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ABSTRACT. The initial steps of heat-induced inactivation and aggregation of the enzyme rhodanese have
been studied and found to involve the early formation of modified but catalytically active conformations.
These intermediates readily form active dimers or small oligomers, as evident from there being only a
small increase in light scattering and an increase in fluorescence energy homotransfer from rhodanese
labeled with fluorescein. These species are probably not the domain-unfolded form, as they show activity
and increased protection of hydrophobic surfaces. Cross-linking with glutaraldehyde and fractionation by
gel filtration show the predominant formation of dimer during heat incubation. Comparison between the
rates of aggregate formation at 8Q after preincubation at 25 or 41 gives evidence of produet
precursor relationships, and it shows that these dimeric or small oligomeric species are the basis of the
irreversible aggregation. The thermally induced species is recognized by and binds to the chaperonin
GroEL. The unfoldase activity of GroEL subsequently unfolds rhodanese to produce an inactive
conformation and forms a stable, reactivable complex. The release of 80% active rhodanese upon addition
of GroES and ATP indicates that the thermal incubation induces an alteration in conformation, rather
than any covalent modification, which would lead to formation of irreversibly inactive species. Once
oligomeric species are formed from the intermediates, GroEL cannot recognize them. Based on these
observations, a model is proposed for rhodanese aggregation that can explain the paradoxical effect in
which rhodanese aggregation is reduced at higher protein concentration.

The widely accepted mechanism for thermal inactivation at lower temperature6( 14), or in the presence of mild
of enzymes involves the reversible partial unfolding of the detergentsX5); binding to liposomes or to GroEL7( 8); or
molecule, which is followed by chemical or conformational in the presence of a very large excess of reducing agénts (
modification. During the later stages, the enzyme may form 13). The highest recovery is observed using GroEL/GroES/
aggregates, incorrectly fold, or be chemically alter&d I ATP, although the yields are less than 100%4)( It has
general, the association of exposed hydrophobic surfacesbeen reported that rhodanese is very sensitive to thermal
during unfolding gives rise to aggregated species. Similar inactivation, and it irreversibly forms precipitate even at low
association processes can be observed during refolding ofprotein concentrationl@). Reversibility after thermal inac-
denaturant-induced unfolded proteira—@). It has been tivation is observed when rhodanese is covalently coupled
suggested that, in vivo, chaperonins can interact with partially to an insoluble support, thus preventing aggregation of the
folded, newly synthesized polypeptide, thereby preventing protein (L6). The thermal protection effect by GroEL on the
self-association due to exposed hydrophobic surfageaiid inactivation of rhnodanese has been reported. During thermal
in this way protect thermally perturbed proteins. inactivation, the enzyme forms irreversible aggregates, but
The enzyme rhodanese has become a valuable model fothe aggregation is prevented if GroEL is present in the
studying protein folding §@—11), as well as the functional  solution (L7). A similar effect is found with mitochondrial
role of protein dynamics and domain interactiof®,(13. aspartate aminotransferad) At higher protein concentra-
It is well-known that unfolded rhodanese reactivates poorly tions, rhodanese appears to protect itself from heat inactiva-
due to formation of “sticky” intermediates that can form tion (19). It has been proposed that rhodanese may form
aggregates and disulfide-linked misfolded spec®s Re- small oligomeric species that protect the enzyme from heat
folding conditions that minimize the formation of aggregates inactivation.
and disulfide-linked species increase the recovery of active |n this work, we have studied the heat-modified, active
enzyme. These conditions include the following: refolding conformation of rhodanese. We have shown that during the
early stage of heat inactivation, rhodanese forms an inter-
" This work was supported by National Institutes of Health Grant Mmediate that readily gives rise to active associated species.
GM 5177 and Welch Grant AQ 723 to P.M.H. GroEL can capture this early intermediate, but not the
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Antonio, 7703 Floyd Curl Dr., San Antonio, TX 78229-3900. Tel: 210- 'eleases the active protein. These associated species do not
567-3737; Fax: 210- 567-6595; E-mail: horowitz@bioc09.uthscsa.edu. scatter light to an appreciable extent, which implies that these
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are either dimers or small oligomers. Active dimers can be ATP were added, and the incubation was continued for at
isolated using gel filtration and can be demonstrated by cross-least 1.5 h at 25C. To assay the successful reactivation,
linking. We have shown that formation of heat-modified 100 uL of the incubation mix was added to 1 mL of
dimers or small oligomers is an essential prerequisite for the rhodanese assay mix and incubated for 5 min. The assay
thermal aggregation. This is the first time that it has been reaction was stopped by the addition of formaldehyde. The
demonstrated that rhodanese forms dimers and small oligo-percent reactivation was calculated based on the activity of
meric species during heat inactivation, and they are the basisative enzyme that had been subjected to the same incubation

