finding will be discussed in more detail
Single-Reagent Experiments: Changes of Fluorescence below.
Spectrum with MDH or Nucleotides. Using the stringent Kinetic Measurements of the Cys261-NR Fluorescence

substrate MDH and various nucleotides, bulk fluorescence Intensity. To comprehensively explore the sequence of local
spectra of Cys261-NR were measured to examine the effectsconformational changes in the full catalytic cycle of GroEL/
of binding of the reagent on the local environment of the probe. ES, the three reagents, unfolded MDH, GroES, and nucleotide
In all cases, the fluorescence from (empty) Cys261-NR was nt (chosen from ATP, ADP, ADP/Alfj, were added to empty
monitored first in buffer A and then either native or unfolded Csy261-NR in different ordersand all six possible sequences
MDH was added (Figure 4A). After the addition of each reagent, were investigated for each of the three nucleotides (nt): MDH-
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Figure 4. Fluorescence spectra of the Nile Red-labeled mutant GroEL (Cys261-NRM).before and after the single addition of substrate,
GroES, and different nucleotides (532 nm excitation). (A) Cys261-NR (rectangles) was incubated with the same amount of either unfolded (open
triangles) or native MDH (open circles) at 2&, for 20 min. No change in fluorescence was observed upon addition of native MDH, while
unfolded MDH produced a significant increase. (B) Cys261-NR was incubated with either nucleotides (ATP (triangles), ADP (open circles), or
ADP/AIF, (rectangles)) or GroES (open diamonds;€5incubation times as indicated). All nucleotides and GroES induced a decrease in fluorescence
compared to nucleotide-free Cys261-NR.
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Figure 5. (A) Kinetic measurements of the relative peak fluorescence intensity of Cys261-NR induced by the addition of denatured MDH, GroES,
and different nucleotides. The fluorescence intensity at maximum was monitored as a function of time, 10 s/point. MDH was added first, then
GroES, and finally various nucleotides (ATP (open rectangles), ADP (open circles), or AQRGMEN triangles)). Five additional analogous
experiments with different sequences of adding MDH, GroES, and nucleotide were also performed to observe the sequence dependence (see text).
(B) Comparison of fluorescence reductions by (GroE&t) for the two sequences of MDH-ES-nt (black bars), and ES-nt (gray bars) in the same

units of part A.

ES-nt, MDH-nt-ES, ES-MDH-nt, ES-nt-MDH, nt-MDH-ES, and Considering the data from all sequences, in general, there
nt-ES-MDH. For the cases with ATP addition, since ATP is was little dependence on the order of reagent addition except
continuously hydrolyzed on the time scale of-120 $°52and for the very last reagent. Thus, for reagents added first or second,
thereby drives the folding cycle continuously, the measurementsa 324 7% increase in fluorescence intensity was observed when
with ATP average over all possible states and eventually lead MDH was added and a 13 3% decrease was observed by
to actual refolding of MDH. Therefore, it may be difficult to  adding ATP, with a smaller decrease oft62% for ADP and
obtain sequence-dependent information from measurements withll + 3% for ADP/AIF (Figure 5 and data not shown).
ATP. Nevertheless, addition of nonhydrolyzable nucleotides However, the fluorescence intensity changes produced by the
such as ADP and ADP/AlFshould be able to reveal a certain last reagent showed different behavior compared to the single-
degree of sequence information on the GroEL/GroES-mediatedreagent experiments. To describe this, the six sequences can be
folding mechanism, since they prevent the continuous cycling considered in three groups, according to the last reagent
of the enzyme. Since all of the spectra showed the similar peakadded: nucleotide (MDH-ES-nt, ES-MDH-nt); GroES (MDH-
wavelength and shape, only the peak emission intensity wasnt-ES, nt-MDH-ES); MDH (ES-nt-MDH, nt-ES-MDH). The
followed as a function of time, always relative to the starting first two groups will be discussed together, since they have a
value, i.e., the emission from empty Cys261-NR before the common feature in the sense that MDH binds to the apical

addition of any reagent. Using a concentration~@¥.2 uM for domain of GroEL before the nucleotide-dependent GroEL-
both MDH and GroEL (Cys261-NR), one may estimate from GroES association.

