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ABSTRACT. The extent of hydrophobic exposure upon bis-ANS binding to the functional apical domain
fragment of GroEL, or minichaperone (residues 1345), was investigated and compared with that of

the GroEL tetradecamer. Although a total of seven molecules of bis-ANS bind cooperatively to this
minichaperone, most of the hydrophobic sites were induced following initial binding of one to two molecules
of probe. From the equilibrium and kinetics studies at low bis-ANS concentrations, it is evident that the
native apical domain is converted to an intermediate conformation with increased hydrophobic surfaces.
This intermediate binds additional bis-ANS molecules. Tyrosine fluorescence detected denaturation
demonstrated that bis-ANS can destabilize the apical domain. The results from (i) bis-ANS titrations, (ii)
urea denaturation studies in the presence and absence of bis-ANS, and (iii) intrinsic tyrosine fluorescence
studies of the apical domain are consistent with a model in which bis-ANS binds tightly to the intermediate
state, relatively weakly to the native state, and little to the denatured state. The results suggest that the
conformational changes seen in apical domain fragments are not seen in the intact GroEL oligomer due
to restrictions imposed by connections of the apical domain to the intermediate domain and suppression
of movement due to quaternary structure.

Mature proteins must assume unique three-dimensionalnucleotide binding and is responsible for making most of
conformations to gain their native functions. Some smaller the side-to-side contacts within the 7mer ring and all of the
proteins can fold into their native conformations without any contacts between the two stacked rings of GrolEl)(The
assistance. However, along the folding pathway, larger apical domain is the site of substrate polypeptide and GroES
proteins may expose extensive hydrophobic patches in anbinding (1), which occurs at residues that face into the
attempt to reach the native structure. In the highly condensedcentral channell2). The intermediate domain connects the
environments of the cell, these exposed hydrophobic patchesquatorial and apical domains and may play a role in
tend to favor aggregation and may lead to misfolding. A class allosteric communication between the two doma8)skrom
of molecules known as molecular chaperones has been showiphotoincorporation studies, it has been shown that the
to assist in protein folding. The molecular chaperone GroEL hydrophobic probe bis-ANSinds in a region of the GroEL
assists in the in vitro and in vivo refolding of a number of sequence (residues 26249) that maps to the GroEL apical
proteins (—5), and it interacts with over half of the proteins domain (residues 194376) (13, 14.
from Escherichia coli(6). GroEL is composed of 14 identical In vitro experiments have shown that an initial step in the
57 kDa subunits arranged in 2, 7-subunit rings (7mers), which refolding by GroEL is the binding of the non-native peptide
form a double-ring complex that encloses a central cavity by the GroEL oligomer{5—19). This complexation prevents
in each ring 7). The GroEL crystal structure demonstrates off-pathway events, such as degradation and aggregation,
that each GroEL subunit is made up of three domains: thewhich decrease the efficiency of folding,(20, 23. In
equatorial domain, the intermediate domain, and the apicalgeneral, maximum folding by GroEL requires the intact
domain 8—10). The equatorial domain is the site of central cavity of the oligomer2@—24), and, therefore, the

complete double-ring system. However, a single-ring GroEL
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to release folded proteins enclosed in the central cavity, but The chaperonin GroEL was purified from lysatesf
they can chaperone the folding of substrates which do notcoli bearing the multicopy plasmid pND5. The purification
require GroES Z6). Urea denaturation studies of GroEL was a modified version of the previously described protocol
found residual structure contained within the apical domain (37). The lysate was made 65% in ammonium sulfate and
that might serve as an organized hydrophobic region capabledialyzed overnight in 50 mM Tris-HCI, pH 7.8, 0.5 mM
of interacting with substrate polypeptide&7). Recently, it DTT,! 0.1 mM EDTA! (Buffer A). Following dialysis, the
has been demonstrated that the unfolding and disassemblysample was applied to a DEA#on exchange column, and
of GroEL in guanidine hydrochloride or urea occur through an increasing salt gradient{@.45 M NaCl) was used to
a tetradecameric intermediate with a folded equatorial domainelute the protein. GroEL fractions were collected and
but with unfolded apical and intermediate domaif8)( precipitated with ammonium sulfate. The precipitate was
Fragments representing the apical domain of GroEL [sht- dissolved in 10 mL of Buffer A containing 50 mM NacCl,
GroEL (191-345), sht-GroEL (191376)] (28) have been and the resulting solution was applied to a Sephacryl S-400
cloned, and a proteolytically produced fragment [GroEL column equilibrated with Buffer A containing 50 mM NacCl.
(150-456)] 29, 30 has been isolated. These fragments have GroEL-containing fractions were precipitated with am-
been termed minichaperones, which show chaperone activitymonium sulfate. The precipitate was then dissolved in 20
in vitro (31) and in vivo @2), but at slower rates and with  mL of Buffer A and dialyzed again® L of thesame buffer.
looser binding when compared to the intact GroEL oligomer. To remove any traces of remaining tryptophan contamination,
The crystal structures of the minichaperones sht-GroEL ~2—10 mg/mL GroEL was applied to a Reactive Red 120