for irreversible aggregation.
EXPERIMENTAL PROCEDURES

Materials

Reagents 6-lodoacetamidofluorescein (IAFand 4,4
dianilino-1,1-binaphthyl-5,5disulfonic acid (bis-ANS) were
purchased from Molecular Probes Inc. (Eugene, OR). Bicin-
chonic acid (BCA) was purchased from Pierce (Rockford,
IL). Sephacryl S-100-SR, bovine serum albumin (BSA), and
other chemicals were from Sigma.

Methods

Rhodanese PurificatiorRecombinant bovine rhodanese
was purified as described previously and storee-@0 °C
as a crystalline suspension in 1.8 M ammonium sulfate
containing 1 mM sodium thiosulfate2@). Rhodanese was

desalted on a G-50 column before use. Rhodanese concentr

tions were determined using a value &f 14 280hm= 1.75
(21) and by the BCA method2@Q).

Rhodanese Assalrhodanese activity was measured using
a colorimetric method based on the absorbance at 460 n
of the complex formed between the reaction product,
thiocyanate, and ferric ior2().

GroEL and GroES PurificationGroES and GroEL were
purified as described previousl23, 24. Protein concentra-
tions were determined by the BCA methdeR).

Rhodanese Modification (RHIAFRhodanese was modi-

conditions at 25C.

Light Scattering.Light scattering measurements were
performed using a Fluorolog-3 (Jobin Yvon-Spex) spectrof-
luorometer, equipped with a temperature-controlled cuvette
chamber. Both excitation and emission wavelengths were
set at 340 nm with 0.5 nm slit widths. All scattering values
were corrected using appropriate buffer blanks. The reported
scattering values are given in photon counts per second
(CPS).

Fluorescence and Anisotropy MeasuremeAisisotropy
and fluorescence were measured using a L-formatted Fluo-
rolog-3 (Jobin Yvon-Spex) spectrofluorometer, equipped with
a temperature-controlled cuvette chamber. Fluorescence
anisotropy () is defined byr = (IVV — G|VH)/(|\/\/ + 2G|VH),
wherelyy and lyy are the fluorescence intensities of the
vertically (VV) and horizontally (VH) polarized emission,
when the sample is excited with vertically polarized light.
G is a correction factor for instrument response to polarized

aﬁght at a particular emission wavelength. This factor is

defined aslpy/lpn, where lyy and lyy correspond to
fluorescence intensities of vertically (HV) and horizontally
polarized emission with horizontally (HH) polarized excita-
ion. For anisotropy measurements of IAF bound to rhodanese
(RHIAF), excitation was set at 492 nm, and emission was
at 515 nm. The bandwidths for both were 1 nm. For bis-
ANS binding studies, the excitation was maintained at 385,
and the emission was followed at 490 nm with 1 nm band-
passes. For studies with the noncovalent probe bis-ANS, the
ratio of rhodanese to bis-ANS was always maintained at 3:1

fied by reaction of the active site cysteine residue (Cys 214) ,1ar ratio.

with IAF. The modification was performed as previously
described 14, 25.
Heat Inactvation of Rhodanesd-or heat inactivation at

Cross-LinkingGlutaraldehyde was used as a cross-linking
reagent. The method used here was a modified protocol of
Azem et al. £6); 0.1 mg/mL rhodanese in 50 mM sodium

different temperatures, rhodanese was added either to 50 m'vbhosphate pH 7.6, was incubated at@ Glutaraldehyde

Tris-HCI, pH 7.8, containing 50 mM thiosulfate, 10 mM KCI,
10 mM MgCk, and 0.2 MB mercaptoethanol (folding buffer)
or to 50 mM sodium phosphate, pH 7.6, or 50 mM Tris-

was added to it, after incubation for various times, to a final
concentration of 2.5% and incubated at 4D for 4 min.
The reaction was stopped by the addition of 50 mM Tris-