previous work that abdul h isneeded for MDH to regain full (a) Cases Where the Last Reagent Is Either Nucleotide
activity in the presence of GroEL/GroES/APPLn our experi- (MDH-ES-nt, ES-MDH-nt) or GroES (MDH-nt-ES, nt-

ments, the components are added serially, one by one, and itMDH-ES). A typical set of kinetic scans showing the relative
would only be in the last-15—20 min interval that assisted peak intensity as a function of time is shown in Figure 5A for
folding could begin. As a consequence, most of the observedone specific sequence of adding reagents, MDH-ES-nt. As
fluorescence changes reflect proteprotein binding/interaction described above, we assumed that the fluorescence intensity of
effects or conformational changes of the labeled GroEL. Cys261-NR linearly responds to polarity changes; therefore, all
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plots were normalized to the same standard condition (empty 5B can be regarded as the degree of MDH release into the cavity
Cys261-NR). The fluorescence changes produced by addingby the GroEL-GroEL association. ADP/AlBhowed more or
MDH and GroES before nucleotides were similar to the single- less similar fluorescence changes (the difference between black
reagent experiments. However, the fluorescence reductions byand gray bar, 16t 5%) as ATP (12+ 3%), while ADP (6+
nucleotide addition, especially with ATP and ADP/AIF  3%) showed a small change. Therefore, ADP/Aieems to
increased (Figure 5A-20% and~17%, rather than 13% and  have a similar ability to release MDH as ATP, and this correlates
11%), while ADP showed a similar decrease to single-reagent well with a recent study, observing both productive folding and
experiments{8%). To be consistent, all fluorescence changes substrate release in GroEL with ADP/AI® ADP/AIF, stabi-
in Figure 5B are reported after 15 min incubation, even though lizes the transition state, by forming a trigonal bipyramidal
steady state is not reached with the ATP case. Interestingly, conformation in the nucleotide pocket, which mimics ATP
the fluorescence decay transients upon either nt or GroESundergoing hydrolysi From anisotropy measurements and
addition at the end showed both a fast change and then a slowgel filtration with labeled fluorescence detection, the additional
drop (Figure 5A, data not shown), while the single addition of y-phosphate provided by adding Alfo ADP is known to
each component did not show slow kinetics. This behavior will contribute to a stabilized GroELGroES complex* Additional
be discussed more in detail below. Similar results were obtainedsupport for our interpretation is provided by work showing that
upon nucleotide addition for the ES-MDH-nt case1@% the addition of Alk in the presence of ADP induces further
decrease for both ATP and ADP/Alland ~9% decrease for  apical movement comparable to the ATP c#se.
ADP, specific traces not shown). Also, for the cases where the  On the basis of these results, we can understand the behavior
GroES was the last reagent (MDH-nt-ES, nt-MDH-ES), the as follows. First, a substrate like MDH can bind to the GroEL
fluorescence decreases by adding GroES were larget &, apical domain in GroEL, causing increased hydrophobicity.
data not shown), while the observed fluorescence decrease byalthough GroES exists in the solution, it cannot bind tightly to
GroES binding to the empty GroEL was not significant (Figure the GroEL apical domain due to the absence of nucleotides.
4B). After addition of nucleotides, GroES can finally bind to GroEL,
One can consider the effect of MDH release into the cavity and the nucleotide type determines the extent of the conforma-
triggered by nucleotides with GroES, to understand these tional changes of the apical domain by GreEGroES complex,
fluorescence differences caused by nucleotides compared tanducing MDH release into the cavity. Furthermore, as noted
single-reagent experiments. To investigate the effect of MDH alone, the fluorescence decay after the final addition in Figure
on the fluorescence, the fluorescence changes induced by5A shows a fast change followed by a slow drop. The common
(GroES + nt) in the absence of MDH were calculated and feature of all these sequences is that the compact Gr@EbES
represented as gray bars in Figure 5B. The values of summedcomplex formation can only start at the end of the sequence
fluorescence intensity reduction by GroES and nucleotides wereand, therefore, the displacement of MDH by GroES should
roughly similar to the sum of the fluorescence drop for always occur at the end. From this point of view, the slow