(191—345) and sht-GroEL (191376) are very similar to
that of the apical domain in the intact GroER3j. However,
the stability and refolding activity of the isolated apical

agarose column according to a previously published protocol
(38). The column was preequilibrated with Buffer A at 4
°C. The protein was equilibrated on the column for 15 min

domain are considerably lower than those of the intact GroEL before elution with Buffer A. GroEL-containing fractions

oligomer @1, 39. Thus, it is possible that the apical domain

were identified by 12% SD'Syels. The purified GroEL was

assists the refolding of substrate proteins, at least in part, bythen dialyzed against 50 mM Tris-HCI (pH 7.8) containing
interacting with the exposed hydrophobic surfaces on the 1l mM DTT. Glycerol was then added to 10% (v/v), and

folding intermediate of the non-native polypeptides, thereby
preventing aggregatior2). This hypothesis is based on the
chaperone-like effect of bovine serum albumin in assisting
the refolding of rhodanese, which would self-associate in
its absencel7). The identification of peptide binding sites
of the isolated minichaperones sht-GroEL (3&45) and
sht-GroEL (191 376) in solution has been published recently
(21, 34. NMR analysis 85 showed that the synthetic
peptide (Rho), corresponding to the N-termir@lhelix
residues 1%23 of mitochondrial rhodanese, specifically
binds to sht-GroEL (19%345). Equilibrium and kinetic
studies of the minichaperones sht-GroEL (3345) and sht-
GroEL (191-376) demonstrated reversible thermal unfolding
and refolding 81).

In this report we used the apical domain fragment sht-
GroEL (191-345) to understand the nature of an intermedi-
ate detected at saturating concentrations of bis-ABE. (
Equilibrium and kinetic binding of bis-ANS to the apical
domain were followed by bis-ANS fluorescence, intrinsic
tyrosine fluorescence, and circular dichroism.

MATERIALS AND METHODS

Reagents and Protein&lectrophoresis quality urea was
purchased from Bio-Rad. All other reagents were of analyti-
cal grade. Bis-ANS was purchased from Molecular Probes,
Inc. (Eugene, OR). Ni-NTAagarose was supplied by Qiagen
(Hilden, Germany).

Bovine liver rhodanese was purified as previously de-
scribed 86). GroES was purified from lysates &. coli
bearing the multicopy plasmid pND5 as describ@d(The
GroEL apical domain fragment (19B45) with the N-
terminal histidine tag of 17 amino acids (-17 MRSGSHH-
HHHHGLVPRGS -1) was purified from lysates &. coli
containing the pRSET A vector (Invitrogen) as described
(28). All apical domain experiments were performed using
the C-terminally truncated GroEL apical domain fragment
191345 containing the 17 amino acid N-terminal tag.

aliquots were frozen in liquid nitrogen and stored-&80
°C.

Sedimentation Analysiépical domain samples (5, 8, and
16 uM protein) were subjected to sedimentation velocity
analysis at 25C using a Beckman XL-A analytical ultra-
centrifuge with a rotor speed of 60 000 rpm. Apical domain
samples incubated with various concentrations of urea (0,
3.5, 5 M) were subjected to sedimentation velocity analysis
under the conditions described above. The sedimentation
boundary was monitored at 230 and 280 nm, which are the
characteristic absorbances due to the peptide bond and
aromatic side chains, respectively. The data were analyzed
by the method of van Holde and Weisch88) using the
UltraScan ultracentrifuge data collection and analysis pro-
gram @0). Subsequent analysis of the unlabeled apical
domain in the absence of urea was performed by fitting the
experimental data by the finite-element meth4@) (using a
model for a single component system. The partial specific
volume was estimated from the amino acid sequence using
the method of Sober(). The data were corrected for buffer
viscosity and density.

Fluorescence Spectroscoyhe buffer used in all experi-
ments was 10 mM sodium hydrogen phosphate (pH 7.0),
the temperature was 28, and all of the concentrations
given are final concentrations. Bis-ANS fluorescence experi-
ments were performed using a Fluorolog-3 spectrofluorom-
eter (ISA, Inc.) with an excitation wavelength of 395 nm
(slit width 2 nm) and an emission wavelength of 495 nm
(slit width 5 nm). Emission spectra (Figure 1) of 1 mL
solutions of 5uM apical domain, uM bis-ANS + 5 uM
apical domain, %M bis-ANS + 5 uM apical domaint 2.5
M urea, and 5uM bis-ANS + 5 uM apical domaint+ 5.0
M urea were scanned from 440 to 510 nm. Appropriate
blanks were subtracted from each scan.

