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ABSTRACT. Three unfolding domains in rabbit muscle aldolase destabiliz&dM urea have been identified

from their unfolding rate constants (0.10, 0.036, and 0.0064 HirThe populations of folded and various,
partially unfolded forms were determined by amide hydrogen exchange and mass spectrometry. Results
of this study show that unfolding domains may include multiple, noncontiguous segments of the backbone
and that different regions of helices may belong to different unfolding domains. In addition, these results
show that the domain unfolding most rapidly is located distant from the subunit binding surfaces and has
the greatest access to the denaturant. The bimodal intermolecular distributions of deuterium found in
this study show that unfolding of these domains is cooperative. It is proposed that these unfolding domains
are correlated with local energy minima in the free-energy folding surface of aldolase. In addition to the
three unfolding domains, there are three short segments that do not un®M urea. These segments,
which are located in the subunit binding surface, identify the most stable regions of aldolase. This study
also demonstrates that it is now possible to identify and characterize unfolding domains in relatively
large (M, 158 000) proteins.

Recent descriptions of protein folding invoke a multitude MATERIALS AND METHODS
of parallel microscopic paths along the folding surface ) o .
describing the free energy of each conformatibr®{. These Rabbit muscle aldolase was equmbrate_d in 5 mM phosphate/
folding surfaces may be smooth or may include free energy H20 buffer (pH 6.8, 25°C) for approximately 1 h, then
barriers that trap transient, partially folded forms of a protein. ransferred to a uread® solution (3 M urea, 5 mM
Characterizing such energy barriers, which will be required Phosphate, pH 6.8, 2%), where it was incubated for 3 min
for validating any model for protein folding, may be to48 h. The aldola}se concentration in this solution vyas_0.2
approached via unfolding experiments performed under mM. Unfolded regions of aldolase were labeled by diluting
conditions of thermodynamic equilibrium in which higher e solution 20-fold with urea/f buffer (3 M urea, 5 mM
energy conformational states are populated according to thePosphate, pH 6.8, 2&). Isotopic exchange was quenched
Boltzmann distribution2). Bai et al. have used this general aftér 10 s by decreasing the pH and temperature (pH 2.5, O
approach to probe the unfolding surface of cytochrame <)- Unlabeled aldolase (0% reference) was prepared by
(3). The present study demonstrates that three high_energ)p|ssoIV|ng°aIdoIase in the quenqh solution (0.1 M phosphate,
forms of partially unfolded rabbit muscle aldolagé, 158  PH 2.3, 0°C, 1:1 DO/H,0), while completely exchanged
000) can be identified by their characteristic unfolding rates, 2ldolase (100% reference) was prepared by incubating
which were determined by amide hydrogen exchange/massdolase in RO at 37°C for 3 h atneutral pD followed by
spectrometry (HD/MS). The intermolecular distribution of & Second incubation at pD 2.3 for 3 h. Isotopic exchange
deuterium within the entire population of aldolase molecules was qouenched by decreasing the pH and temperature (pH
was determined using the protein fragmentation/MS approach2'5’ 0°C). Repor}ed pH and P.D values were Faken directly
(4, 5). Cooperative localized unfolding of the intact protein from the meter without correction. To determine the extent

incubatedm 3 M urea was detected through bimodal isotope of hydrogen e>_<change _during t_he incubation time,_ the
patterns in the mass spectra of these peptides. Results opaMPles were digested with pepsin and analyzed by directly

this study provide the first view of localized unfolding in cCuPled HPLC ESIMS using a Micromass Autospec high-

proteins that are much too large to be studied by current resolution mass spectrometer, as described previoggly (
NMR methods Approximately 250 pmol of aldolase was used for each

incubation time.

The unfolding of aldolaseni3 M urea was detected by
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g;g;fggéﬁfl GM 40384) and by the Nebraska Center for Mass using a Jasco J-600 spectrophotometer. The unfolding of
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472-2794; Fax: 402 472-9862. E-mail: DLS@UNLINFO.UNL.EDU.  single smooth transition, suggesting that unfolding is com-

! Abbreviations: ESIMS, electrospray ionization mass spectrometry; ;
Da, dalton; F(H), protiated folded form of protein; H/D, hydrogen/ plete n 8 M urea. Measurements made at @ &M urea

deuterium; HPLC, high-performance liquid chromatography; MS, mass Were used to determine the extent of unfoldingiM urea.
spectrometry; U(D), deuterated unfolded form of protein. The aldolase concentration wag:bl.
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RESULTS 100% > 0% Ret

Detecting Localized Unfolding by Hydrogen Exchange/
MS. The localized unfolding model for amide hydrogen
exchange, illustrated in eq 1, forms the basis for detecting 0
partially unfolded intermediates by HD/M3,(8). Kinetics 100%
for localized unfolding, refolding, and isotope exchange from B
unfolded forms are described by rate constaatk1, and 50 +
k.