HCI, pH 7.8, preincubated at the desired temperature. ForHCI, pH 7.6, and 3%8-ME (final concentrations). The cross-
activity measurements, aliquots were removed after specified|jnked samples were analyzed on SEFAGE Q7). A 10.5%

times of incubation and assayed at°Z5 For light scattering

gel was run by adding sample buffer for final concentrations

measurements at different temperatures (see below), theys 400 mm glycine, 50 mM Tris-HCI, 3% (w/v) SDS, 3%
cuvette chamber was preequilibrated at the desired temper-(V/V) B-ME, and 10% (v/v) glycerol. The gel was stained

ature. For kinetics of light scattering, rhodanese was added,yiiy silver nitrate 29). The band intensities corresponding

to temperature-equilibrated buffer. For binding to GroEL,
36 ug/mL rhodanese was incubated in the folding buffer

preincubated at a specific temperature. Aliquots were re-

moved at different times and added to 2.25 mg/mL GroEL
preincubated at 25C and incubated at that temperature for
an additional 60 min. For reactivation from the rhodanese

GroEL complex, first, 0.375 mg/mL GroES and then 20 mM

1 Abbreviations: IAF, 6-iodoacetamidofluorescein; bis-ANS,'4,4
dianilino-1,2-binaphthyl-5,5disulfonic acid; BCA, bicinchonic acid;
bis-ANS, 4,4-dianilino-1,2-binaphthyl-5,5-disulfonic acid; BSA, bo-
vine serum albuming-ME, 2-mercaptoethanol; RHIAF, IAF-modified
rhodanese.

to the 66 kDa band in each lane of a gel as in Figure 6 were
scanned using the program Scion Image for Windows (IBM
PC). The intensities were plotted against the time to measure
the rate constant using the program Origin (Microcal
software, Inc., Northampton, MA).

Gel Filtration. Gel filtration was performed to separate
monomeric rhodanese and oligomer, formed during heat
incubation. One hundred fifty microliters of 0.1 mg/mL
rhodanese in 50 mM sodium phosphate, pH 7.6, was
incubated at 40C for 60 min and loaded on a 15 mL (19
x 1 cm) Sephacryl S-100-SR column (fractionation range
1000-100 000), equilibrated with 50 mM sodium phosphate,
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Ficure 1: Aggregation of rhodanese at different temperatures. (A)
The light scattering values of 38)/mL rhodanese in folding buffer
(see Experimental Procedures) were measuredm},5.6 @), 25

(a), 40 (v), and 48°C (#). (B) 0.1 mg/mL rhodanese in 50 mM
sodium phosphate, pH 7.6, was incubated at different temperature

for 90 min. The cuvette chamber was incubated at the corresponding

temperature, and the light scattering valu® (vere measured.
The activity @) was measured at 28 after 90 min incubation.
The activity of 0.1 mg/mL rhodanese in 50 mM sodium phosphate,
pH 7.6, incubated at 25C for 90 min, was taken as 100% active.

pH 7.6 at 37°C. Then 10QuL fractions were collected and

assayed for rhodanese concentration and activity. Two

column volumes of buffer were used for the elution. The
same experiment was done at 26 using 0.1 mg/mL
rhodanese and 0.1 mg/mL BSA.

RESULTS

Effect of Thermal Incubation on the Aty and the
Aggregated State of Rhodanes®eviously, it was shown
(19) that rhodanese is protected from thermal inactivation

at higher protein concentrations. It was hypothesized that

S
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concentration, e.g., when 0.5 mg/mL rhodanese was used.
At this protein concentration, rhodanese remains fully active
even at 48 C with only a small increase in light scattering
after 60 min incubation (data not shown). High concentra-
tions of -ME and thiosulfate in the folding buffer may help
to reduce heat aggregation resulting from disulfide bridge
formation. A similar effect has been observed in heat
aggregation off-globulin at high pH 29). Figure 1B shows
the temperature dependence for the light scattering and
activity of rhodanese incubated at the lower concentration
of 0.1 mg/mL incubated for 90 min in 50 mM sodium
phosphate, pH 7.6, which gives a similar profile as that
observed in folding buffer. Though at 4C there is a small
increase in the light scattering value (53 665 cps) compared
to that at 25°C (38 665 cps), the value is considerably
smaller than that observed at 56 (2 425 405 cps) after 90
min incubation. The enzyme remains fully active up to 48
°C and loses activity beyond that. A similar profile has been
found when 50 mM Tris-HCI, pH 7.6, is used (data not
shown). The small increase in light scattering~at0 °C
may indicate that small oligomers are formed which are either
active or form active monomer in the assay solution.