Bis-ANS titrations were performed on 1 mL solutions of
either 5uM apical domain (Figure 3) or 0.3%M GroEL
oligomer (corresponds to &M apical domain) (Figure 4).
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The fluorescence intensities were corrected for the inner filter detected at 302 nm. To follow the denaturation of the apical
effect @2) and analyzed by nonlinear, least-squares fits using domain by bis-ANS fluorescence, individual 1 mL solutions

a modified form of the Hill equation: of the apical domain (M) were incubated with increasing
concentrations of urea {€8.0 M) in the presence of either
ForalS]” 1, 5, or 30uM bis-ANS for either 30 min or 20 h at 2%,
obs— 1) and the bis-ANS fluorescence intensities were measured. To
K"+ [SI" follow the denaturation of the apical domain by tyrosine

fluorescence, individual 1 mL samples of the apical domain

whereFops Fmax K', n, and [S] are the observed fluorescence (5 M) were incubated with increasing concentrations of urea
intensity, maximum fluorescence intensity, binding constant, (0—8.0 M) in the absence or presence of 5 ang:80bis-
Hill CoeffiCient, and bhis-ANS Concentration, reSpeCtiVer. ANS for 20 h at 25°C, and the tyrosine ﬂuorescence was

To estimate the number of moles of bis-ANS bound per subsequently measured. The parameters for the unfolding
protein, a reverse binding experiment was performed. In this and refolding curves were obtained by nonlinear, least-
experiment, a fixed amount of bis-ANS was titrated with an squares analysis using the two-state equation (e¢t3®) (
increasing amount of the protein. These data were thenThe two-state model (M= U) assumes that there are only
plotted as I qps versus 1/[protein] and extrapolated back to two states of the protein being studied, the native state (N)

zero on thex-axis, which theoretically corresponds to infinite  and the unfolded state (U), and that there is no accumulation
apical domain concentration. Bis-ANS fluorescence scans of detectable intermediates:

indicated that the peak at 495 nm did not shift with increasing

bis-ANS concentration, suggesting that the quantum yields Fobs=

of the bound probe molecules are the same. This indicates [(y; + m{D]) + (y, + m,[D])(exp—{AG,o/RT — m[D)/RT})]
that the fI_uorescence contribution of _each _bound_ bis-ANS [1+ exp—{AG0/RT— MDJ/RT}]

molecule is equal. The fluorescence intensity derived from )
the y-intercept corresponds to the fluorescence when all of

the initial bis-ANS is bound. These data permit the deter- \yhereF,sis the fluorescence observeRlis the gas constant
mination of bound bis-ANS from measurements of bis-ANS (0.001987 kcal mol K2), T is the absolute temperature, [D]

fluorescence intensity. These fluorescence measurementss the denaturant concentratiohG0) is the free energy

were used to obtain plots of [bis-ANJnaVs [biS-ANS}ee  in the absence of denaturagtandny are the intercept and
for the determination of the number of bis-ANS molecules S|0pe of the pre_transition baseline, respectivg'h@ndn'h
bound at any given total bis-ANS concentration. are the intercept and slope of the post-transition baseline,
Circular Dichroism SpectroscopyCircular dichroism  respectively, andn is the slope of the unfolding transition.
spectra of the apical domain in-@ M urea at 25C in the Additional attempts were made to fit the curve to a

far-Uv (190-250 nm) region were collected using an OLIS nonlinear, least-squares analysis using the three-state model.
DSM 16 UV/VIS CD Spectrophotometer (On Line Instru- A three-state model (= | = U) is used when a detectable

ment Systems, Inc., Bogart, GAA 1 mm path cylindrical intermediate (1) is involved:

cell (1 mL volume) was used. The scans were recorded at 2

s/data point. The experimental conditions were 10 mM-Na St SKa KK
HPOW/NaH,PO,, pH 7, [protein]= 5 uM. The CD experi- Fops= 1+ Ky, + Ky + Ky + Ky (3)
ments for unfolding and refolding were performed after the

solutions had been equilibrated for 24 h. For refolding = — °

experiments, the protein was unfolded h at 2mg/mL K = expl—(AG%n + MlU)RT )
in 8 M urea-containing buffers and then diluted into the K, = exp{ —(AG®,,, + my[U])/RT} (5)

