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ABSTRACT: The denaturant-induced equilibrium unfolding of octameric mitochondrial creatine kinase, 
dimeric cytosolic muscle-type creatine kinase, and monomeric arginine kinase was investigated. Stable 
unfolding intermediates for all three enzymes were manifested by a strongly biphasic red shift of intrinsic 
protein fluorescence upon increasing denaturant concentrations. In the intermediate state, all proteins 
were monomeric and enzymatically inactive, but still retained a globular shape. Native tertiary structure 
interactions were largely disrupted, while at least 50% of the secondary structures were conserved, as 
suggested by near- and far-UV circular dichroism, respectively. A significantly increased surface 
hydrophobicity of the intermediate conformation, compared to both the native and the fully unfolded 
states, was observed by the binding of the hydrophobic fluorescent dye ANS. The observed properties 
agree formally with the definition of the molten globule state, but can be alternatively explained by a 
sequential unfolding of individual domains, involving a transient exposure of domain interfaces. Very 
similar unfolding profiles for all three proteins suggest that the formation of stable unfolding intermediates 
is not a consequence of the specific oligomeric structures of the CKs but rather due to a common, probably 
two-domain architecture of the guanidino kinase protomers. 

Studies on the equilibrium unfolding of globular proteins 
provide insight into the hierarchy of structural levels that 
governs both the conformational stability and the folding1 
unfolding pathways of proteins. Lately, the concept of the 
molten globule (MG)' (Kuwajima, 1989) has attracted 
considerable attention and stimulated a large number of 
equilibrium denaturation studies, since MG-type structures 
appear to be relevant as kinetic intermediates during the 
folding process of proteins both in vitro (Ptitsyn et al., 1990) 
and in vivo (Martin et al., 1991). However, most proteins 
for which equilibrium intermediates have been thoroughly 
characterized are small monomeric, single-domain proteins; 
up to now only a few larger proteins, such as multidomain 
and oligomeric proteins, have been studied (Herold & 
Kirschner, 1990; Missiakas et al., 1990). Such proteins are 
of particular interest since their equilibrium unfolding 
behavior can yield additional insight into the relative stability 
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and folding autonomy of individual domains, as well as into 
the interdependence of folding and oligomerization processes. 

The guanidino kinases (ATP:guanidinophosphotransferas- 
es) represent an enzyme family with closely related primary 
sequences and large structural similarities (Oriol & Landon, 
1970; Roustan et al., 1970; Muhlebach et al., 1994). Lobster 
arginine kinase (ArgK) is a monomer of 40 kDa, while the 
cytosolic isoforms of creatine kinase (CK) are found 
exclusively as dimers of 86 kDa, and the mitochondrial CK 
isoforms (Mi-CK) even form 340-kDa octamers that can be 
readily dissociated into dimers in vitro (Schlegel et al., 1988; 
Gross & Wallimann, 1993, 1995). Although no high- 
resolution crystal structure of any guanidino kinase has been 
published yet, it has been postulated from biochemical and 
biophysical evidence that the protomer of these enzymes is 
composed of two globular, flexibly linked domains (Dumas 
& Janin, 1983; Morris & Cartwright, 1990). 

Several investigations on the denaturant-induced unfolding 
and refolding of CK were undertaken previously. Some of 
these studies focused on the question of whether the 
monomeric CK subunit is enzymatically active (Bickerstaff 
et al., 1980; Grossman et al., 1981, 1986; Price & Stevens, 
1982; Grossman, 1984), while others compared the dena- 
turation behavior of the enzyme's active site to the global 
unfolding of the protein (Yao et al., 1984; Zhou & Tsou, 
1985). Our recent investigation on the role of Trp residues 
in the octameric chicken Mi-CK used fluorescence-monitored 
quanidine hydrochloride (GdnHCl) equilibrium unfolding as 
an assay for conformational stability. There, we found 
preliminary evidence that Mi-CK denatures via some stable 
intermediate (Gross et al., 1994). In the present study, we 
have followed up this observation, and we have additionally 
analyzed rabbit M-CK and lobster ArgK to study the 
interdependence of subunit dissociation and unfolding pro- 
cesses and to reveal features that might be common to the 
entire family of guanidino kinases. To resolve as many 
details of the unfolding process as possible, a large variety 
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of parameters, including enzyme activity, Trp fluorescence, 
near- and far-UV circular dichroism (CD), hydrophobic 
surface exposure [anilinonaphthalenesulfonic acid (ANS) 
binding], and hydrodynamic properties (size-exclusion FPLC, 
analytical ultracentrifugation) were measured. Our results 
indicate the occurrence of stable folding intermediates, the 
formation of which might be related to the supposed two- 
domain structure of the guanidino kinases. 

MATERIALS AND METHODS 
Protein Sources. Chicken sarcomeric mitochondrial cre- 

atine kinase (Mib-CK) was isolated from the Escherichia coli 
strain BL2 l(DE3)pLysS transformed with the expression 
vector pRF23 as described (Furter et al., 1992). Rabbit 
muscle creatine kinase (M-CK) and lobster tail arginine 
kinase (ArgK) were products of Boehringer (Mannheim) and 
Sigma, respectively; all protein preparations were homoge- 
neous as judged by Coomassie-stained SDS-polyacrylamide 
gels. Protein concentrations were determined with the Bio- 
Rad dye adsorption assay (Bradford, 1976), using BSA as 
standard . 