each reagent added singly. If the fluorescence decreases byinetics can be understood to relate to the GrefroES
(GroES+ nt) in Figure 5B originate from the formation of  association rate. Having both fast and slow kinetics is consistent
GroES-GroEL complex, the additional decreases in Figure 5A, with a recent study in which time-dependent changes of GroEL
which are presented as black bars in Figure 5B, can be apical movement by GroES binding were slowed in the presence
understood by the presence of MDH in addition to the GroEL- of the substrat&®:57
GroES complex formation. Actually, to fully associate GroEL (b) Cases Where the Last Reagent Was MDH (nt-ES-
with GroES, (1) nucleotides should be present, considering thatMDH, ES-nt-MDH). Intriguing results were obtained for the
the affinity of GroES for GroEL is large only when nucleotide two sequences in which MDH was the last reagent added and
has been addéd;552and (2) MDH has to dissociate from the  the nucleotide used was ADP/AlFigure 6). Specifically, if
apical domains to which it is bound (ideally to three consecutive ADP/AIF, was added after GroES (ES-ADP/AIMDH), the
GroEL subunits), since it is known that the binding sites for fluorescence increase induced by MDH (“the MDH effect”) was
both GroES and substrate overfipTherefore, in the case of large (20+ 1%, Figure 6A), while if ADP/AIk was added
Figure 5A nucleotide addition at the end induces the formation before GroES (ADP/AIRES-MDH), the MDH effect was much
of GroEL-GroES complex, which leads MDH to release from smaller than in all other cases & 2%, Figure 6B). On the
the GroEL apical domain into the cavity, a process that will other hand, when the nucleotide added is either ATP or ADP,
serve to negate the fluorescence increase induced by MDHthe MDH effect was independent of the order of adding nt and
binding. In other words, the net fluorescence decreases byES (i.e., for the sequences nt-ES-MDH and ES-nt-MDH). In
addition of nucleotides should have two effects, (1) nucleotide these two situations, the fluorescence increase induced by MDH
binding, a fast process, and (2) GroEL-GroES formation and was~31% and~28% for ATP and ADP, respectively.
MDH release, which should take a longer time. Moreover, the  Since the fluorescence increase is caused by MDH binding
large change toward increased polarity at the probe locationtg the apical domain of the Cys261-NR, the observed smaller
can be understood in light of the fact that a relatively nonpolar increase implies that MDH binding is hindered. There are several
binding surface (from MDH) is replaced by a more polar binding possible explanations for this effect. First, the incubation time
surface (from GroES). From this point of view, all four after adding ADP/Alk was chosen to be 30 min to guarantee
sequences (MDH-ES-nt, ES-MDH-nt, MDH-nt-ES, nt-MDH-  hinding of the Al salt® therefore, this incubation time was
ES) should have similar results due to the nature of GroEL- |onger than for ATP (15 min) or ADP (20 min). However, this
GroES association; the displacement of MDH by GroES can might allow different degrees of ADP/Alfeomplex formation;
only begin at the end of these sequences in the presence of e, if the time for ADP/AIR complex formation is longer than
nucleotides. 30 min, the fluorescence increase upon addition of MDH in
In fact, MDH release into the cavity also depends on the type Figure 6AB might depend on the sequence of ADP/AIF
of nucleotides added. The difference between black (with MDH addition. To test this, the experiment shown in Figure 6A was
addition first) and gray bar (without MDH addition) in Figure repeated, but now ADP/AJfwas added and incubated 45 min
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Figure 6. Sequence dependence of the time-dependent fluorescence intensity changes of Cys261-NR with,ADiAllforescence intensity
at maximum was monitored while adding GroES and ADP/AWith unfolded MDH addition at the end: (A) sequence ES-ADP/AWDH; (B)
sequence ADP/AIFES-MDH; (C)same as (A), except long incubation (45 min) with ADP/A(P) same as (B), except 1:1 molar ratio of GroEL
GroES.
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Figure 7. Proposed scheme for the formation of symmetric/asymmetric complex of GroEL/GroES with ARR/AJfWhen GroES is added
first, GroES can only bind after adding ADP/AJfand the binding affinity of ADP/Alkto the trans ring may be reduced because of GroES binding
to the cis ring. This prevents the formation of the symmetric complex. (B). When ADPi\lelded first (before GroES), hindered MDH binding
to the GroEL can be explained by the formation of the symmetric football complex.

