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Quaternary Structure of Aldolase Leads to Differences in Its Folding and Unfolding
Intermediate’s
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ABSTRACT. Pulsed hydrogen exchange mass spectrometry has been used to investigate folding of rabbit
muscle aldolase, am/3-barrel protein exhibiting the classic TIM structure. Aldolase unfolded in GAHCI
refolded as the denaturant concentration was reduced by dialysis. Samples withdrawn during dialysis
were pulse-labeled with deuterium to identify unfolded regions in structural forms highly populated during
the folding process. Intact, labeled aldolase was digested into fragments, which were analyzed by HPLC
electrospray ionization mass spectrometry to detect the H/D exchange along the aldolase backbone. For
some concentrations of GAHCI, bimodal distributions of deuterium were found for most peptic fragments,
indicating that regions represented by these fragments were either unfolded or folded in the intact
polypeptide prior to labeling. The extent of folding was determined from these mass spectra, as well as
by CD (220 nm) and enzymatic activity. These results show that folding to the active form involves three
domains and two intermediates. Approximately 110 residues fold to highly compact forms in each step.
These results also show that each folding domain includes widely separated regions of the backbone.
When compared with the results of a previous study of aldolase unfolding, these results show that the
folding and unfolding domains include most of the same residues. However, three short segments change
domains depending on whether the process is folding or unfolding. These changes are attributed to the
very stable quaternary structure of rabbit muscle aldolase.

Many of the current tenets of protein folding hold that is a good model for extending folding and unfolding studies
the free energy surfaces joining unfolded and folded forms to proteins that are too large to be analyzed easily by NMR.
of proteins have the appearance of funnels that facilitate Previous reports from this laboratory showed that rabbit
biased searches for the native state. These surfaces may havauscle aldolase unfolds in denaturants in three discrete steps
wells and ridges that lead to detectable populations of (12, 13). Furthermore, these results showed that aldolase
intermediates and define folding pathways. The ability to remained a tetramer at denaturant concentrations that left
identify a few major features (i.e., wells and ridges) of folding nearly all of the backbone unfolded, as sensed by amide
and unfolding paths has raised the question of the similarity hydrogen exchange. Finding quaternary structure more
of folding and unfolding paths, and whether folding paths resistant to denaturants than secondary and tertiary structure
might be determined from unfolding paths«3). A related was surprising. This study was directed toward studying the
question asks whether regions in which hydrogen exchangerole of this very stable quaternary structure on the populations
is particularly slow might be the folding core of proteidls ( and structures of intermediates formed during the refolding
5). of aldolase.

Rabbit muscle aldolase is a homotetramdr € 157 kDa) The populations and structures of intermediates formed
in which each subunit has 363 residues that form a parallelwhen aldolase was refolded from high concentrations of
o/f-barrel @, 7). Recent advances in methodology made denaturant were determined by hydrogen exchange mass
possible by joining mass spectrometry and amide hydrogenspectrometry. Because all attempts to refold aldolase by rapid
exchange (HXMS)facilitate structural studies of such large dilution of the sample led to formation of large, soluble
proteins 8—11). With a moderately high molecular mass assemblies of the aldolase monomer, refolding was studied
and a structure similar to the classical TIM barrel, aldolase by slowly reducing the denaturant concentration through

dialysis. Under these conditions, refolding occurred over a
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Spectrometry. forms of the protein was shorter than the time required for

47;T2°7;V£°|£“ a)f@{jg%"g‘;g“gfoszhoé'g]gﬁ agsdﬁfﬁ?%ﬁ'ggnona (402)dialysis, the populations measured for the various structural
# Current address: M/S 30W-3-A, Amgen Inc., One Amgen Center forms are assumed to be similar to equilibrium populations.