Guanidine Hydrochloride and Urea Denaturation Series. 
All denaturation experiments were performed in buffer A 
(100 mM sodium phosphate, pH 7.4, 5 mM 2-ME, and 0.1 
mM EDTA), unless stated otherwise. Concentrated stock 
solutions of GdnHCl and urea (Ultrapure, ICN) were 
prepared in buffer A and adjusted to pH 7.4. Protein samples 
were incubated at defined denaturant concentrations in buffer 
A overnight ( 2  18 h) at 22 "C to achieve equilibrium. For 
fluorescence spectroscopy and enzyme activity measure- 
ments, the samples were denatured at a protein concentration 
of 25 pg/mL, unless stated otherwise; for CD spectroscopy, 
SEC-FF'LC, and analytical ultracentrifugation, the denatur- 
ations were carried out at higher protein concentrations up 
to 0.5 mg/mL. 

Determination of Enzyme Activity. CK and ArgK enzyme 
activities were determined by the pH stat assay as described 
(Wallimann et al., 1984), monitoring the amount of protons 
consumed or produced by the enzymatic reaction. The CK 
reaction was measured in the reverse direction (ATP produc- 
tion) at pH 7.0, with the assay solution containing 10 mM 
phosphocreatine, 4 mM ADP, 10 mM MgC12, 60 mM KCl, 
0.1 mM EGTA, and 1 mM 2-ME. ArgK activity was 
determined in the forward direction (phosphoarginine pro- 
duction) at pH 8.0; the assay mix contained 2 mM arginine, 
8.3 mM ATP, 9.3 mM MgC12, and 1 mM 2-ME. Impor- 
tantly, the residual denaturant concentration in the assay mix 
was adjusted uniformly to 0.05 M GdnHCl or urea. 0th-  
envise, the denaturation curves would have been significantly 
distorted by inhibitory effects exerted by the denaturants (see 
also Discussion). 

Size-Exclusion Chromatography (SEC-FPLC). For the 
determination of molecular size at equilibrium, SEC experi- 
ments were performed at 4 "C on a HR 30/10 Superose-12 
FPLC column (Pharmacia), using the respective denaturation 
buffers as the eluent. The flow rate was set at 0.5-0.7 mL/ 
min, such that complete elution of the protein samples took 
about 20 min. To assess the oligomeric state of the denatured 
proteins, samples were "globularized" (see Results) by 
dilution to a final concentration of 0.3 M GdnHCl and to a 
protein concentration of 5 4 0  pg/mL. The diluted samples 
were immediately applied to the SEC-FPLC column equili- 
brated in 0.3 M GdnHCl. The column was calibrated using 
the set of globular reference proteins provided by Pharmacia. 
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Fluorescence Spectroscopy. Fluorescence emission spec- 
tra were recorded on a SPEX Fluorolog-2 instrument, 
equipped with a 450-W xenon arc lamp as excitation source. 
All data were acquired in the ratio mode, using a rhodamine-B 
reference quantum counter, and spectra were corrected for 
variations in the responses of the emission gratings and the 
photomultiplier. Quartz cells (1 cm) were placed in a 
thermostated sample holder, and fluorescence emission was 
measured at 20 "C with rectangular excitation. For measure- 
ments of intrinsic protein fluorescence, the excitation wave- 
length was set at 280 nm, and emission spectra were recorded 
between 300 and 420 nm. To obtain denaturation profiles 
suitable for quantitative evaluation, the changes in protein 
fluorescence were plotted as intensity-weighted average 
emission wavelength (Royer et al., 1993), 

versus denaturant concentration. Ai and Fi represent the 
wavelengths measured and the corresponding emission 
intensities, respectively. 

ANS Binding Assay. Samples from GdnHCl denaturation 
series were assayed for hydrophobic surface exposure by 
incubation with a 50-fold molar excess of anilinonaphtha- 
lenesulfonic acid (ANS) for 230 min at 22 "C in the dark, 
followed by measuring fluorescence emission spectra with 
excitation at 350 nm. Appropriate blank spectra of ANS in 
the corresponding denaturation buffers were subtracted to 
obtain the net fluorescence enhancement caused by dye 
adsorption to the protein. 

CD Spectroscopy. CD spectra were measured at 22 "C 
on a Jasco 5-710 dichrograph, using cylindrical 0.02-cm and 
1-cm quartz cells for far- and near-UV CD spectra, respec- 
tively. After subtracting appropriate buffer blanks, mean 
residue ellipticities were calculated, using the mean amino 
acid M, of 113.4, calculated from the protein sequence of 

Analytical Ultracentrijkgation. Sedimentation velocity 
and sedimentation equilibrium runs were performed at 20 
"C in a Beckman XLA analytical ultracentrifuge, equipped 
with a UV absorbance detection system. Double-sector, 12- 
mm, Kel-F and charcoal cells were used for sedimentation 
velocity and sedimentation equilibrium experiments, respec- 
tively. To the samples denatured at 1 M GdnHCl was freshly 
added 15 mM DTT prior to the centrifugation runs in order 
to reduce intermolecular disulfide bonds. Sedimentation 
coefficients ( ~ 2 0 , ~ )  were calculated from plots of In r vs t ( r  
representing the boundary position at time t) and corrected 
for the densities and viscosities of the solutions. Average 
molecular weights ( M J  were calculated from the sedimenta- 
tion equilibrium profiles with the program XLAEQ (Beck- 
man), assuming a partial specific volume of 0.73 cm3/g for 
the protein. The homogeneity of molecular weights was 
tested by repeating the M, calculations after successively 
truncating the data sets from the meniscus and from the cell 
bottom, respectively. Systematic variations of the average 
M, upon truncation were taken as an indication of polydis- 
persity (Cantor & Schimmel, 1980). 

Quantitative Analysis of Unfolding Profiles. According 
to Pace (1986), a linear relationship between the denaturant 
concentration [D] and the free energy of any A - B 
unfolding transition was assumed, 

Mih-CK. 