Fluorescence Homotransfer Suggests the Formation of
Rhodanese Dimer and/or Higher Order Oligomers at Higher
Temperature.Fluorescence homotransfer is a powerful
method with which to assay the formation of protein
oligomers 80, 31). When fluorescently labeled monomers
associate, their fluorophores become close, and energy
transfer among them can occur (homoenergy transfer). This
process is marked by a decrease in the fluorescence aniso-
tropy of the labels. Fluorescein is quite sensitive to this effect.
During fluorescence homotransfer, a decrease in the aniso-
tropy of fluorophore is observed with increase in its
concentration 32). Figure 2A shows the concentration-
dependent loss of anisotropy of IAF-labeled rhodanese
(RHIAF) at 40 °C. Each curve represents a different
concentration of RHIAF with enough unlabeled added
rhodanese to keep the total protein concentration at36
mL. At lower RHIAF concentration, e.g., at 18g/mL
(highest curve, Figure 2A), there is a very small drop in
anisotropy after 90 min of incubation at 4Q (rspo = 0.17
from 0.18). There is progressive loss of anisotropy as the
RHIAF concentration is increased (Figure 2A). The chance
of forming an oligomer containing multiple RHIAF mol-
ecules increases as the fraction of the labeled monomer
increases and the anisotropy decreases (lower curves in
Figure 2A). Thus, with 3G:g/mL RHIAF, rs, decrease to
0.09 from 0.15, after 90 min incubation at £4C. This
concentration-dependent loss of anisotropy due to fluores-
cence homotransfer is consistent with the formation of dimers
or small oligomers at 40C. Similar concentration-dependent
homoenergy transfer has observed with other oligomeric
proteins 80, 3J).

If 0.5 mg/mL unlabeled rhodanese is added to samples

rhodanese may form dimers and/or small oligomeric speciesprior to incubation at 40°C, only a small increase in
that are resistant to thermal perturbation. Figure 1A shows anisotropy is actually observetsf, = 0.16 from 0.15); 36

the effect of temperature on the aggregation ofu@dmL

ug/mL RHIAF alone and in the presence of 0.5 mg/mL

rhodanese in folding buffer at different temperatures. There rhodanese does not show any significant increase in light

is no significant increase in light scattering up to°4m) but
there is a large increase at 48 (®). The protein remains
fully active up to 40°C even after 90 min incubation (data
not shown). A similar trend has been found at higher protein

scattering as the temperature increases from 10 t6C10

(Table 1). This indicates that either dimers or small oligomers
are formed that do not scatter light significantly. The same
experiment was done in the presence of 1 mg/mL BSA
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Ficure 2: Measurement of fluorescence anisotropy of RHIAF at
different temperatures and at different concentrations. (A) Aniso-
tropy of RHIAF in folding buffer was measured at 4C. The
protein concentrations werM) 1.8 ug/mL RHIAF + 34.2ug/mL
rhodanese,®) 3.6 ug/mL RHIAF + 32.4 ug/mL rhodanese,«)

11 ug/mL RHIAF + 25 ug/mL rhodanese, andv 36 u«g/mL
RHIAF. (B) Anisotropy of RHIAF in folding buffer was measured
at 5°C. The protein concentrations weil)(1.8 ug/mL RHIAF +
34.2 ug/mL rhodanese,®) 3.6 ug/mL RHIAF + 32.4 ug/mL
rhodanese,&) 11 ug/mL RHIAF + 25 ug/mL rhodanese, anarj
36ug/mL RHIAF. (C) RHIAF at different concentrations in folding
buffer was incubated al) 5, (®) 25, and &) 40 °C for 90 min.

Table 1: Light Scattering Value of RHIAF

protein concentration 1c 15°C 25°C 40°C
36ug/mL RHIAF 43756 44961 42245 40718
36 ug/mL RHIAF 57456 80780

+ 0.5 mg/mL rhodanese

a36 ug/mL RHIAF in folding buffer alone and in the presence of
0.5 mg/mL rhodanese was incubated at different temperatures for 90