50 T

10 min

K, K, K.y 100%
FH) == UH) 55 UD)==FD) (1) 0

50 +

30 min

Isotope exchange in the folded protein, F(H), is usually much
slower than in the unfolded polypeptide because hydrogens 109%
located at peptide amide linkages may be hydrogen bonded D
to other regions or they may be shielded from the deuterated
solution. Isotope-exchange rates increase dramatically, often
by several orders of magnitude, as proteins unfold. For the 0 , - , :
experimental conditions used in this study (pH 6.8,°25, 100% 280 min
isotope exchange from unfolded regions was complete within

10s Q). 50 1

The phenomenological rate constant for isotope exchange,

kex is related tok;, k-1, andk;, as indicated in eq 2. When 103% ' '
the refolding rate is much greater than the isotope exchange r 100% Ref
rate k-1 > ky),

120 min

50 +

50 1
kex = (Kiko)/(k_; + k) (2) o : ; , ‘
699 701 703 705 707

a region unfolds and refolds many times before isotope m/z
exchange is complete at all peptide linkages in this region. figyre 1: ESI mass spectra of the doubly charged peptide including
This kinetic limit [EX2 kinetics 7, 8, 10] leads to random residues 257269 of aldolase derived from the intact protein, which
distribution of deuterium in the unfolding region among all was incubatedi 3 M urea/HO for 10—-480 min, then pulse labeled
molecules comprising a sample. Mass specta of peptdesly 12 3 UAISAIED (P 3 9 Mase soeers o e e
derived from regions in which deUt.e.num is distributed exghanged in BD are presented in panels A and F, respecti‘\)/ely.y
randomly among all molecules exhibit one envelope of
isotope peaks. When the refolding rate is much less thanH,O for various times illustrate isotope patterns characteristic
the isotope-exchange rat&_( < k), a region becomes of hydrogen exchange via the EX1 kinetic limit (Figure 1,
completely deuterated the first time it unfolds (EX1 kinetics). panels B-E). The two envelopes of isotope peaks found
Mass spectra of peptides derived from unfolding regions may for this segment following incubation of aldolase in 3 M
exhibit two envelopes of isotope peals (1, 13. urea for 16-480 min indicate a bimodal, intermolecular
Amide hydrogen-exchange rates averaged over all peptidedistribution of deuterium in the region including residues
amide linkages have been determined for several small, intac257—269.

peptides and proteins by mass spectrometd~(@5). In The isotope pattern in Figure 1A was obtained for this
addition, methods for measuring localized hydrogen- segment when taken from aldolase that was not incubated
exchange rates, originally developed for tritiub®(17, have in D,O, while the pattern in Figure 1F is for the same

been adapted for mass spectrometty §). The protein segment taken from aldolase in which all exchangeable
fragmentation/MS approach, which relies on proteolytic hydrogens had been replaced with deuterium. The difference
fragmentation of a protein following a period of isotopic in the average molecular masses of this peptide derived from
exchange, has been used to determine H/D exchange irthe two reference samples of aldolase, 7.8 Da, indicates the
several small protein®( 18-21), as well as in large proteins, number of deuteriums present when the peptide reached the
including aldolaseN]; 158 000) {2, 22 anda-crystallin (M, mass spectrometer. Since the HPLC step was performed in
~500 000) 23). H.0, rapidly exchanging deuterium located on the side chains
Unfolding of Aldolasen 3 M Urea. The kinetics of was replaced with protium before the peptides reached the
localized unfolding of aldolas&i3 M urea were investigated mass spectromete®); Although the digestion and HPLC
by incubating the protein in ureaf8 for various times, pulse  conditions have been chosen to minimize isotope exchange
labeling the protein with deuterium (urea®) for 10 s, during analysis, some exchange did occur at this time. The
acidifying to quench isotope exchange, fragmenting with extent of this artifactitious exchange was determined from
pepsin, and analyzing by HPLC ESIMS. Unfolded regions reference spectra for each peptide. For example, this
of aldolase were expected to be completely deuterated; foldedsegment has 12 peptide linkages, two of which are proline.
regions were expected to have little or no deuterium. Hence, it has 10 peptide amide hydrogens. Finding 7.8
Experimental ESIMS isotope patterns found for the segmentdeuteriums in this segment of completely exchanged aldolase
including residues 257269 of aldolase incubated in urea/ indicates 78% recovery of deuterium. A procedure used to
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adjust for deuterium loss during analysis has been described 60 ¢
(4).
Deuterium levels in the reference peaks for segment-257 504
269 (Figure 1, panels A and F) were used to determine the
extent to which a subpopulation of aldolase was unfolded 5 ,, /
in the region including residues 25269 of the intact protein
when incubatedn 3 M urea for various times. The average
mass of peptides represented by the high mass envelop
(Figure 1, panels BE) is the same as the average mass of
peptides derived from aldolase in which all exchangeable
hydrogens had been replaced with deuterium (Figure 1F).
This result indicates that the region including residues257 10¢
269 was completely unfolded, as sensed by hydrogen
exchange, in a subpopulation of aldolase molecules during 0 S . L Lion
the brief labeling step. Similarly, the average mass of 0.1 1 10 100 1000 10
peptides represented by the low mass envelope (Figure 1, Time (min)
panels B-E) is approximately equal to that of the average pigyre2: Dashed lines indicate the fraction of the entire aldolase