Drive, Thousand Oaks, CA 91320. These “near equilibrium” populations measured at different
! Abbreviations: CD, circular dichroism; CID MS/MS, collision- dialysis times indicate how the populations changed with

induced dissociation mass spectrometry/mass spectrometry; ESIMS,qanatyrant concentration. In these experiments, the popula-
electrospray ionization mass spectrometry; GdHCI, guanidine hydro- !

chloride; H/D, hydrogen/deuterium; HXMS, hydrogen exchange mass tions of molecules with specific regions of the aldolase
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peptic fragments derived from the protein labeled intact. digest (25QuL) was injected into the column at a flow rate
Analysis of these data led to identification of regions of of 100 uL/min. After the mixture had been desalted with
similar stability. Collectively, these results show that refold- 2% acetonitrile for 2.5 min, the flow rate was reduced to 40
ing of aldolase leads to population of two intermediates with uL/min. Peptic fragments were eluted using a gradient from
structures similar to those found previously for unfolding of 2 to 40% acetonitrile in 8 min and detected on-line by a
the aldolase tetramer. The similarity of these intermediates Micromass AutoSpec magnetic sector mass spectrometer
indicates that aldolase follows similar unfolding and refolding equipped for electrospray ionization. lons in the mass-to-
pathways. However, there are small regions that appear tocharge range afiyz 300—1300 were recorded using a focal
change domains when the starting point is changed, sug-plane detector. All peptides were identified prior to the
gesting that the quaternary structure of aldolase can alter thenydrogen exchange experiments by collision-induced dis-
unfolding—refolding pathways. Possible folding models for sociation (CID) tandem mass spectrometry (MS/MS) using

aldolase are discussed. a Finnigan LCQ ion trap mass spectrometer. Mass spectra
of peptides exhibiting bimodal distributions of isotopes were
MATERIALS AND METHODS deconvoluted into their constituent low- and high-mass

envelopes using the computer program PeakFit (version 4.0,

Folding and Labeling of Aldolas&®abbit muscle aldolase Jandel Scientifiq Co.). The areas of these envelopes were
(Sigma Chemical Co.) was unfolded 6 M GdHCI [H,0, used to _determ_lr_]e th(_e populations of_ ald_olase that were
50 mM phosphate buffer (pH 7.0) and 10 mM DTT, and 1 unfolde_d in specific regions. The uncertainty in the deuterium
mM EDTA] for 24 h. Folding was initiated by decreasing Ievells in these envelopes was typically 0.2 Da. _Labeled
the concentration of GAHCI through dialysis into a solution Peptides were analyzed by CID MS/MS using an ion trap
of the same composition, but with no GAHCI (1:100 solution Mass spectrometer operated with a parent ion mass window
volumes). Dialysis was performed in a cassette (Pierce modelWidth of 7 Da and a collision energy of 25%.
66410ZZ) with a molecular mass cutoff of @2 kDa. The Aldolase Actiity. The biological activity of aldolase,
concentration of aldolase in the dialysis cassette wagM0  which was followed throughout dialysis in separate experi-

Aliquots (50 uL) of the dialysate were withdrawn at ments tha_t did not use D, was determined by the extent
various times from 5 min to 24 h and diluted 10-fold with ©f Production of 3-phosphoglyceraldehyde from fructose 1,6-
D,O buffer [50 mM phosphate (pD 7.0) and GdDCI]. Isotope bisphosphate1d). The Ievel_ of production of 3-phospho-
exchange was quenched 10 s later by decreasing the pD t@!yceraldehyde was determined by the absorbance (240 nm)
2.5 and the temperature t¢'G. The quench buffer was 100 ©f hydrazone produced by its reaction with hydrazine.
mM phosphate (pH 2.3) in a 1:1,D/H,0 mixture. The Because each assay required o_nlyl min, _the.galn in activity
concentration of GADCI in the deuterated buffer used to label could be followed from the earliest dialysis times.
unfolded regions of the protein matched the concentration Circular Dichroism Measurement$he folding of aldolase
of GADCI in the dialysate at the time each aliquot was at various times during dialysis was monitored by far-Uv
withdrawn. This solution was prepared by dialyzing 6 M circular dichroism (222 nm) using a Jasco J-600 spectro-
GdDCI in D,O for times that matched those of the aldolase photometer. The refolding conditions were similar to those
samples. Aldolase labeled with deuterium was storeddt ~ for the HX experiments. Because each analysis required only
°C until it was analyzed by HPLEESIMS. 20 s, the formation of secondary structure could be followed