AGab = - m&[Dl (1) 
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FIGURE 1 : Changes in protein fluorescence upon equilibrium unfolding. (A) Fluorescence unfolding profiles. Mi-CK, M-CK, and ArgK 
(25 pglmL) were denatured overnight at 22 "C in buffer A containing the indicated concentrations of GdnHCl or urea. Intensity-weighted 
average emission wavelengths ((A)) were calculated from intrinsic fluorescence emission spectra recorded from 300 to 420 nm, with excitation 
at 280 nm. (A) profiles are presented for Mi-CK (GdnHCl), 0; M-CK (GdnHCl), 0; ArgK (GdnHCl), W; and Mi-CK (urea), A. For comparison, 
the Amax profile for Mi-CK (GdnHCl), 0, is shown. Initial and final (A) values are indicated in the plot; Amax values are given in italics. (B) 
Fluorescence emission spectra of Mi-CK at selected GdnHCl concentrations. The spectra are alternatingly presented as solid and dashed 
lines, odd spectra numbers are indicated. 1, no denaturant; 2, 0.4 M; 3, 0.6 M; 4, 0.8 M; 5, 1.0 M; 6, 1.6 M; 7, 2.0 M; 8, 2.8 M; 9, 8.0 M 
GdnHC1. 

with an intercept (AGO,ab) corresponding to the free energy 
of unfolding at zero denaturant concentration and a slope 
(mab) that reflects the cooperativity of the transition (('co- 
operativity index"). For a three-state unfolding process (N 
* I == U), including an intermediate state I, the observed 
fractional signal change, fapp, can be assumed to be additively 
composed of the individual contributions of the two transi- 
tions, 

ani representing the fractional contribution of the N - I 
transition to the total signal change. The values for fni and 
fi, were substituted by denaturant-dependent terms derived 
from eq 1, yielding an expression that could be fit to the 
experimental denaturation profiles: 

(3) 

with the equilibrium constants = exp((m,b[D] - AGo,,b)/ 
RT) for each transition. 

Since the fitting of eq 3 to the experimental curves of fapp 

vs [D] required the floating of five unknown parameters (ani, 
AGo,ni, AGo,i,, mni, miu), good initial estimates of these values 
were needed. Such preliminary values could easily be 
obtained by fitting a simple two-state model to the first part 
(transition N - I) of the biphasic denaturation curves or to 
an independent experimental parameter that only measured 
the N - I transition, such as enzyme activity. The calculated 
N - I transition curve was then subtracted from the complete 
denaturation profile, such that an approximate I - U curve 
was obtained. This curve was again fit to a two-state model. 
The values for ani,  AGO,^^, AGo,iu, m,i, and mi, obtained from 
the two preliminary fits were then used as starting values 
for the final least-squares fitting of eq 3 to the original 
denaturation profile. 

To simplify the analysis and to compare the denaturation 
behavior of the three proteins with different quaternary 

structures, all denaturation profiles were treated according 
to this unimolecular three-state model. All calculations were 
performed on an Apple Macintosh computer, using the 
program KaleidaGraph. 

RESULTS 

Equilibrium Unfolding of Guanidino Kinases; Involvement 
of a Stable Intermediate Species: Changes in Protein 
Fluorescence. The GdnHC1-induced equilibrium unfolding 
of all three guanidino kinases studied (Mi-CK, M-CK, ArgK) 
exhibited a strongly biphasic profile when monitored by the 
red shift of intrinsic protein fluorescence (using (A) values, 
Figure lA), indicating that the transition from the native (N) 
to the fully unfolded (U) state involves a stable intermediate 
species (I). The highly cooperative N - I transition (at 0.7, 
0.6, and 0.4 M GdnHCl for Mi-CK, M-CK, and ArgK, 
respectively) resulted in a red shift by 210 nm of the 
fluorescence emission maximum and of the average emission 
wavelength (Figure 1A). For all three proteins, the emission 
maximum of the I state was uniformly positioned at 339.5 
& 0.5 nm, irrespective of the distinct maximum wavelengths 
in the native state, which were 328.5, 330, and 319 nm for 
Mi-CK, M-CK, and ArgK, respectively. Such a uniform 
maximum position was also found for the I state of all Trp 
single mutants of Mi-CK (Gross et al., 1994). These 
observations suggest that, in the I state, all Trp residues (five 
in wild-type Mi-CK, four in M-CK, two in ArgK) are in a 
similar, moderately hydrophilic environment, and that the 
fluorescence changes of the N - I transition are not caused 
by a single Trp residue but are due to rather global structural 
changes that affect multiple indole side chains of the proteins 
simultaneously. 

The second unfolding transition (I - U, midpoints at 2.2, 
1.8, and 1.5 M GdnHCl for Mi-CK, M-CK, and ArgK, 
respectively) is less cooperative than the first one; it is 
accompanied by a further large red shift of the fluorescence 
emission maximum to 350-352 nm (Figure lA), which is 
characteristic for the fully exposed indole fluorophore 
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FIGURE 2: Changes in circular dichroism. (A) Near-UV CD unfolding curves of M-CK, 0, and Mi-CK, 0. The proteins were denatured 
at a concentration of 0.5 mg/mL overnight (22 “C) in buffer A containing the indicated GdnHCl concentrations and measured at a fixed 
wavelength of 280 nm (bandwidth 2 nm). A total of 10-20 measurements of 8 s each were accumulated. Inset: near-UV CD spectra of 
native Mi-CK in buffer A, heavy line, and of Mi-CK samples denatured at 1.0, -, and 5.0 M GdnHCl - - -, in buffer A ( fd,  fractional signal 
change). (B) Far-UV CD unfolding profiles of M-CK, 0, and Mi-CK, 0 [same samples as in (A)]. A total of 10 measurements at 222 nm 
of 8 s each were accumulated. Inset: far-UV CD spectra of native Mi-CK in buffer A, heavy line, and of Mi-CK samples denatured at 1.0, 
-, 3.0, - - -, and 5.0 M GdnHCl in buffer A, - * - (fd, fractional signal change). Solubilty problems at the required protein concentrations 
precluded a similar CD analysis of ArgK. 