mass of the same peptide derived from aldolase that waspopulation that was unfolded in short segments defined by peptic
not incubated in BO, suggesting that this region was fragmentation of the aldolase backbone following incubation of
completely folded in the remaining population of aldolase E{gglgﬁeﬁtﬁ dMeul:é?ii ;?rbj ﬁ'ugé?aﬁgnﬁg L]fgfol'geg regions were
mo!ecules. It is noted that the average'mass of peptldesz7 fragments listed in Table 1 have been combineoi into three groups
derived from folded aldolase molecules increased slightly (siow, k, = 0.0064 min®; Intermediatek; = 0.036 mirn; Fast,
with incubation time, as indicated by the increasing relative k, = 0.10 mir!) as described in the text. The lossesoshelix
intensity of the second peak in the low mass envelope and tertiary structure, determined by CD at 222 and 275 nm,
(Figure, panels BE). This small, but measurable level of respectively, of aldolaseni3 M urea are indicated by solid lines.

deuterium in peptides derived from aldolase that was folded i - )
in this region is due to hydrogen exchange occurring through Were estimated by fitting the reference spectra to the bimodal

processes other than EX1 kinetics. These processes mayPectra to achieve the best fit. A computer program has been
include exchange directly from the folded sta2d (29 as written for this simulation26). Analysis of 27 peptides led

well as exchange from short-lived, partially unfolded states {©© @ compilation of the percentage of aldolase that was
(i.e., EX2 kinetics) 8). unfolded in regions represented by these peptides following

It is also important to note that finding nearly all of the incubation of the intact proteimi3 M urea for various times.

signal in either the low or the high mass envelopes (Figure 1"€S€ results are summarized in Figure 2 and Table 1.

1, panels B-E) is direct evidence that the region including ~ Preliminary analysis showed that 2800 min were
residues 257269 of all aldolase molecules in the sample required for the fraction of aldolase that was unfolded in
was either completely folded or completely unfolded. these regions to reach a steady state. This is the time
Molecules partially unfolded in this region are expected to required to establish equilibrium populations of the folded
undergo incomplete exchange, which would be detected asform with various unfolded forms. Closer analysis of the
intensity in the mass range between the two envelopes. The'esults indicated that the rates at which different segments
present results clearly indicate that this region unfolds in most of the aldolase backbone approached the equilibrium popula-
aldolase molecules by a one-step cooperative process. Théion fall into three groups whose unfolded populations are
relative intensities of the two envelopes are a direct measurerepresented by the dashed lines in Figure 2. The data points
of the relative number of aldolase molecules in which the represent the mean for all peptides in each of the three
segment including residues 25269 was folded or unfolded. ~ groups. Rate constants describing unfolding of regions
For example, the relative intensities of isotope envelopes represented by these 27 peptidesof eq 1) were determined
found for peptides derived from the 25269 segment of by fitting model parameters (see Appendix) to the experi-

aldolase indicate that 43% of aldolase was unfolded in this mental results presented in Figure 2. Analysis of the
region following incubation of the intact protein 8 M urea combined data indicate that regions represented by these three