buffers containing the calculated amounts of urea to give
the desired final concentrations of urea. Buffer blanks were where the subscripts “NI” and “IU” refer to the & | and
collected and subtracted from the appropriate sample spectraj < U equilibria, respectivelySy, Su, andS; are the fraction
For the CD spectra reported in Figure & 2 mmpath native signals for the native, intermediate, and unfolded
length cylindrical cell (2.5 mL volume) was used. The data states, respectively. Other parameters referring to these
were recorded at 5 s/data point in the wavelength range- 200 equilibria have similar meanings to those stated ab8ye.
360 nm. The treatment of the apical domain in 3.0 M urea S;, S, AG%yni , AG°y,u, My, andmy were floated during
was done by equilibrating a &M sample of the protein in  the nonlinear least-squares regression of the ddjaRurther
3.0 M urea for 24 h. The solution containing/ protein details on the equations (eqs-8) can be found in the
and 30uM bis-ANS was equilibrated fo5 h to ensure literature @4).
maximum binding. Appropriate blank spectra were recorded  Bis-ANS Binding KineticsThe kinetics of bis-ANS
and subtracted from the sample spectra. The data below 20inding to the apical domain were performed with an
nm were extremely noisy because of the high absorbance ofexcitation wavelength of 394 nm (2.5 nm slit width) and an
the solutions in the presence of either urea or bis-ANS.  emission wavelength of 500 nm (10 nm slit width) at 25
Apical Domain DenaturationThe urea denaturation of °C. Samples of JuM apical domain (3 mL) in 10 mM
the apical domain was detected by bis-ANS fluorescence andsodium hydrogen phosphate were stirredai 1 cmpath
intrinsic tyrosine fluorescence. Bis-ANS fluorescence was length cuvette. Subsequently;- 80 «M aliquots of bis-ANS
excited at a wavelength of 394 nm, and the emission was (final concentration) were added to the cuvette, and the bis-
detected at 500 nm. The intrinsic tyrosine fluorescence wasANS fluorescence intensity at each bis-ANS concentration
excited at a wavelength of 275 nm, and the emission waswas measured as a function of time. To determine the rate
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8 the 1.7-fold increase in the fluorescence intensity is a result
of the apical domain intermediate binding more molecules
of bis-ANS than the native apical domain. The unfolding of
6 the apical domain in 5.0 M urea (Figure 1, spectrum d)
resulted in a loss of bis-ANS hydrophobic binding sites,

] indicated by the decrease in bis-ANS fluorescence and a shift
4. of the wavelength maximum to 550 nm.

] Apical Domain Sedimentation Velocity Analys&edi-

Bis-ANS fluorescence Intensity

34 [o]
] mentation velocity data were first analyzed by the method
21 b of van Holde and WeischeB9). This analysis resulted in a
] symmetric, vertical extrapolation plot, which showed a single
] d Svalue of 1.82x 10* s for the apical domain in the
. — — 2 absence of urea (data not shown). The integral distribution
460 480 500 520 %40 560 SEO plot was essentially vertical for all three sets of dagd=
Wavelength (nm) 0.4, Asso = 0.4, Avgo = 0.8), thus indicating a single species

Ficure 1: Bis-ANS fluorescence emission spectra. Fluorescence (45), in agreement with previously published crystallographic
Zg’k':s;'%’(‘) ;F;?r?t[;t‘,\)/f)(aé)c)bﬁ's'“kll\slsﬁﬂ(\?vI\(/B) E'zsi’g'j é%ﬁr;'\g%nts studies 83). A single Svalue for the apical domain in 3.5

, - u . .
4M) + urea (2.5 M), and (d) bis-ANS (8M) -+ apical domain (5 M urea was unobglnableh_du_e to the W(de? spread (_)f"data
#M) + urea (5.0 M), all in a 10 mM sodium phosphate buffer, pH [(0.8—1.82) x 10™** s]. This is expected for a partially
7.0. unfolded protein with increased hydrophobic exposure, which

) o ) o ) would lead to increased interactions, but not the formation
of bis-ANS binding to the apical domain intermediate, 40 of |arge aggregates, that would increase the spread of the
#M bis-ANS was added to a&M apical domain sample (3 measure®values. Samples containing either58M urea
mL) that was incubated in 2.5 M urea, and the bis-ANS ¢qy|d not be analyzed due to very high absorbances of these
fluorescence intensity was measured as a function of time.gg|ytions.