Biochemistry, Vol. 41, No. 1, 2002425

unlabeled rhodanese and incubation at@@or an additional

120 min recover only a small amount of anisotropysd =

0.1 from 0.09). Further, 10- or 20-fold dilution of 3@&/mL
RHIAF after incubation at 40C for 90 min does not increase
the anisotropy value (data not shown). Thus, oligomers
formed at 40°C have slow dissociation rates and, in this
sense, appear to be stable. In Figure 2A, the anisotropy values
at “0” time indicate values at 25C. Even at 25C, there is
some decrease in anisotropy value as the labeled protein
concentration increases. To check whether dimer or higher
order oligomers can be formed at lower temperature, the
same experiment as described in Figure 2A has been done
both at 5°C and at 25°C. Figure 2B show the effect of
concentration on the anisotropy at®. There is a very small
change in anisotropy as the labeled protein concentration
increases (compare with change in anisotropy values at 40
°C in Figure 2A). The absence of energy homotransfer at 5
°C indicates the absence of formation of oligomeric species.
Figure 2C shows the effect of protein concentration on the
anisotropy at different temperatures after 90 min incubation.
The anisotropy at SC (H) is virtually constant. Relatively
greater changes in anisotropy are observed aC2@®), as
concentration is increased. This suggests that rhodanese may
form intermediate(s) at higher temperature that is (are) prone
to form dimers or small oligomers. These experiments
indicate that small oligomer formation is a temperature-
dependent phenomenon.

GroEL Binds the Thermally Perturbed Species, but Not
the Dimer or Small Oligomeric Specidgsigure 3 shows the
effect of GroEL on the anisotropy of RHIAF. When 26/

mL RHIAF in folding buffer is incubated at 4€C, there is
drop in anisotropy as incubation proceeds as shown in Figure
2. If GroEL (1.5:1 molar ratio of GroE{4 to rhodanese) is
added after allowing incubation to proceed for various times
(v in Figure 3A), the anisotropy values are similar to those
in the absence of GroELa(). But if GroEL is added to the
labeled protein prior to the incubation, the anisotropy values
remain high (s20 = 0.17) and close to those observed at 5
°C (rs20 = 0.174) @ in Figure 3A). So there is no
fluorescence homotransfer observed in the presence of
GroEL, provided it is present prior to the incubation. Figure
3B shows a similar effect of GroEL with 2.4 and 3.6/

mL. At both protein concentrations, there is a time-dependent
drop in anisotropy as observed in Figure 2A (2gfmL =

W; 3.6ug/mL = A). In the presence of GroEL, there is only

a very small change in anisotropy if the GroEL is added
before the incubation (2.4 v; 3.6 = @), and the values
are close to those observed &®& (Figure 2C). This clearly
suggests that GroEL can capture the thermally perturbed
monomeric species, and therefore prevent the formation of
dimers or small oligomers that lead to a decrease in
anisotropy. In addition, the rhodanese oligomers must be very
stable, since, after their formation, GroEL addition does not
lead to increase in anisotropy.

min, and the light scattering values were measured at that temperature. Addition of GroES and ATP Can Release #efRhodanese

Both the excitation and emission wavelengths were set at 340 nm with
0.5 nm band-passes.

instead of unlabeled rhodanese, and it did not show any
decrease in anisotropy during incubation at’@)(data not
shown). However, once those species are formed from 36
ug/mL RHIAF, the subsequent addition of 0.5 mg/mL

from Complexes of GroEL with Captured Thermally Per-
turbed Specieskigure 4 shows the activity of 3@g/mL
rhodanese in folding buffer at 4@C. Rhodanese alon@}

is fully active throughout the incubation. When GroEL is
present, rhodanese loses activity as the incubation €40
proceeds @), consistent with the formation of a complex.
This is a stable complex as there is no difference in activities
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0224, B Ficure 4: Activity of rhodanese at 40C under different conditions.
N (m) 36 ug/mL rhodanese in folding buffer was incubated at@)
0.21 1 A X vy and the activity was measured as a function of tinag.36 ug/mL
) e, ves rhodanese in folding buffer was incubated at’@Xor the indicated
0.20 Tz, times, and 2.25 mg/mL GroEL was added and kept at@3or
LAR 2 . o
0194, bl A 2O 120 min before the activity was measured at’e5 (@) 36 ug/mL
. rhodanese in folding buffer containing 2.25 mg/mL GroEL was
0.18 incubated at 40C, and the activity at 28C was measured at the
At indicated times. ¥) 36 ug/mL rhodanese in folding buffer
w 0174 . containing 2.25 mg/mL GroEL was incubated at’@for a definite
oo A . .
0164 . ma period of time. 0.375 mg/mL GroES and 20 mM ATP were added
’ ‘A "a, and incubated at 28C for 90 min. The activity of 36ug/mL
0.15 4 a . rhodanese in folding buffer incubated atZ5for identical lengths
‘i, R e of time as described above was taken as 100%.
0.14 AL, ....l..
Aa il T . . . .
0.13 4 “uu“‘ molar ratio of bis-ANS:rhodanese). There is more bis-ANS
012 atasaa binding at 25°C (@) than at 40°C (M), which indicates that
L , : : . : . hydrophobic sites are less available at’@ Therefore, the
0 1000 2000 3000 4000 domain-separated monomers are not significantly present at
Time (sec) 40 °C, as those have more exposed hydrophobic s&8s (