for 2 h (Figure 1D). groups of peptides unfolehi3 M urea with rate constants of
Rate Constants for Localized Unfoldinghe procedures ~ 0.10, 0.036, and 0.0064 mih Unfolding rate constants for
for pulse labeling and analysis described above for the individual peptides are presented in Table 1 to identify the
segment including residues 25269 were used to investigate Se€gments comprising the three groups and to illustrate the
localized unfolding of aldolase following incubation of the uniqueness of the three unfolding groups. The precision with
intact protein h 3 M urea for 3 min to 48 h. Thirty-two  Which the unfolding rate constants were determined by this
peptic fragments representing approximately 70% of the approach is indicated by results for three overlapping
entire backbone were used in this study. The ESI masssegments that include residues 2259, 256-269, and
spectra of 29 of these peptides had bimodal isotope pattern®57—269. As indicated in Table 1, the rate constants for
(as in Figure 1, panelsBE), suggesting bimodal, intermo-  unfolding of this region were 0.0062 0.0002 min™.
lecular distributions of deuterium in the corresponding  Unfolding Detected by CDCircular dichroism spectros-
segments of the aldolase backbone. The populations ofcopy at 222 and 275 nm has been used to follow the loss of
aldolase folded and unfolded in a particular region, as a-helix and tertiary structure of aldolase3 M urea (Figure
indicated by the areas of the low and high mass envelopes,2). The percent of aldolase that remained folded after

--9--Slow
--B--Intermediate
— & -Fast

—— CD(222)
—a— CD(275)

Percen® Unfolde

4
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Table 1: Rate Constants for Unfolding of 27 Segments of Rabbit Muscle Aldolase Incub&ed Urea at 25°C and pH 6.8

slow intermediate fast
segmerit Kunf® exposuré segmertft Kunf® exposuré segmerft Kunf® exposuré
1-17 0.0051 61 4149 0.033 74 5864 0.10 13
152-161 0.0077 43 116127 0.032 24 6878 0.10 23
152—-162 0.0077 39 124131 0.029 20 7983 0.10 35
171-177 0.0063 6 144151 0.043 14 84105 0.11 44
178-187 0.0055 13 148151 0.041 25 299307 0.11 9
180-187 0.0051 6 229238 0.042 26 311320 0.10 73
255-269 0.0069 8 24+250 0.029 45 311326 0.10 70
256-269 0.0068 8 286283 0.041 8 32%336 0.09 28
257-269 0.0071 9 284298 0.043 40 357363 0.10 157
mean 0.0064 21 mean 0.036 31 mean 0.10 50
std dev 0.0010 std dev 0.007 std dev 0.008

aThe solvent exposure, normalized to the number of residues in each segment, is also given for each segment. Two segments (see Figure 3) that
include parts of two unfolding domains, as well as three segments in which unfoldidgvi urea was too slow to measure are not included.
b Residues of peptic fragmentsUnits of inverse minutes! Solvent exposure per residue in units of &7, 39, 49.

incubation h 3 M urea for various times was calculated from unfolding. The fraction of the aldolase population that was
CD signals obtained for native aldolase and aldolase thatunfolded in regions represented by these 27 peptides was
was completely unfoldechi8 M urea. Results for loss of determined from the relative abundances of the isotope
o-helix structure were fitted to a kinetic expression using envelopes (Figure 1) as a function of the time aldolase was
two exponential terms, giving apparent unfolding rate incubated in urea. The unfolding rates of the backbone
constants of 0.3 and 0.004 min These results demonstrate regions represented by these peptides fell into three groups,
that the time frames for unfolding of aldolase3 M urea designated as Slow, Intermediate, and Fast in Figure 2 and
are similar when sensed by either CD or hydrogen exchange.Table 1. The locations of these cooperative unfolding
However, since the CD results are averaged over all regionssegments with respect to the primary and secondary struc-
of the aldolase structure and over the entire population, while tures of aldolase are illustrated in Figure 3, while the
the hydrogen exchange gives both the extent of unfolding locations of these units in the tertiary structure of the aldolase
in specific regions as well as the corresponding populations, monomer are depicted in Figure 4. Although much of the
a more quantitative comparison between CD and hydrogenC-terminal region, starting approximately from residue 300,

exchange seems unwarranted. belongs to the Fast unfolding domain, segments belonging
to all three unfolding domains were found throughout the
DISCUSSION remainder of the backbone. These results show that unfold-

ing domains may include multiple, noncontiguous segments
Pf the backbone. In addition to the 27 segments described
above, two additional segments (including residues3®