(Figure 6C). The large fluorescence increaseX13% increase) microscopy and cross-linking experiméefit¥-61in the presence

as in Figure 6A was maintained. Hence, one can exclude thatof ATP or AMP—PNP, and this was ascribed to the formation

the incubation time for complex formation affects MDH binding. of the RR allosteric state (illustrated in Figure 7B). This
Another possibility for the sequence dependence shown in symmetric structure is stable until ATP hydrolyzes to ADP.

Figure 6AB might be the formation of a symmetric complex Therefore, in the presence of ADP alone, no symmetric complex

(GroES-GroEL-GroES), known as the “American football” can be formed. However, since ADP/AIS a transition-state

structure®® A symmetric complex was observed in both electron analogue, imitating a state between ATP and ADP (such as
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ADP—PI), this nucleotide might therefore allow the formation Conclusion
of the symmetric complex if GroEL reaches the RR state before
GroES binding. As illustrated in Figure 7B, our observations
might be understood if both of the apical domains are blocked

by GroES _anql_thus M[.)H binding to the inner "’.‘F’ica' surfac_:e upon the addition of substrate MDH, nucleotides, and GroES.
would e S|gn|f|can¥ly hlnder(_ad. Tofurther test this hypotheS|s_, For most cases, a large shift to less polarity is observed when
(ir%ESé/Y-zisGad(éeSd n a;]n eqﬁlmollgzr Zmou_nt tg_ GroEéél.l ratlo ynfolded MDH is added, while addition of nucleotide and GroES

or Lro P roes, r?thert an 1.2.5 as Inl |gu_rta b )hto d produce shifts toward increasing polarity. For sequences in
prevent formation of the symmetric complex with both ends i 1y cleotide or GroES is added last, we observed competi-

o ony Sv= €ion between GroES and substrate for the binding sites of the
upon MDH addition (14 2%) is recovered as in Figure 6A.  jnica| gomain, and the degree of this competition, which

?I'his.result supports the interpretatio.n that the small MDH effect ultimately induces the substrate release into the cavity, is

n F|gure_ 6B is due to the formation of the douply capped  getermined by the nucleotides. For the special case in which

symmetric complex. A recent study from Taguchi et al. als0 {he gybstrate was added last and the nucleotide was the

reported a symmetric complex, but with ATP/BEF transition-state mimic ADP/AIE the fluorescence changes
Within the picture of cooperativity based on TT/RR states depended upon the order of addition of the first two components,

of the enzyme, it is also possible to address the behavior whenthe nucleotide and GroES. This behavior is consistent with the

GroES is added before ADP/AlfFigure 6AC). In this situation,  formation of a doubly capped symmetric complex when ADP/

GroEL would begin in the TT state, since nucleotides have not AIF, is added first.

been added and GroES does not strongly bind to GroEL without

them (Figure 7AP! After addition of ADP/AIR, however, Acknowledgment. We thank David Fromm and Stephan
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