The bis-ANS kinetic binding data for the slower phase were  gypsequent fitting of the experimental data with the finite-
fit to a single-exponential first-order reaction by the equation: gjement method46) using a model for a single-component,
kit ideal system resulted in &value of 1.82x 103 s for the
Alt) = Age ™+ A() (6) apical domain in the absence of urea, which is in excellent
) » ) ) agreement with the results obtained from the van Helde
whereA(t) andA() are intensities of bis-ANS attimteand ~ \yejschet analysis. The diffusion coefficient was determined
at equilibrium, respectively, whilé, is the intensity atthe {5 pe 9.59x 107 cné/s. Using these sedimentation and
beginning of the reaction, andl is the first-order rate gitfysion coefficients, the frictional coefficient was calculated
constant. To estimate the initial bis-ANS fluorescence, g pe 4.22x 108 g/s, the Stokes radius was determined to
amplitudes for the burst phase were obtained from the startpe 22 38 A and the minimum radius for the apical domains
of the second phase. Because of the fewer number of datg, 55 calculated to be 17.47 A. Using the X-ray struct@),(
points for the burst phase, it was not possible to fit the entire \ye determined from the volume and by measuring and
set of data to a biphasic equation. averaging five dimensions of the apical domain, that the
RESULTS unhydrated radius of the particle was 17 A. Thus, the minimal
radius (17.47 A), which refers to an unhydrated sphere with
Bis-ANS Binding Studies of the Apical Domaifhe a molecular weight corresponding to the apical domain, is
hydrophobic binding properties of the GroEL apical domain in good agreement with the crystallographic results of Buckle
(191—345) were assessed by bis-ANS titration. The sensitiv- et al. 33). The hydration of the apical domain and the
ity of bis-ANS fluorescence to its environment makes it an asymmetry introduced by the histidine tag that were not
excellent fluorescence probe for measuring hydrophobic included in the measurements can account for the larger size
binding interactions. Bis-ANS is a fluorescent probe that has of the apical domain (22.38 A Stokes radius) determined by
a low quantum yield (i.e., fluorescence intensity) in polar sedimentation velocity analysis.
environments, with a wavelength maximum of 550 nm.  Apical Domain Urea Unfolding Equilibrium Monitored
However, the binding of bis-ANS (&M) to hydrophobic by Bis-ANS FluorescencBis-ANS fluorescence was moni-
surfaces of the apical domain ¢@\M) results in both an  tored to follow the urea denaturation of the GroEL apical
increase in its quantum yield and a shift in the fluorescence domain. The thermal reversible folding behavior and the
wavelength maximum to 500 nm (Figure 1, spectrum b). accumulation of an intermediate during equilibrium unfolding
In this study, at low bis-ANS concentrations the apical of the apical domain in the presence of saturating concentra-
domain intermediate demonstrated increased bis-ANS bind-tions of bis-ANS have been reported earligdl)( As
ing at~2.5 M urea (see below), with a wavelength maximum mentioned above, the apical domain folding intermediate
of 500 nm (Figure 1, spectrum c). The bis-ANS fluorescence (Figure 1c), which forms at 2.5 M urea, demonstrates
wavelength maximum of the apical domain intermediate (500 increased hydrophobic surface exposure relative to the native
nm, Figure 1, spectrum c) does not differ from the bis-ANS apical domain conformation (Figure 1b). In the urea dena-
wavelength maximum in the presence of the native apical turation experiments of the apical domain monitored by bis-
domain (500 nm, Figure 1, spectrum b). This suggests thatANS fluorescence (Figure 2) at low concentrations of bis-
the bis-ANS binding environment of a probe bound to either ANS (1 uM, Figure 2, filled squares), there is a maximum
the native or the intermediate structure has not changed, andis-ANS fluorescence intensity at3.4 M urea. In 5uM
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FiGURE 2: Equilibrium denaturation by urea of the GroEL apical ap i ;
domain monitored by bis-ANS fluorescence at 495 nm. Samples S (0-304M) ina 10 mM sodium phosphate buffer, pH 7.0.

of 5 uM apical domain were incubated at a given urea concentration .
(o'oﬁg'o Rﬂ) with either 1uM bis-ANS (Squgares)‘ %M bis-ANS shown). A burst phase was observed both for the native and

(triangles), or 3«M bis-ANS (circles) for 20 hin a 10 mM sodium  for the urea unfolded (3.5 M) apical domain. The subsequent
phosphate buffer, pH 7.0. The bis-ANS fluorescence intensity was slower phase is 0.03% 0.001 s! for the native form and
then measured at 495 nm and plotted as a function of the ureag ng5 & 0.01 s? for the urea unfolded state. This ap-
concentration. The data shown have been normalized. proximately 3-fold rate difference indicates that more