Two reference samples, designated “0% ref’ and “100% TOM the beginning.
ref” were used to adjust results for deuterium gain and loss RESULTS
during analysis. The 0% ref was prepared by adding

unlabeled aldolase to a quench solution without pulse |ncubation of aldolaseni 6 M GdHCI for 24 h unfolds
labeling. The 100% ref was prepared by adding aldolase ang dissociates the homotetramer into its subuts 16).
incubated in RO at 37°C for 24 h to a quench solution.  Fo|ding was initiated by dialyzing away the GAHCI. Aliquots
Two additional reference samples, designated folded andiaken following various dialysis times were pulse-labeled
unfolded references, were used to determine deuterium levelsyith D,0 to mark unfolded regions of aldolase. The labeled
expected for pulse labeling native and unfolded aldolase. protein was digested with pepsin into peptides whose
These samples were prepared by exposing native or COmMeyterium levels and intermolecular distributions were
pletely unfolded aldolase tod for 10 s prior to quenching  getermined by HPLEMS (17, 18). Both digestion and
H/D exchange. Unfolded aldolase was prepared by equili- HpL.C were performed under conditions that minimized
brating aldolaseni a 6 MGdHCI/H,O mixture for 24 h. The  isotope exchange at peptide amide linkage®).(However,
deuterium levels in quench solutions and the dilution volumes geyterium located in rapidly exchanging positions in the side
were chosen so that the H:D ratios in the quenched sampleg:hains and at the N- and C-termini was replaced with protium
were the same (approximately 0.5). This precaution facilitates 4y ring HPLC @0). As a result, the increased molecular
adjustments for deuterium gains and losses occurring duringmasses of the peptides were direct measures of the number
digestion and analysis. Reported pH and pD values wereof deuteriums located at peptide amide linkages. This
taken directly from the pH meter without correction. experimental procedure is illustrated in Scheme 1 to em-
HPLC Mass Spectrometryhe labeled protein (250 pmol  phasize how folded states were detected by pulse labeling.
of monomer) was digested with pepsin for 5 min (S:E mass This scheme shows that pulse labeling leads to complete
ratio of 1:1 by weight, 0°C, pH 2.5) before analysis by exchange in unfolded regions and minimal exchange in
HPLC—MS. The HPLC injector and column (Vydac C18,1 folded regions. The 10 s labeling time used in these
mm x 50 mm) were maintained at . An aliquot of the experiments was sufficient for complete isotope exchange
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Scheme 1 illustrated in Figure 1 for three peptic fragments, including
UH) —= I(H) —= F(H) residues 144151, 171187, and 327336 taken from intact
‘ D,0 D,0 D,0 aldolase following various dialysis times. Spectra of these
fragments from unfolded and folded references (top and
U(D) I(H/D) F(H) bottom of Figure 1) give the deuterium levels detected in

_ o _ _ segments of aldolase when aldolase was either totally
at all peptide amide linkages in unfolded regions of the ynfolded or in the native state. The molecular masses of these
protein (L9). three peptic fragments derived from the 100% ref sample

Results from four reference samples of aldolase were used(gata not shown) indicate that they had an average of 6.6,
to interpret the mass spectra of peptides derived from Iabeledlo'gy and 5.3 excess deuteriums, respectively. Comparison
aldolase. Two reference samples, called 0% ref and 100%q¢ these values with deuterium levels expected for complete
ref, had no deuterium or were completely exchanged:@ D gychange at each peptide amide linkage shows that the
prior to quenching, respectively. Deuter!um levels fouqd N deuterium recoveries for these peptic fragments were 73, 72,
these _samples were used to det_erm|r_1e the quantity ofynq 76%, respectively. Some of this deuterium was lost
deuterium that was gained or lost during digestion and HPLC. during digestion (5 min), and some was lost during HPLC
This information was used to adjust deuterium levels found (4—8 min). Similar Ievels’of deuterium recovery were found
in other samples for similar artifactual gains and losses of : . y