FiIGURE 3: Anisotropy measurement of RHIAF in the presence of 34). For example, during urea-induced unfolding, intense bis-
GroEL. (A) (@) 36 ug/mL rhodanese in folding buffer containing  ANS fluorescence is observed at8 M urea @3). At this

1.5 mg/mL GroEL was incubated at 4Q, and the anisotropy was ; ; ; P
meastired at the different timew)(36 ug/mL rhodanese in folding concentration, domain separation starts, which is followed

buffer was incubated at 4TC for the indicated times. Then, 2.25 DY global unfolding as the urea concentration is raised further
mg/mL GroEL was added and incubated at°25for 60 min, and (34, 35. Less bis-ANS binding at 48C suggests that species

the anisotropy was measured at Z5. (o) Same experiment as  formed after thermal perturbation do not have exposed
described in ¥) was done without addition of GroEL. (B) The  pyqrophobic sites. Thus, the dimers or smaller order oligo-

anisotropy values of 2.4g/mL (@) and 3.6ug/mL (a) RHIAF in . .
folding buffer were measured at 4G. The same experiments were Mers formed at 40C may protect the interdomain hydro-

done at 40°C with 2.4ug/mL (@) and 3.6ug/mL (v) RHIAF in phobic regions by association at these sites. Figure 5B shows
folding buffer containing 0.1 mg/mL GroEL and 0.15 mg/mL the change in anisotropy ofdM bis-ANS, as a function of
GroEL, respectively. incubation at 25 (@) or 40 °C (@) with 3 uM rhodanese.

whether the sample is assayed immediately (data not shown),The samples were first incubated with bis-ANS at Z5
after 120 min of incubation at 25C (@), or after 18 h (data  and then transferred to either 26 (®) or 40 °C (m) for
not shown). When GroES alone is added to the complex, nomeasurement. There is no change in emission maxima at
activity is recovered (data not shown). But when both GroES either temperature, which indicates that there is no change
and ATP are added to the complex, 80% of the activity is in quantum yield or lifetime since these quantities are
recovered ¥). The 18 h incubated complex also releases correlated for this probe. Thus, increases in anisotropy reflect
active rhodanese to a similar extent as that obtained afterincreases in the rotational correlation time of the bound probe
120 min (data not shown). If GroEL is added after the and, therefore, the size of the protein. The bis-ANS aniso-
incubation at 40C, there is no decrease in rhodanese activity tropy is higher at 40C (M). This is consistent with the idea
(a). These data clearly show that GroEL is not able to that dimers or small oligomers are formed since those have
capture the associated species once they are formed, an@ligher molecular volumes than monomers and hence higher
those species are active in the assay. anisotropies. The light scattering values of rhodanese in the
Rhodanese Dimers or Small Oligomers Formed af@0 presence or absence of bis-ANS are very close at both 25
Are Not Associated with the Exposure of Hydrophobic Sites °C and 40°C (data not shown). This indicates that no large
Figure 5A shows the bis-ANS binding to rhodanese (1:3 oligomers are formed in the presence of bis-ANS af@0
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02357 B albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31
0.230 kDa), trypsin inhibitor (21.5 kDa), lysozyme (14.4 kDa), and
0.225 aprotinin (6.5 kDa).
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Ficure 5: Binding of bis-ANS to rhodanese at 4CQ. (A) 3 uM
rhodanese in folding buffer containing/M bis-ANS was incubated

at 40°C (m) and at 25°C (@), and fluorescence was measured as
a function of time. (B) The same experiment as described above T : . . .
was done, and the anisotropy was measured as a function of time 6 7 8 9 10 1
at 40°C () and at 25°C (@). Elution Volume (ml)

% Recovery of Rhodanese

FIGURE 7: Separation of rhodanese species by gel filtratiet). (

. L 0.1 mg/mL rhodanese in 50 mM sodium phosphate, pH 7.6, was
Dimer Can Be Detected by Glutaraldehyde Cross-Linking. = B8 o e 8o o o o w1 L (]51 om)