bis-ANS (Figure 2, filled triangles), the maximum shifts only hydrophobic exposure is associated with faster binding.
slightly to ~3.3 M urea. At 3QuM bis-ANS (Figure 2, filled Bis-ANS Binds to GroEL 14mer without Cooperdi and
circles), the maximum bis-ANS fluorescence shifts to 0 M Reveals Two Classes of Binding Sitd® compare the bis-
urea. The similarity in the 1 and/BVl bis-ANS fluorescence ~ ANS binding characteristics of the apical domain with those
intensity maxima confirms that the apical domain intermedi- Of the intact GroEL oligomer, a bis-ANS titration of GroEL
ate reaches a maximum accumulation-8t4 M urea inthe ~ (0.357uM oligomer,~5 uM apical domain) was performed.
presence of low concentrations of bis-ANS. The maximum The binding of bis-ANS to the GroEL oligomer displays
bis-ANS fluorescence intensities shift to a lower urea apparentsmooth hyperbolic binding (Figure 4b), with much
concentration as the bis-ANS concentration increases. Thelower bis-ANS fluorescence intensities relative to those
maximum fluorescence observed in the presence @il observed with the apical domain. The data in Figure 4b were
bis-ANS at 3.4 M urea is identical to that in the presence of fit using a nonlinear iterative fit to the binding equati(ey
30 uM bis-ANS without urea (Figure 2). Thus, when bis- 1, wheren = 1), yielding K¢ = 7.44 uM (+0.27) and an
ANS concentrations begin to exceed the ratio of 1 mol of Fmax= 9600 (80). The standard deviation among the three
bis-ANS per mole of apical domain, the binding of additional €xperiments was within the area of the symbols.
molecules of bis-ANS to the apical domain shifts the  To convert the direct binding results to provide an estimate
equilibrium of the native apical domain toward the formation of the number of bis-ANS bound per GroEL oligomer, a
of the apical domain folding intermediate. reverse titration was performed (data not shown). Using eq
Bis-ANS Binds Cooperatly to the Apical Domain. 1, withn = 1, the reverse titration yielded dfnax of 11.5
Titration of the apical domain (%«M) with bis-ANS (£0.37) relative fluorescence units for 0.0881 bound bis-
demonstrated cooperative (sigmoid) binding of bis-ANS ANS. The ratio of Fmax to bound bis-ANS was used to
(Figure 3). The bis-ANS titration data for the apical domain generate the Scatchard plot shown in Figure 4a, which clearly
(squares) were fit by least-squares analysis to the Hill reveals two classes of binding sites. Scatchard data were
equation (solid line) (eq 1), yielding an apparent binding analyzed using the method of Rosentld#) @nd gave results
constantK = 17.364+ 0.58uM, a Hill coefficientn = 2.00 consistent with two different binding sites withka = 0.56
(£0.07), and arFnax = (2.8 & 0.5) x 10°. The bis-ANS uM for ~1.7 tight binding sites and Ky = 10.57uM for
titration data were also analyzed by plots of [bis-ANSk ~8.5 loose binding sites.
versus [bis-ANS]ee to estimate the total number of bis-ANS Klotz noted that most Scatchard data, when plotted in a
molecules bound per apical domain (data not shown). Thesesemilog graphic method, could not support the values stated
results allowed us to estimate that 1 mol of apical domain is (47). When the amount of bound probe is plotted versus the
capable of binding~7 mol of bis-ANS, in agreement with  log of the amount of free probe, the experimental data should
Golbik et al. 81). ideally yield a sigmoidal curve. If the curve has not reached
The binding of low concentrations of bis-ANSH®5 M) the inflection point, the binding sites have not been saturated,
to 5 uM apical domain occurred within the dead time of so the transition is not complete and the derived parameters
manual mixing ¢10 s) (data not shown). When higher are uncertain. Figure 4c shows that the data obtained in this
concentrations of bis-ANS (3250 uM) were added to  study have passed the point of inflection, demonstrating that
separate solutions containing:®/ native apical domain, the values obtained are reliable.
the rates of the bis-ANS binding to the apical domain  Equilibrium Urea Unfolding of the Apical Domain Mea-
increased as the bis-ANS concentrations increased (data nosured by Tyrosine Fluorescence in the Presence and Absence
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FIGURE 4: Bis-ANS binding to GroEL 14mer. GroEL (0.038M,
approximately equivalent to/&M apical domain) was titrated with
increasing amounts of bis-ANS (@0 xM) in a 10 mM sodium .
phosphate buffer, pH 7.0. (a) Scatchard plot; (b) direct binding " T T T " T T T

curve; (c) semilog graph of data.

pf BiS_ANSIn add.ition t.o the formation of t.he apical domain Ficure 5: Denaturation by urea of the GroEL apical domain
mtermedlqte a}t high bis-ANS concer_ltrauons,. ',t can .alsol be monitored by intrinsic tyrosine fluorescence. The unfolding (solid
observed in Figure 2 that the unfolding transition midpoint circles) and refolding (open circles) of samples of 24 apical
of the apical domain in going from the intermediate to the domain were incubated at a given urea concentration-®.0 M)
denatured state shifts to lower urea concentrations. To furtherfor 24 hin a 10 mM sodium phosphate buffer, pH 7.0. The intrinsic
investigate this observation, the intrinsic tyrosine fluorescence Yrosine fluorescence intensity was then measured at 302 nm and
- . . . plotted as a function of the urea concentration. The lines are fits
was used to monitor the unfolding (Figure <@ filled (eq 2) to the combined data on unfolding and refolding for panels
circles) and the refolding (Figure 5&, open circles) of the 3 and b. The solid line is the fit (eq 2) to the unfolding data for
apical domain (16uM) in the absence (Figure 5a) and panel c. The dotted line in panel ¢ depicts the fit (eq 2) to the
presence of kM (data not shown), %M (Figure 5b), and refolding data. Panel d shows the fitted line from panels a and b,
30 uM (Figure 5c) bis-ANS. The data for tyrosine fluores- 2nd the unfolding data from panel c.
cence without bis-ANS and with /M bis-ANS were nearly
identical. The data in the absence oful bis-ANS are obtained were 3.2% 0.87 M urea AG20) = 5.20+ 0.66
discussed here. The unfolding and refolding @f\d apical kcal mol?, m = 1.58 + 0.22] for the unfolding with no
domain were attempted in the presence of bis-ANS, but, duebis-ANS, 3.47+ 0.95 M urea AG20) = 4.86+ 1.39 kcal
to low signal from the low protein concentration, the data mol~!, m = 1.40+ 0.45] for the unfolding with 5«M bis-
were widely scattered and were not suitable for analysis usingANS, and 2.88+ 1.08 M urea for the unfolding with 30
either the two- or the three-state equations (eqs 2 and 3).uM bis-ANS. The sloper) of the transition from native
Parameters obtained for 5 and 4@ apical domain without  (N) to unfolded (U) is related to the difference in solvent-
bis-ANS matched within error. The tyrosine fluorescence was accessible surface area between these two s#fesThese
measured at 1@M apical domain. The intrinsic tyrosine data suggest that both in the absence of bis-ANS and with 5
fluorescence intensities decrease on unfolding of the apicaluM bis-ANS, the urea unfolding transition for the apical
domain with urea. The fluorescence data were fit using a domain corresponds to the transition<Nl < U (Figure 2,
two-state transition model and a three-state transition modelsquares and triangles). However, at @@ bis-ANS, only
(data not shown). Fits for the three-state model increasedthe unfolding of the apical domain intermediate<lU) is
the Ch? and will not be used for further discussion. The being detected.
lines shown in Figure 5a,b represent the fits of unfolding  Apical Domain Unfolding As Measured by Circular
data to the two-state equation. In Figure 5c, the dotted andDichroism.The ellipticities at 222 nm from the CD spectra
solid lines are fits to the unfolding and refolding data, of the apical domain in the presence of increasing urea were
respectively. The two-state model gives the parameaters measured (Figure 6). The loss of secondary structure occurs
Yo, My, My, M, andAG20) (€9 2 (43). Dividing AG20) by between 2.5 and 4.3 M urea. Furthermore, the urea dena-
the slope gives an approximate value for the midpoint of turation of the apical domain monitored by bis-ANS fluo-