(Burstein et al., 1973); upon GdnHC1-induced unfolding, the 
fluorescence quantum yield decreased during this second 
denaturation step (Figure 1B). In addition, a small emission 
peak at about 300 nm appeared in the U state, suggesting 
that Tyr - Trp fluorescence energy transfer became at least 
partially disrupted. In contrast to the N - I transition, the 
second denaturation step was not accompanied by a signifi- 
cant change in fluorescence intensity at 380 nm, since the 
red shift was compensated by the decrease in quantum yield; 
therefore, fluorescence intensity at 380 nm could be used to 
follow the N - I transition separately (not shown). 

With urea as the denaturant, a similar biphasic unfolding 
profile was obtained for Mi-CK (Figure 1A; the other 
proteins were not assayed). Compared to the GdnHCl- 
induced denaturation, higher denaturant concentrations were 
required for the two transitions (midpoints for Mi-CK at 2.6 
and 4.1 M urea), which were smoother and more overlapping 
than with GdnHCl. 

Circular Dichroism. The effects of increasing GdnHCl 
concentrations on the tertiary and secondary structures of 
Mi-CK and M-CK were studied by measuring CD spectra 
in the near-UV (Figure 2A) and far-UV regions (Figure 2B), 
respectively. The characteristic pattern of negative bands 
in the near-UV (Figure 2A, inset), caused by the asymmetric 
environment of Tyr and Trp residues in the native structure 
(Oriol & Landon, 1970; Gross et al., 1994; Miihlebach et 
al., 1994), disappeared simultaneously with the fluorescence- 
spectroscopic N - I transition (Figure 2A), indicating a 
significant disruption of the native tertiary structure. In 
particular, the band centered at 298 nm, which is caused by 
Trp-206 in native Mi-CK (Gross et al., 1994), is abolished 
in the I state. Prior to the N - I transition, near-UV CD 
was slightly enhanced for both Mi-CK and M-CK; this was 
paralleled by a slight octamer stabilization in the case of 
Mi-CK (not shown) and is likely to be due to the stabilizing 
salt effect that is sometimes exerted by low GdnHCl 
concentrations (Mayr & Schmidt, 1993). In the far-UV range 
(Figure 2B), the CD amplitude for Mi-CK and M-CK sharply 
decreased with the N - I transition as well; however, at the 
end point of the fluorescence-spectroscopic N - I transition, 
it was only reduced by about 40% (at 222 nm), suggesting 
a significant retainment of native secondary structure ele- 
ments in the I state. Far-UV ellipticity continued to decrease 

steeply immediately after the N - I transition, leveling off 
to less than 10% of the native ellipticity at 7 M GdnHCl. In 
contrast to the cooperative I - U transition observed by 
protein fluorescence, the decrease in far-UV ellipticity 
beyond the I state was nonsigmoidal for both Mi-CK and 
M-CK and did not coincide with the fluorescence changes. 
This suggests that the transition from the I to the U state 
might involve more unfolding steps than the one cooperative 
change that is seen by protein fluorescence. 

Enzyme Activity. For all three guanidino kinases, the N - I transition was accompanied by a complete loss of 
enzyme activity (Figure 3A); the changes in enzyme activity 
were highly cooperative and coincided with the alterations 
in protein fluorescence. 

Hydrophobic Surjace Exposure. The hydrophobic fluo- 
rescent dye ANS was used to probe Mi-CK, M-CK, and 
ArgK for the exposure of hydrophobic surface area during 
GdnHC1-induced equilibrium unfolding. We observed an 
enhancement of ANS fluorescence in the presence of native 
CK or ArgK as has been reported earlier (McLaughlin, 1974) 
and which is due to the binding of the dye to the enzymes’ 
active sites. During the N - I transition, a steep increase 
in ANS fluorescence enhancement (5-6-fold for CK and 
2.5-fold for ArgK; Figure 3B), together with a blue shift of 
ANS fluorescence (not shown), was observed for all three 
guanidino kinases. ANS adsorption was most pronounced 
for ArgK, both in the native state and in the unfolding 
intermediate, suggesting a larger accessible hydrophobic 
surface area for this protein compared to the CKs. After a 
sharp maximum, ANS fluorescence enhancement steeply 
declined again with increasing GdnHCl concentrations, 
indicating that the unfolding intermediate of the guanidino 
kinases exhibits markedly enhanced surface hydrophobicity 
compared to both the native and the fully unfolded state. 
Notably, the steep decrease in A N S  binding occurred clearly 
before the second transition seen by protein fluorescence. 