Rabbit muscle aldolase (d-fructose-1,6-bisphosphwaigc-
eraldehyde-3-phosphate-lyase) is a class 1 aldolase with eigh

p-strands linked bya-helices to form a classic parallel and 199-214) displayed bimodal isotope patterns, but the

p-barrel €7—29). The active protein is a homotetramer in deuterium level indicated by the high mass envelope was
which each subunit has 363 residues and a relative molecular, y 9 P

mass of 39 000 Da. The high stability of the quaternary less than 100%. T_his b_ehavjor s expecte_d for segments
structure of aldolase precludes dissociation into subunits ar>Panning two domains with different unfolding rates.
the concentrations used in this stu@g) Aldolase has been Several pairs of peptides (e.g., H627/124-131, 144~
used as a model to investigate energy barriers in the folding 151/148-151, and 31%+320/311-326) derived from over-
surfaces of large proteins because it is a relatively well- lapping regions of the backbone have the same unfolding
behaved protein that undergoes reversible unfolding andrates. These results show that the region represented by each
refolding 81, 32 and because its structure and function have pair of peptides unfolds cooperatively. Although there are
been studied extensivel$3). This study differs from many ~ only a few regions for which such direct evidence for
previous studies of the unfolding of large proteins in that cooperative unfolding extending beyond the segments
unfolding domains have been identified and their unfolding indicated in Figure 3 exists, it is likely that all regions of
rates have been determined. Although traditional methodsthe backbone represented by segments exhibiting similar
for detecting protein unfolding, such as UV absorbance, CD unfolding rates undergo cooperative unfolding. The large
spectroscopy, tryptophan fluorescence, and calorimetry, maydifferences among the mean unfolding rates of the three
indicate the presence of multiple unfolding domains, they groups versus the standard deviation of the folding rates
generally cannot be used to identify the unfolding domains. within the groups supports the existence of three unfolding
Unfolding of a few small proteins has been investigated by domains. Unfolding of any of these domains leads to a
hydrogen exchange/NMR3( 25, 34, 35, but there appears  partially unfolded form of aldolase that presumably correlates
to be no reports of previous studies in which unfolding with an energy barrier on the free-energy folding surface
domains of large proteins were identified and characterized (2).
by their unfolding rates. In addition to the 29 fragments displaying bimodal isotope
In the present study, 27 peptic fragments of aldolase patterns, three segments (residues-16F0, 203-206, and
displayed bimodal isotope patterns consistent with H/D 251—255) displayed a single envelope isotope pattern. These
exchange occurring through EX1 kinetics and cooperative segments, located m-helicesD, E;, andF, were designated
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Ficure 3: Locations of the three unfolding domains with respect to the primary and secondary structures of alddlkelgzes (coils) and

[-strands (arrows) are drawn to scale. The loop regions, which are indicated by solid lines are not drawn to scale. Secondary structure is
based on the X-ray diffraction structure of human aldolase, which is highly homologous to rabbit muscle akigl28® The elements

of secondary structure are labeled according to the scheme used by Sygusc2&} al. (

as Very Slow in Figure 3. The deuterium levels of these surface, while slowly unfolding regions are located along
segments were barely detectable, indicating that thesethe subunit binding surface.

segments were tightly folded in the entire aldolase popula- Each aldolase subunit contacts two other subur@g}. (
tion, even after equilibratiomi3 M urea for 48 h. Allthree  The more extensive of the subunit binding surfaces involves

segments were derived from interior regionsoehelices, interactions of the side chains fromhelicesE andF from
consistent with previous reports of increased stability of the adjacent subunits, while the less extensive of the subunit
interiors of somex-helices in lysozyme3g). binding surfaces involvesi-helix D. The a-helices are

The results presented in Figure 3 also suggest that thelabeled in Figures 3 and 4. The three segments whose
boundaries for the unfolding domains are not highly cor- unfolding ratesn 3 M urea were too slow to be measured
related with the secondary structural elements of aldolase.(black in Figure 5) are located in theaéhelices, which have
For example, the N-terminal region of thexFhelix belongs a primary role in subunit binding. This presentation indicates
to the Intermediate unfolding domain, the C-terminal region that the two segments locatedarhelices E and F (residues
of the samen-helix belongs to the Slow unfolding domain, 203—206 and 25%255) directly contact the corresponding
and the interior region belongs to the Very Slow unfolding segments in the adjacent aldolase subunit. The other very
domain. Similar analysis of unfolding in other elements of stable segment, located axhelix D, is near, but perhaps
secondary structure indicates thahelices |, D, and E1, as  not in direct contact with the same segment in the other
well as -strand h, contain regions belonging to different adjacent subunit. Alternatively, the contact regions of
unfolding domains. It is evident from these results that adjacent D helices may not be the same in the crystal as in
elements of secondary structure may transcend the boundariesolution. The extreme stability of these regions, indicated
of the unfolding domains. by their low H/D exchange rates, is consistent with the