Urea [M]

the unfolding transition, called tHe/, or [D]see. U1z vValues
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Ficure 7: Circular dichroism spectra of/aM apical domain (open
circles), 5uM apical domairt- 30 uM bis-ANS incubated for 5 h
(open squares), and /M apical domain in 3.0 M urea for 24 h
(open triangles) as described under Materials and Methods. The
reaction conditions were 10 mM sodium phosphate, pH 7.0, buffer
atT = 25°C.

Ficure 6: Circular dichroism measurements for the apical domain.
The ellipticities at 222 nm were measured from experiments
described under Materials and Methods. The solid line is a two-
state fit of the unfolding data (filled squares). The dashed line is a
two-state fit of the refolding data (open squares). The dotted line
is the two-state fit of the data for BM unfolding measured by
tyrosine fluorescence (data not shown). The close fits indicate that ] ] )
the results from the two different techniques are not very different (8) and mutational analysid {) have suggested that the site

from each other when random errors are taken into account. of GroEL substrate polypeptide interactions occurs at
) ) ) . hydrophobic residues located in the apical domain of GroEL.
rescence at low bis-ANS concentrations (Figure 2), which However, when hydrophobic surfaces on GroEL were probed
most defensibly corresponds to the CD data acquired in the,yith bis-ANS, only one to two molecules of the probe were
absence of bis-ANS, still retains considerable hydrqph(_)bic bound tightly per GroEL oligomes@). Divalent cations and
surface exposure at 3.0 M. urea. '!'he_se data were fit with apositively charged amphipathic peptides have been shown
two-state (Figure 6, unfolding, solid line; refolding, dashed g increase the GroEL hydrophobic surface exposure when
line) and three-state model (data not shown). The three-statg, g 65, 56, 59. These data suggest that the maximum
fit did not significantly change the parameters or decrease binding of substrate polypeptide to GroEL is favored by a
the residuals or Chi The Uy, value for the unfolding/  compination of substrate charge and hydrophobicity.
refolding detected by CD was 3.30 M urea. These data fit  The crystal structure of the apical domain fragment (291
very closely to the urea unfolding values obtained by 345) with the N-terminal 17-residue histidine tag has been
following the tyrosine fluorescence (Figure 6, dotted line). ghown to be virtually identical to that of the apical domain
The overlaid spectra of &M apical domain only, uM in the intact GroEL oligomer28). We have utilized this
apical domain incubated with 30M bis-ANS, and 5uM  monomeric GroEL apical domain fragment [sht-GroEL
apical domain unfolded for 24 h in 3.0 M urea are shown in (191_345)] to study the hydrophobic characteristics of the
Figure 7. It is evident that in the presence of excess bis- 5pjical domain in the absence of the intact GroEL quaternary
ANS there is only a small decrease in the secondary structuregrcrure and its associated allosteric properties. The apical
(Figure 7, open squares), and there is still a significant yomain displays cooperative binding of bis-ANS. Low
amount of secondary structure present at 3.0 M urea (Figuregncentrations of bis-ANS (Figure 2,4M, filled squares;
7, open triangles). These observations of the apical domaing,q 5 uM, filled triangles) show the formation of an
at 3.0 M urea are similar to the properties associated with ajntermediate at about 3.0 M urea during urea unfolding. At
“molten globule” intermediate: retained secondary structure high concentrations of bis-ANS (3M), the bis-ANS-bound
(CD), and significant accessibility of hydrophobic surfaces potein in the absence of urea resembles the intermediate as
(bis-ANS fluorescence)4@, 50. Attempts were made 10 geen from its fluorescence intensity (Figure 2, filled circles).
obtain CD spectra in the near-UV region (23850 nm)  The thermodynamic stability and folding of the apical domain
using a 1.(_) cm.path Igngth cell. However, the ellipticities fragment (19%+345) were previously taken to indicate
observed in this region (1.0 cm path length cell) are (qyersible folding of the native apical domain relative to the
completely masked by the high absorbance of the protein ynfolded state 31). Our data suggest that the apparent
solution (5«M) containing 3QuM bis-ANS. Using a higher  gapjlization of the apical domain is not the free energy of
Concentrat|0r_1 of_the protem_at the desired stoichiometry (1:6 te pative apical domain relative to the denatured apical
apical domain:bis-ANS ratio) in a less than 1.0 cm path yomain transition (N= U), but rather the free energy of the
length cell also led to similar technical difficulties. apical domain intermediate relative to the unfolded apical
domain (I = U), since in the previous study saturating
DISCUSSION concentrations of bis-ANS (40M) were used 31).