Molecular Weight and Hydrodynamic Properties of De- 
naturation Intermediates. To assess the hydrodynamic radii 
of the proteins during successive denaturation, SEC-FPLC 
runs on a Superose-12 column were performed with the 
denaturation buffers, containing the respective equilibrium 
concentrations of denaturant, as the eluent (“equilibrium 
SEC-FPLC”). The unfolding of a single guanidino kinase 
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FIGURE 3: Changes in enzyme activity, hydrophobic surface exposure, and molecular size. (A) GdnHC1-dependent inactivation of Mi-CK, 
0, M-CK, 0, and ArgK, W. The proteins were incubated at increasing GdnHCl concentrations in buffer A under conditions as described 
for Figure 1. Enzyme activities are expressed relative to the activities of identically treated, denaturant-free samples. (B) Enhancement of 
ANS fluorescence by denatured samples of Mi-CK, 0, M-CK, 0, and ArgK, B. Equilibrium unfolding was performed as described for 
Figure 1, followed by incubation of the samples with a 50-fold molar excess of ANS for 30 min at 22 OC. ANS fluorescence was excited 
at 350 nm and emission intensity measured at 450 nm. The ANS fluorescence of a protein-free blank was subtracted for each sample and 
the resulting protein-dependent fluorescence enhancement (au, arbitrary units) plotted against GdnHCl concentration. (C) Denaturant- 
induced changes in Stokes radius of Mi-CK and ArgK. Samples were incubated for 23 days at 22 "C in buffer A containing 50 mM 2-ME 
and the indicated concentrations of GdnHCl. Mi-CK, 0, and ArgK, W, were run on the SEC-FPLC column at the respective equilibrium 
GdnHCl concentrations (equilibrium SEC-FPLC). Aliquots of the Mi-CK samples, 0 (globularized SEC-FPLC) were diluted into buffer A 
to a final GdnHCl concentration of 0.3 M (final protein concentration, 540 pg/mL) and immediately run on the SEC-FPLC column equilibrated 
in buffer A containing 0.3 M GdnHCl. 

Table 1 : Fluorescence-Derived Thermodynamic Denaturation 
Parameters for Mi-CK, M-CK, and ArgK" 

Mi-CK Mi-CK M-CK ArgK 
(GdnHC1) (urea) (GdnHC1) (GdnHC1) 

AGO,"? 22.3 f 2.6 37.6 f 2.2 18.7 i 0.9 15.8 8.7 
AGO.]? 9.3 f 1.1 9.2 f 0.2 10.3 f 0.6 9.2 i 2 . 3  
AGO,"$' 31.6 46.8 29.0 25.0 
mn,d 32.3 14.6 32.5 39.0 
mud 4.25 2.46 5.81 6.25 
an: 0.53 0.47 0.52 0.40 
D S O , ~ ~  (M); 0.69; 2.18 2.58; 4.10 0.57; 1.77 0.40; 1.47 

D s o , ~  (MY fI"'""; Dimax 
(MY 

0.87; 1.00 M 0.61; 3.10 M 0.87; 0.90 M 0.87; 0.65 M 

The data were obtained by fitting of the biphasic (A) curves (Figure 
1A) to a unimolecular three-state denaturation model (see Materials 
and Methods). A representative deconvolution is shown in Figure 4. 

Kilojoules per mole. Sum of  AGO,"^ and AGO.,". Cooperativity index 
of the transition, (in !d L mol-2). e Calculated fractional contribution 
of the N - I transition to the total signal change. fcalculated denaturant 
concentration at transition midpoint. g Calculated maximum fraction of 
intermediate I and corresponding denaturant concentration. 

protomer can be seen best in the equilibrium SEC-FPLC 
profile of ArgK (Figure 3C), which is already monomeric 
in the native state. The native protein displays a Stokes 
radius of about 32 A, as determined by calibration of the 
Superose column with globular reference proteins. At 0.45 
M GdnHC1, which is beyond the midpoint of the fluores- 
cence-spectroscopic N - I transition (see Table 1 and 
Figure l), the protein appears to be swollen by only about 
10%; the main, steep increase in size, however, occurs only 
ufrer the N - I transition. In the fully unfolded state, the 
Stokes radius of ArgK is more than doubled with respect to 
the native protein. For Mi-CK (Figure 3C), the interpretation 
of the equilibrium SEC-FPLC profile is more complicated, 
since both subunit dissociation (reduction in size) and 
unfolding steps (increase in size) contribute to the observed 
overall changes. The SEC-FPLC elution profiles clearly 
indicated that the Mi-CK octamers dissociate into dimers 
prior to the fluorescence-spectroscopic N - I transition (not 
shown); therefore, the octamer-dimer equilibrium does not 
interfere with unfolding. Beyond 0.8 M GdnHCl, where the 

dimers were completely dissociated into monomers (see 
below), the equilibrium SEC-FPLC unfolding profile for Mi- 
CK was very similar to the one for ArgK, except for a shift 
of the transitions toward higher denaturant concentrations. 

A second type of gel permeation experiments ("globular- 
ized SEC-FPLC") was used to monitor the subunit dissocia- 
tion of CK directly. For this, the denatured samples were 
diluted to a uniform GdnHCl concentration of 0.3 M prior 
to running them on the Superose-12 column at 0.3 M 
GdnHC1. We found that, within the dead time of the 
experiment, the proteins folded back into a compact, globular 
structure; however, at the dilute conditions used (see Materi- 
als and Methods), no significant reassociation of CK dimers 
took place. This method was therefore used to determine 
the point of dimer dissociation for Mi-CK. The globularized 
SEC-FPLC experiments with Mi-CK (Figure 3C) clearly 
revealed that dissociation into monomers occurs between 0.7 
and 0.8 M GdnHC1, indicating that the fluorescence- 
spectroscopic N - I transition and subunit dissociation are 
simultaneous events. The Stokes radius of the "reglobular- 
ized" Mi-CK sharply changed from 42 A to smaller than 34 
A beyond 0.7 M GdnHC1; this latter value is close to the 
size of native ArgK (see above). This confirms that 
denatured, monomeric Mi-CK indeed folds back rapidly into 
a nativelike, globular structure upon dilution of the denatur- 
ant. 