Peptic fragments comprising the three unfolding domains size exclusion chromatography results, which indicated
are located with respect to the tertiary and quaternary that aldolase exists as a tetramard M urea (data not
structures of aldolase in Figure 5. Unfolding domains shown).
designated as Very Slow, Slow, Intermediate and Fast are Results presented in Figures 3 and 5 show that unfolding
indicated by black, magenta, yellow, and red, respectively. domains of aldolase incubated3 M urea are better defined
Transitions regions between the unfolding domains, as well in terms of tertiary and quaternary structure than in terms of
as regions for which peptic fragments were not found are primary or secondary structure. Estimates of the access these
indicated by gray. This presentation clearly shows that domains have to the surface of aldolase are presented in
rapidly unfolding regions of aldolase equilibrated in 3 M Table 1. For aldolase equilibrated 8 M urea, the region
urea are located most distant from the subunit binding most distant from the subunit binding surface has the greatest
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Ficure 4: Three-dimensional structure of the aldolase monomer which may be used to locate units of secondary structure and unfolding
domains described in Figure 3 [Drawn using Molescrit)(and adapted from refl2].

Ficure 5: Tetramer structure of aldolase illustrating locations of
unfolding domains exhibiting Very Slow (black), Slow (magenta),
Intermediate (yellow) and Fast (red) unfolding B M urea.
Transition regions, as well as regions for which fragments were
not found are indicated in gray.

exposure to the aqueous/urea solution (39 And unfolds
with a half-life of 6.9 min (Fast unfolding domain). Another

domain). The three short segmentsoithelices D, E, and

F most important for holding the subunits together in 3 M
urea are not included in the three unfolding domains. With
an average exposed surface of only § these segments
have very little access to the aqueous/urea solution. Given
the relative locations of the three unfolding domains in the
tertiary structure of aldolase, it seems likely that the domain
defined by the Intermediate unfolding rate unfolds either with
or after unfolding of the Fast domain. Likewise, it seems
likely that the Slow domain unfolds either with or after
unfolding of both the Fast and Intermediate domains.

Bai et al. have shown that unfolding domains can be
identified from their free energies by increasing the popula-
tions of unfolded forms by either using denaturants to
stabilize the unfolded forms or by raising the temperature
(37). A previous study of the thermal-induced unfolding of
aldolase 22) demonstrated little evidence for H/D exchange
via the EX1 mechanism. In the present study of urea induced
unfolding, H/D exchange occurs almost entirely by the EX1
mechanism. Thus, urea and high temperature have profound
effects on the dynamics of protein unfolding. Urea dramati-
cally decreases the rate of refolding {) but has much less
effect on the intrinsic ratek§) of hydrogen exchange3g),
whereas, increasing the temperature increaseskgthnd

unfolding domain, which is located between this domain and k, such thatk, is never greater thak-;. Results of the
the domain adjacent to the subunit binding surface, has lesshermal-induced unfolding study show that the region located

exposure to the aqueous/urea solution (31 a@nd unfolds
with a half-life of 19 min (Intermediate unfolding domain).

most distant from the subunit binding surface is least stable
while the region located along the subunit binding surface

The domain located closest to the subunit binding surfaceis most stable. Thus, high temperature or urea affect the
has the least exposure to the aqueous/urea solution{21 A hydrogen exchange dynamics differently, but have similar
and unfolds with a half-life of 108 min (Slow unfolding effects on aldolase unfolding.
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APPENDIX

The results in Figure 2 show the rates at which equilibrium

populations of folded and different, partially unfolded forms

of aldolase was established. The differential rate expression

for the concentrations of folded, [F], and unfolded, [U], was
integrated to give the following expression:

[U] = [KunT/(Kunf + 1)][1 - eXp(_kl(Kunf + 1)/Kunf)t]

Rate constants for unfolding in each segméat,were

determined by fitting this expression to the experimental data.

The unfolding equilibrium constank,n, was determined

from the steady-state populations of folded and unfolded

forms.
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