. ) . . for the other peptic fragments.
deuterium that occurred during digestion and HPUQ)( _ o _
Deuterium levels found in two additional reference samples, ~Mass spectra taken following dialysis times in the range
called “folded” and “unfolded”, were used to determine the ©0f 30—100 min exhibit bimodal intermolecular distributions

deuterium levels expected for native and unfolded aldolaseOf deuterium. That is, these segments were deuterated in
after pulse labeling. some molecules, but protiated in others. Mass spectra of
For the digestion conditions used in this study, 30 peptides fragments for shorter or longer dialysis times had single
covering 80% of the backbone gave strong mass spectraenvelopes of isotope peaks, the signature for uniform
Bimodal isotope patterns were found in the mass spectra ofstructure. This bimodal distribution of deuterium showed that
27 peptic fragments. These bimodal isotope patterns arethe backbone regions represented by these particular peptic
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Ficure 1: Mass spectra of three peptic fragments of aldolase following dialysis of the intact protein for various times in GdHgDand H
Each sample was labeled for 10 s in GADCI an@®prior to quenching and digestion with pepsin. Spectra of unfolded and folded references

(top and bottom, respectively) indicate the deuterium levels found for unfolded and folded aldolase. Least Stable, Intermediate, and Most

Stable refer to the relative stability of the domains, which was determined from the dialysis times required for half of the molecules to
become folded in these regions.
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Table 1: Folding of the Aldolase Backbone Represented by 27 1oop 6
Peptic Fragments
Least Stable Intermediate Most Stable 80 USRS ° -
-7 o
residues tip(mMin)  residues ty»(Min)  residues ti, (Min) - I }{,.-"‘{r 4 §
58-63 54 3149 48 117 38 S eof v g
68-78 53 3153 47 144151 37 Lo ¥ 38
84-105 55  17+187 46 145151 37 8 aof ¥ o Vost Stable S
106-130 55 178-187 46 162-170 35 E [ K - -e- - Intermediate {2 %
299-307 60 186-187 48 204-211 36 | —&— Least Stable ! o
299-310 60 229-238 47 251256 36 20F 3 =+ Gl Concontaton | |
311-326 56 247250 48 255-269 38 I 7
327-336 53 284-298 44 256-269 36 P ) .
357-363 58 286-298 45 257269 36 0 : : : 0
mean 56 47 36 0 20 40 60 80 100 120 140
SD 2.5 1.6 1.0 Dialysis Time (min)

aThe dialysis times required for these segments in half of the FIGURE 2: Percentage of aldolase molecules folded in regions

molecules to become protected from hydrogen exchange were deter‘epresented by peptic fragments as a function of the dialysis time.
mined from bimodal isotope patterns (see Figure 1). Similarity in Data points and error bars are the means and standard deviations

apparent folding timest{,) was used to group the segments according for all of the peptic fragments comprising each folding domain (see
to their stability. Table 1). The GdHCI concentration during the dialysis is also
included.