Sedimentation equilibrium and velocity experiments, 
respectively, were used to determine the molecular weights 
and sedimentation coefficients for Mi-CK in the presence 
of 1, 3, and 5 M GdnHC1. The data support the results 
obtained by SEC-FPLC, showing that Mi-CK (calculated 
protomer M, = 43 200) is indeed monomeric at 1 M GdnHCl. 
An average M ,  of 43 000 at 1 M GdnHC1, however, was 
only observed when fresh DTT (15 mM) had been added to 
the sample prior to the sedimentation equilibrium runs. In 
the absence of DTT, average M ,  values between 67 000 and 
90 000, and clear signs of inhomogeneity were found. In 
contrast, at 3 and 5 M GdnHC1, no additional reducing agent 
was required to obtain a solution of apparently homoge- 
neously monomeric Mi-CK, with average molecular weights 
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of 50 000, and 46 000, respectively. This suggests that, in 
the I state at high protein concentrations, Mi-CK exhibits a 
strong tendency to form intermolecular disulfide cross-links, 
giving rise to covalent high molecular weight aggregates. A 
sedimentation constant of 3.0 S was determined for the I 
state of Mi-CK (in the presence of DTT), which is only 
compatible with a monomeric, globular molecule; for 
comparison, a compact monomeric GdnHCl unfolding 
intermediate of aspartate aminotransferase (Mr = 43 500) has 
been reported to exhibit a sedimentation constant of 3.1 S 
(Herold & Kirschner, 1990). The SZO,,,, values of 2.4 and 
2.1 S that were determined for Mi-CK at 3 and 5 M GdnHCl 
reflect the further unfolding of the globular protein into an 
extended, random coil-like structure. 

Quantitative Evaluation of Denaturation Parameters. The 
unfolding of all three guanidino kinases was reversible, as 
confirmed by the regain of enzyme activity after dilution of 
the denaturant (not shown); however, the yield of recovered 
activity (usually 70-80%) dropped significantly when 
samples treated with intermediate denaturant concentrations 
were renatured at low concentrations of 2-ME (not shown). 
We therefore also performed denaturation series at higher 
2-ME concentrations (20 and 50 mM, not shown) to assess 
the influence of the reducing agent on the shape of the 
unfolding profiles. In such GdnHCl denaturation series, the 
N - I transition midpoint was slightly shifted (by f0 .03  
and f0 .08  M, respectively) with respect to the standard low- 
2-ME conditions (5 mM). However, apart from this small 
shift of the transition midpoint, the shape of the denaturation 
profiles was not affected by the higher concentration of 
2-ME. Since high concentrations of thiol agents interfered 
with all methods requiring UV detection (fluorescence, CD, 
analytical ultracentrifugation), we used low-2-ME conditions 
(5 mM) for our standard experiments; the quantitative 
parameters derived from these experiments must therefore 
be considered apparent values that do not reflect a perfect 
equilibrium state. 

The biphasic fluorescence-spectroscopic GdnHCl unfold- 
ing curves for Mi-CK, M-CK, and ArgK, as well as the urea 
denaturation curve for Mi-CK, were analyzed by fitting the 
data to a three-state denaturation model (eq 3). Although 
the CKs form oligomers in the native state, all three proteins 
were treated according to a simple, unimolecular scheme in 
order to allow for a comparison and to avoid additional 
complexity of the analysis. The results of the fits to the 
three-state model are given in Table 1; an exemplary curve 
fit for M-CK is shown in Figure 4. Reproducible and 
unambiguous values for the five denaturation parameters, 
ani, AGo,ni, AGo,iu, mni, and mid were obtained. However, in 
some cases the experimental data points showed slight 
deviations from the assumed model. This may be due to (i) 
direct solvent effects of the denaturants on protein fluores- 
cence, (ii) incomplete reversibility of the first transition, and 
(iii) the possible occurrence of additional unfolding inter- 
mediates (see Discussion). The denaturant effects (i) on 
protein fluorescence that are not due to unfolding could 
theoretically be accounted for by introducing baseline terms 
into the fitting equation; however, in the present case, this 
requires the addition of six fitting parameters (Le., the 
intercepts and slopes for the baseline effects in the native, 
intermediate, and unfolded states, respectively), which would 
produce ambiguous results. Therefore, due to the complexity 
of the system, a baseline correction was not performed, and 
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GdnHCl [MI  

FIGURE 4: Deconvolution of an exemplary fluorescence-derived 
unfolding profile. The experimental GdnHCl equilibrium unfolding 
profile of M-CK, 0, measured by intrinsic protein fluorescence (see 
Figure lA), was fit to a three-state model, -, as described in 
Materials and Methods. From the optimized fitting parameters 
(values given in Table l), the fractional contributions of the 
fluorescence-spectroscopic N - I, - - -, and I - U transition, - * -, 
to the total signal change were calculated. 

one must be aware that the obtained values contain some 
uncertainty. 