Figure 6 shows SDSPAGE of glutaraldehyde cross-linked  5.100 column, preequilibrated with 50 mM sodium phosphate, pH
rhodanese at 40C; 0.1 mg/mL rhodanese in 50 mM sodium 7.6, 40°C. Protein was eluted from the column as described under
phosphate has been used for the cross-linking as there is ndexperimental Procedure. BCA and activity assays were measured

significant increase in light scattering at 40 under these ~ for €ach fraction. (- - -) The same experiment as described above
was done, where both the incubation and elution were performed

conditions (Figure 1B) so that no large oligomers are formed. 54 55°c_(.--) 0.1 mg/mL BSA was loaded on the same column,
The gel shows the time-dependent formation of dimer as protein was eluted with 50 mM sodium phosphate, pH 7.62@5
incubation proceeds at €. Dimer is observed even after and BCA assay esd determined for each fraction. To normalize,
5 min of incubation. The band that forms below the un-cross- the maximum activity of rhodanese was taken as 100%. For BSA,
- . the maximum concentration of protein eluted was taken as 100%.
linked band (see band &t= 0) represents intramolecularly

cross-linked rhodanes8%, 39. This is consistent with the Detection of Dimer by Gel FiltrationFrom the above-
data observed in Figure 2A, where even at8émL RHIAF mentioned data, it is evident that rhodanese forms a thermally
shows a sharp decrease in anisotropy by 5 min. As incubationperturbed intermediate that is prone to form dimers or small
proceeds, more and more dimers are formed. No higher orderoligomeric species at 4QC. If these are stable species, then
cross-linked species are observed up to 60 min. This is alsoone can expect to fractionate them on a gel filtration column.
consistent with the observation that there is no substantial Figure 7 shows the activity profile of rhodanese fractions as
change in light scattering (Figure 1) at 4GQ. The kinetic a function of elution volume at 37C; 0.1 mg/mL rhodanese
analysis of the gel (as in Figure 6) yields a rate constant for in 50 mM sodium phosphate, pH 7.6, is first incubated at
dimerization of 0.00277 0.00013/s. 40 °C for 45 min and then loaded on the S-100 column at
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80000 - °C for 90 min and kept at 25C for 15 min and then light
scattering is measured at 30. These results show that large
inactive aggregates are formed from the small active oligo-
mers.

70000

60000
DISCUSSION

50000 This study has addressed early events in the paradoxical

effect of high temperature on rhodanese in which higher
protein concentrations apparently protect the enzyme against
thermal inactivation and aggregation. Rhodanese inactivates
irreversibly and precipitates readily at 3G (16). Revers-
ibility can be observed when rhodanese is covalently coupled
to an insoluble support or in the presence of GroEL, thus
preventing aggregatiorl§). In the present study, we have
shown the nature of early processes that precede irreversible
! : : : . : . thermal inactivation of rhodanese. Small active dimers are
0 250 500 750 1000 1250 1500 formed during heat incubation. The species are not disulfide-
Time (sec) linked species, since disulfide-linked misfolded conformers
FIGURE 8: Formation of aggregates from monomeric and dimeric are inactive 25). A Similar observation is found with
rhodanese. 0.1 mg/mL rhodanese in folding buffer was incubated aspartate aminotransferads). Heat inactivation involving

at either 25°C (—) or 40°C (-+-) for 90 min. The incubated samples  disulfide bond formation is also observed wifhlacto-
were transferred to a cuvette preheated at°60 Then, light globulin (37—40).

scattering of both the samples was measured atG0The “0” . .
time indicates the light scattering values at either 25 of@0 Fluorescence homotransfer is a valuable tool for measuring

protein structure41), and oligomerization31). The con-
centration-dependent loss in anisotropy of RHIAF due to

37 °C. Elution is also done at 37C. No protein is found in . ;
the void volume. Two active rhodanese peaks are observed €€y homotransfer supports the formation of associated

The first active peak (1) at 4TC elutes at a similar elution species. The temperature-dependent homotransfer, and hence

volume as BSA elutes at Z&. The molecular mass of BSA association, suggests that the association may occur from
is 66 kDa, which is the dimeric molecular mass of rhodanese " mterme@ate formgd during incubation at h.|gher temper-
(monome’r molecular mass is 33 kDa). The second active ature. Similar behavior has been observed in the case of

protein peak (2) at 40C overlaps with the rhodanese eluted aspartate a}minotransferase errmIfoIob_us solfataricugt2).
at 25°C. At 25 °C, rhodanese remains predominantly as The associated species formed in this study are apparently