GroEL binds a variety of substrate polypeptides in their ~ Almost all models to date implicitly assume that en bloc
non-native conformationslb, 51, 52, and several studies movements of apical domains are responsible for exposing
have suggested the importance of hydrophobicity in theseinteractive sites on GroEL. If this were the case, GroEL
interactions {6, 17, 34, 5358). The GroEL crystal structure  apical domains should have the most hydrophobic surface



Binding of Bis-ANS to the GroEL Apical Domain Biochemistry, Vol. 40, No. 14, 2004491

exposure in the unperturbed state. However, it has beenof the isolated apical domain is restricted in the intact
demonstrated in this study that the apical domains containoligomeric GroEL. The cause of this restriction could be from
relatively little hydrophobic surface in the unperturbed state. two sources: (1) attachment to the intermediate domain, or
The exposure of hydrophobic surfaces on the apical domains(2) packing of the apical domain within the oligomeric
was only observed upon the addition of increasing bis-ANS structure.
concentrations or perturbation with urea. Thus, since the Since the apical domain is in the middle of the sequence
apical domains are monomeric and lack the intermediate andof a monomer, attachment of the apical domain to the
equatorial domains required for oligomerization, the modula- intermediate domain would likely increase the stability of
tion of its hydrophobic surfaces must be due to perturbations the apical domain and coordinate the overall cooperativity
of the tertiary structure within the apical domain. These of the hydrophobic exposure within a ring of GroEL.
changes in structure could be accomplished in the intactHowever, it is clear that the induced hydrophobic surfaces
GroEL oligomer by allosteric control mediated by the of the apical domain cannot be explained completely by
intermediate domain. simple en bloc movements as described for the intact GroEL
It was observed that the binding of bis-ANS to the apical 14mer. Thus, it is likely that the observed induced hydro-
domain was cooperative, that the binding of bis-ANS phobic surface exposure reflects the dynamic and flexible
destabilized the native apical domain structure, and that themovements that can occur within the apical domains of the
formation of apical domain intermediates was bis-ANS intact GroEL 14mer.
concentration dependent. The equilibrium unfolding of the  Fyrthermore, increased hydrophobic exposure on the
apical domain monitored by bis-ANS fluorescence (Figure monomeric apical domain may not lead to tight polypeptide
2) shows that formation of the apical domain intermediate pinding. Thus, a prerequisite for tight substrate polypeptide
is favored by bis-ANS binding, and suggests that such pinding is the presence of all three GroEL domains and the
binding shifts the equilibrium of the native apical domain intact GroEL oligomer. The oligomeric architecture of the
conformation to the intermediate conformatico) intact GroEL 14mer and its multiple binding sites within a
The apical domain has been demonstrated to facilitate theheptameric ring may be essential components required for
refolding of both rhodanese and cyclophilin, and to catalyze tight net binding of substrate polypeptides and their subse-
the unfolding of barnase2@), implying that at least a  quent release. Part of the potential binding energy must be
transient complex can form between these species. Theexpended in inducing the surfaces in the monomer that could
GroEL 14mer forms an extremely tight complex with be provided by the other components of the system (i.e.,
rhodanese in the absence of nucleotides or GroES, a procesfucleotides, cations, GroES) with the intact GroEL 14mer.
that stabilizes the GroEL 14me61). Similarly, the co-  The ability of ligands to modulate the exposure of flexible
chaperonin GroES in the presence of ATRg*" binds  hydrophobic binding surfaces in the apical domains of GroEL
tightly to GroEL Kq =~ 30 nM) (62, 63. These results may be an important aspect of the binding and release
suggest that, although the apical domain is capable of mechanism of substrate polypeptides.
facilitating the refolding of substrate polypeptides, the tight
binding of substrate polypeptides such as rhodanese and theACKNOWLEDGMENT
co-chaperonin GroES requires elements of GroEL structure

other than that contained within single apical domains. Itis  \we thank Virgil Schirf at the Center for Analytical
plausible to assume that the observed net tight binding of yjiracentrifugation facility, Department of Biochemistry,

GroEL to substrate polypeptides results from multiple weak ypjyersity of Texas Health Science Center at San Antonio,
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