The overall conformational stability of the three proteins 
is reflected by the  AGO,,,^ values (Table 1). They decrease 
in the order Mi-CK (32 kJ/mol) > M-CK (29 kJ/mol) > 
ArgK (25 kJ/mol). The AGo,,,i values for Mi-CK, derived 
from GdnHCl and urea denaturation, respectively, differed 
significantly from each other. Such discrepancies are 
commonly encountered when GdnHCl and urea data are 
compared (Pace, 1986); however, there was no significant 
difference between the urea- and GdnHC1-derived parameters 
for the second unfolding transition of Mi-CK. The I state 
for all proteins appeared to be energetically closer to the 
fully denatured than to the native state, since the AGO,,, values 
were always significantly smaller than the AGO,,+ Also, the 
cooperativity of the second transition seemed to be generally 
lower compared to the first denaturation step. The individual 
transition midpoints, recalculated from the thermodynamic 
parameters, agreed very well with the directly observed 
midpoints (the midpoints of the second transition, which were 
not well defined in plots of (A), can be independently 
determined from Amax curves: see Figure 1A). The popula- 
tions of the I state could be estimated using the obtained 
AGO and m values; the results of such calculations suggest 
that the I state is maximally populated to about 87% at the 
respective optimum GdnHCl concentrations (Table 1). When 
urea is used for denaturation, only an I state population of 
61% can theoretically be achieved. These results suggest 
that, by choosing appropriate GdnHCl concentrations, highly 
enriched I state populations can be obtained for all guanidino 
kinases, rendering this type of unfolding intermediate well 
suited for a biophysical and biochemical characterization. 

DISCUSSION 

Occurrence of a Stable Unfolding Intermediate. The 
fluorescence-spectroscopic equilibrium unfolding profiles 
of the three guanidino kinases Mi-CK, M-CK, and ArgK 
exhibited a pronouncedly biphasic shape (Figure 1 A), 
indicating the occurrence of a stable unfolding intermediate. 
The first, highly cooperative unfolding transition was 
characterized by a strong red shift of the fluorescence 
emission maximum to a uniform value of about 340 nm 
(shown for Mi-CK in Figure IA). It was accompanied by a 
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complete loss of enzyme activity (Figure 3A), subunit 
dissociation (for the CKs; Figure 3C), an abolishment of the 
native near-UV CD characteristics (Figure 2A), a 40% 
reduction of native far-UV ellipticity (Figure 2B), and a steep 
increase of hydrophobic surface area (Figure 3B). The 
second fluorescence-spectroscopic transition included a 
further red shift of fluorescence emission (Figure l), a 
progressive decline of far-UV ellipticity (Figure 2B), and a 
large expansion of hydrodynamic radius (Figure 3C). De- 
spite their different quaternary structures in the native state 
(Mi-CK, octameric; M-CK, dimeric; ArgK, monomeric), all 
three guanidino kinases exhibited such biphasic unfolding 
transitions. This suggests that the specific oligomeric 
interactions of the CKs are not involved in stabilizing the 
intermediate state but that the occurrence of the equilibrium 
unfolding intermediate might rather be a common intrinsic 
feature of the guanidino kinase protomers. 

The biophysical and biochemical features of the fluores- 
cence-spectroscopically observed I state of the guanidino 
kinases are formally consistent with the definition of the 
“molten globule”, a type of unfolding intermediate that is 
characterized by a retainment of globular shape and a high 
conservation of native secondary structure, whereas native 
tertiary structure interactions are largely abolished (Kuwa- 
jima, 1989). However, the observed properties of the I state 
may alternatively be explained by a sequential unfolding of 
at least two structural domains of the guanidino kinases. In 
particular, the high capacity for ANS binding in the I state 
might be attributed to the exposure of a hydrophobic domain 
interface upon the denaturant-induced detachment and/or 
unfolding of the first domain. 

A pronounced exposure of hydrophobic surface area in 
the I state could also be a reason for the strong tendency of 
the intermediates to form intermolecular disulfide bonds, as 
suggested by analytical ultracentrifugation in the presence 
and absence of freshly added DTT. 

Energetics of Unfolding and Influence of Quaternary 
Structure. A quantitative evaluation of the biphasic fluo- 
rescence unfolding profiles (Table 1) revealed a decreasing 
total conformational stability for the three enzymes in the 
order Mi-CK > M-CK > ArgK. For all three proteins, the 
calculated free energy of the I - U transition was about the 
same, suggesting that, on a rather fundamental structural 
level, which could possibly be defined by the hydrophobic 
core, these enzymes are closely related. In contrast, the free 
energies of the N - I transition differed significantly among 
the three enzymes, indicating substantial differences in 
structural stability on a level of weaker interactions. The 
position of the N - I transition for M-CK was independent 
of protein concentration within the range of 0.025-0.5 mg/ 
mL (not shown), suggesting a submicromolar dissociation 
constant of the CK dimers. This agrees well with the fact 
that wild-type CK dimers do not dissociate under nondena- 
turing conditions. The thermodynamic linkage of dimer 
dissociation to the unfolding process suggests that at least 
part of the additional conformational stability of the CKs 
compared to ArgK should be due to monomer-monomer 
interaction energy. On the other hand, the octameric 
structure of Mi-CK was found to dissociate into dimers 
clearly prior to the N - I transition; in fact, octamer 
formation is readily reversible under native conditions 
(Schlegel et al., 1988; Gross & Wallimann, 1993, 1995). 
Therefore, the contribution of dimer-dimer contacts to 

folding stability is likely to be much smaller compared to 
the monomer-monomer interactions. 