monomeric protein with molecular mass 33 kDa. This profile very stable as th(_ay cannot be dissociated easily nor can they
clearly shows that at 46C, rhodanese forms stable dimer be exchanged with unlabeled rhodanese. Increase in aniso-
Either the dimer itself is active or it can be dissociated to FPY qf bound b|s-AN$ at hlgher temperature suppprts the
active monomer in the assay buffer, as the dimeric peak is formation of small oligomeric species. Cross-linking of
100% active. The total protein eluted as peaks 1 and o homooligomeric proteins with bifunctional reagents has been
accounts for more than 95% of the protein loaded onto the extensively used for the determination of the oligomeric state

column. Thus, there is no large aggregate formed under thisOf the proteinsZG), and the present r.esults (;Iearly i.ndicate
incubation condition. Fhe predommant formation of dimeric species during heat
Large Inactve Aggregates Can Be Formed from Small incubation. ) - )
Active Oligomeric SpeciesFigure 8 represents light scat- These species occur under conditions where there is no
tering results that show the kinetics of formation of large €Vidence of significant large aggregates by light scattering.
aggregate at 56C from both predominantly monomeric and 'I_'he fracnonatlon _of heat-incubated _rhodanese by the gel
oligomeric rhodanese. Rhodanese (0.1 mg/mL) is incubatedfiltration column with no detectable oligomers also supports
at 25 or 40°C for 90 min. Then samples are immediately the predominant formauon of dlme_nc_ species. These_ dgta
brought to 5C°C, and light scattering is measured. There is &€ suppprted by the smaII_lncrease in |Ig.ht scattering. Similar
an immediate large increase in the light scattering value with Observations are found witft-lactoglobulin €9).
the 40°C (---) sample, whereas there is a lag phase of about It appears that the dimers and small oligomers are formed
200 s with sample preincubated at 28 (—). As the from an intermediate that can be recognized by GroEL to
incubations are continued, both samples give almost identicalform a stable complex. The unfoldase activity of GroEL
final values of the light scattering. After 1000 s of incubation, unfolds rhodanese intermediate and forms a stable reactivable
the samples are inactive in both cases (data not shown). Theseéomlex. Similar unfoldase activity of GroEL is observed with
results are consistent with a picture in which small associatedbarnase 43). Importantly, the data indicate that once the
species are formed at 41 that can rapidly form large  small oligomeric species are formed from the heat-modified
aggregates when the temperature is raised t6G0while intermediates, GroEL cannot capture those. A similar effect
directly jumping the temperature to 5C from 25 °C has been observed with aspartate aminotransfelage (
requires the formation and buildup of these smaller inter- Hydrophobic interactions are important factors for protein
mediates before there can be formation of the large ag-association and aggregation. The X-ray structure of rhodanese
gregates. An immediate increase in light scattering is also (44, 45 shows that the two independently folded domains
observed when rhodanese (0.1 mg/mL) is incubated at 40into which it is folded are strongly associated by hydrophobic

40000 1"

30000

Light Scattering at 340 nm

20000

10000 +




Thermal Inactivation and Aggregation of Rhodanese

interactions, and the active site cysteine is in the interdomain
interface. Any concerted disruption in the interdomain
interface would expose the hydrophobic surfaces, and the
enzyme will lose activity. Less bis-ANS binding during heat
incubation indicates that the formation of heat-modified
oligomers actually protects the hydrophobic surfaces. No loss
in activity also indicates that the interdomain interface
remains relatively unperturbed during heat incubation. These
results are consistent with a picture in which surfaces that
were complementary in the monomer interact with their
counterparts in a second monomer to form a dimer. Previ-

ously it has been reported that rhodanese binds more ANS 22-

at 40°C than that at 28C (19). This may be due to the fact
that authors have used 10-fold excess of ANS over protein

which may induce some additional structural changes as has 23.

been pointed out in other systenms).

The absence of lag phase and the faster kinetics during
aggregation of rhodanese that is preincubated at high
temperatures clearly indicate that the dimers or small
oligomers are on-pathway intermediates for the heat-induced
aggregation. A similar observation has been reported for
p-lactoglubulin at high pHZ9).

Based on these data, a model can be suggested for the2s.

aggregation of rhodanese: active monomenctive inter-
mediates— stable active dimer and/or small oligomers
large, inactive aggregates.

Therefore, during thermal inactivation, rhnodanese adopts
a heat-modified but still enzymatically active conformation,
that is prone to form dimer and/or small oligomers. These

species are the structural precursors of irreversible aggrega- 23'

tion, which leads to large inactive species.
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