Possible Occurrence of Additional Unfolding Intermedi- 
ates. Several biophysical parameters of the guanidino 
kinases changed sharply in a range of denaturant concentra- 
tions where no significant alterations of protein fluorescence 
occurred, Le., between the fluorescence- spectroscopic N - 
I and I - U transitions. Such changes included a significant 
decrease in far-UV ellipticity (Figure 2B), the steepest phase 
of the increase in Stokes radius (Figure 3C), and a sharp 
decrease in ANS binding (Figure 3B). This suggests that 
there may be additional unfolding transitions that are not 
“sensed” by the proteins’ Trp residues. In fact, all Trp 
residues of the guanidino kinases are clustered within a 
stretch of 63 amino acids within the C-terminal half of the 
protein sequences (Gross et al., 1994; Muhlebach et al., 
1994), suggesting that the strong changes in protein fluo- 
rescence might mainly reflect conformational alterations 
within a structural moiety comprising these residues, whereas 
the fluorescence-invisible unfolding transitions might rather 
correspond to changes in regions distinct from this C-terminal 
part. Indeed, there is strong evidence that the guanidino 
kinases are flexibly-hinged two-domain enzymes (Dumas & 
Janin, 1983), such as 3-phosphoglycerate kinase (Watson et 
al., 1982). Therefore, it is possible that the observed 
unfolding profiles reveal an independent unfolding of the 
putative N-terminal and C-terminal domains, with the 
fluorescence-silent transitions reflecting the unfolding of the 
Trp-free N-terminal domain. Near-UV ellipticity (Figure 2A) 
parallels the fluorescence-spectroscopic N - I transition 
since, similar to protein fluorescence, the near-UV CD pattern 
of the guanidino kinases probably originates mainly from 
aromatic residues of the C-terminal domain (Gross et al., 
1994). 

The results presented here, however, do not yet allow one 
to construct a clear-cut two-domain unfolding pathway of 
the guanidino kinases, since the data would be consistent 
with several alternative unfolding models. In particular, the 
folding state of the individual domains within the equilibrium 
intermediate has to be further characterized. To approach 
this problem, we are currently performing small-angle X-ray 
scattering experiments; furthermore, denaturation experi- 
ments with isolated Mi-CK fragments corresponding to the 
two expected domains are under way, hopefully leading to 
an assignment of the observed unfolding transitions to the 
corresponding domains. 

Literature Data and Relevance of Equilibrium Intermedi- 
ates to the Folding Process. The data presented here on 
the denaturant-induced inactivation of CK significantly differ 
from results reported previously (Yao et al., 1984; Zhou et 
al., 1993). In contrast to the present study, Zhou et al. 
generally measured CK enzyme activities in the presence of 
the respective denaturant concentrations used for unfolding, 
resulting in a fast, apparently noncooperative inactivation 
that did not coincide with any other changes in intrinsic 
properties. However, this inactivation was paralleled by a 
decrease in fluorescence anisotropy of a covalently bound 
OPTA label, which was interpreted to reflect a local 
unfolding of the enzyme’s active site. In contrast to that, 
we never observed any red shift of protein fluorescence at 
low denaturant concentrations, which should be expected 
upon exposure of the active-site Trp residue (Vasak et al., 
1979; Zhou & Tsou, 1985; Gross et al., 1994) in case of a 
local denaturation. We would therefore rather argue that low 
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concentrations of denaturant have an inhibitory effect on CK, 
such that the inactivation curves obtained by Zhou et al. 
represent a sum of inhibitory and “true” denaturation effects, 
and that the observed decrease in OPTA fluorescence 
anisotropy might rather be due to fluorescence lifetime 
changes of the probe than to an increased flexibility at the 
active site. It might, however, be a matter of definition of 
what should be termed “inhibition” or “denaturation”. We 
therefore decided to monitor only the slow and slowly 
reversible inactivation that was observed by measuring 
enzyme activities at low, uniform residual denaturant con- 
centrations and that coincided with fluorescence and other 
changes. In a recent paper (Grossman, 1994), a third 
variation of measuring the GdnHC1-induced inactivation of 
M-CK was presented. There, the denatured protein was 
added to a denaturant-free assay mix without equalizing the 
residual GdnHCl concentrations. The resulting, apparently 
biphasic inactivation curves clearly represent a combination 
of both inhibitory and denaturing GdnHCl effects. 

Earlier studies on the unfolding and refolding of CK by 
Grossman et al. (1981) showed that the minimal urea 
concentration required to produce MB-CK heterodimers out 
of homodimeric M- and B-CK was 2 M; this perfectly 
coincides with the onset of our fluorescence-spectroscopi- 
cally observed N - I transition, which we found to be 
accompanied by monomerization. Upon renaturation of fully 
denatured CK, Grossman’s group (Grossman, 1984; Gross- 
man et al., 1986) observed very fast initial changes in protein 
fluorescence, occurring within the dead time of a standard 
fluorescence spectrometer. In preliminary experiments, we 
found that the fluorescence spectra of Mi-CK renatured for 
5 1 0  s were very similar to the ones of the equilibrium 
intermediate at 1 M GdnHCl, showing an emission maximum 
at 340 nm (not shown). These findings are likely to reflect 
the fast formation (“hydrophobic collapse”) of a globular 
folding intermediate with properties similar to the equilibrium 
I state; this assumption is further corroborated by the rapid 
formation of a compact structure as observed by SEC-FPLC 
(Figure 3C). Fast-forming, globular folding intermediates 
have been reported in many other cases, such as for bovine 
carbonic anhydrase, human a-lactalbumin, and yeast 3-phos- 
phoglycerate kinase (3-PGK) (Ptitsyn et al., 1990). In 
analogy to the unfolding behavior shown here for the 
guanidino kinases, the equilibrium unfolding of 3-PGK, also 
being a “two-substratehwo-domain” enzyme (Watson et al., 
1982) was reported to involve both “hierarchic” (including 
MG-like intermediates) and “sequential” (Le., the indepen- 
dent unfolding of individual domains) unfolding events 
(Betton et al., 1989; Mitraki et al., 1987; Missiakas et al., 
1990; Griko et al., 1989). Hence, we would like to speculate 
that the formation of both equilibrium and kinetic globular 
folding intermediates might be a general feature inherent in 
the common structure type of guanidino kinases, and that 
this might apply to other related kinases as well. 
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