fragments were folded in some molecules and unfolded in
others. Over a dialysis period of 24 h, the concentration of These results show that most of the protection from hydrogen
GdHCI decreased from 6 to 0.06 M. Only the low-mass €exchange occurred when the GdHCI concentration was 1.0
envelope (little deuterium, high level of protection) remained 1.5 M.
after 24 h, indicating that all of the molecules40%) had Mass spectra of two additional fragments (residues-152
become folded. The average molecular masses of thel6l and 152162) had single envelopes of isotopes. For all
populations represented by the high-mass envelope, thedialysis times, the average mass of ions comprising these
unfolded reference, and the 100% ref were similar, indicating envelopes was equal to the average masses of ions in the
that the amide hydrogens in this population had little or no 100% ref sample, indicating that all of the amide hydrogens
protection from the solvent. Likewise, the average molecular in these regions had been replaced with deuterium during
masses of the low-mass envelope and the folded referencdhe 10 s exposure toD. It is important to note that these
were similar, consistent with a high level of protection due segments in the folded reference were also completely
to folding in this population. It is noted that the peak widths deuterated. Examination of the three-dimensional structure
in mass spectra of peptides from the folded reference areof aldolase reveals that these fragments are derived from loop
slightly narrower than those for the refolded aldolase. Mass regions that exchange rapidly in folded aldole8e Because
spectra of most of the peptic fragments of refolded aldolase these hydrogens have very little protection in the folded
also exhibited slightly broadened peaks. protein, the deuterium levels are the same for folded and
The relative intensities of the low- and high-mass enve- unfolded aldolase.
lopes indicate the relative populations of molecules folded In addition to the 29 segments described above, the
in the backbone regions represented by these peptic frag-segment including residues 18303 displayed a bimodal
ments. The results in Figure 1 show that the population of isotope pattern. However, the low-mass envelope shifted to
folded molecules gradually increased with dialysis time until a lower mass during dialysis, suggesting that this 15-residue
all molecules were folded. The relative intensities of the low- segment transcended two folding domains. This interpretation
and high-mass envelopes of these fragments were used tas supported by the stabilities of the adjacent fragments of
determine the folding status of specific regions of the aldolaseresidues 178187 and 204211, which belong to the
backbone at various times during dialysis. The dialysis times Intermediate and Most Stable folding domains, respectively
required for half of the molecules to fold in regions (Table 1). To investigate this hypothesis further, CID MS/
represented by the peptic fragments are presented in TableMS analysis was used as described previoudl). (Deute-
1. Close examination of these times showed that they couldrium levels in specific regions of this peptic fragment were
be divided into three groups, designated as Least Stabledetermined from the masses of several b-series ions as a
Intermediate, and Most Stable. Because near equilibrium function of the dialysis time. These results (Figure 3) show
populations of folded domains prevailed throughout the that residues 206203 folded considerably faster than
dialysis, the increases in the populations of these domainsresidues 188199. When compared with folding times of
with dialysis time indicated their relative stabilities. These the three folding domains, these results show that residues
groups will be termed folding domains to distinguish them 200-203 (half-life of 33 min) belong to the Most Stable
from unfolding domains found in our previous studies of domain, while residues 188199 (half-life of 49 min) fold
aldolase unfolding. Results for all 27 peptic fragments are with the Intermediate domain. It follows that this particular
presented in Figure 2, which is a plot of the percent of transition between the Most Stable and Intermediate folding
molecules that were folded in specific regions versus the domains is located very close to residue 200.
dialysis time. Data points and error bars are the means and Results described above illustrate aldolase folding, as
standard deviations for all of the peptic fragments comprising sensed by the dialysis times when amide hydrogens along
each unfolding-refolding domain. This figure also shows the backbone become protected from isotope exchange.
the GAHCI concentration as a function of the dialysis time. Aldolase folding was also followed by the evolution of
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100 - study, amide hydrogen exchange, CD (222 nm), and enzy-
[ matic activity, showed that most of the refolding occurred
after dialysis for 46-60 min. In addition, activity and CD
measurements showed that aldolase regained 85% of its
original form at the end of dialysis (Figure 4), indicating

80 -

3 - that most of the protein refolded to its native state.
2 60 i After dialysis times of 36-:60 min, mass spectra of most
w peptides had two envelopes of isotope peaks, indicating a
g wl o880 bimodal distribution of deuterium. Correlation of deuterium
E I —e— 194-197 levels in these envelopes with results for reference samples
e indicated that specific regions of the aldolase backbone were
w0l folded in some molecules and unfolded in others. These
! results also showed that H/D exchange in aldolase equili-
brated h 6 M GdHCI was complete within 10 s. That is, the
N S N N T same deuterium levels were found in peptic fragments taken
0 20 40 60 80 100 120 140 from the intact protein in both the unfolded and 100% ref
Dialysis Time (min) samples. For the conditions used in these experiments (pH

FicUrRe 3: Percentage of aldolase molecules folded in regions /-0 @nd 2ZC), exchange into most unfolded segments should
represented by b-series ions produced by collision-induced dis- be 99% complete withi2 s (19). Finding complete exchange
sociation of a peptic fragment (residues $¥&@®3) cleaved from  in the peptic fragments taken from unfolded aldolase pulse
aldolase dialyzed for various times. labeled for 10 s shows that any residual structure in aldolase
100 equilibrated n 6 M GdHCI has a protection factor of less
" than 2-10. These results do not preclude the possibility of
L residual structure that is transparent to hydrogen exchange.
80 - The deuterium levels and intermolecular distributions in
[ the refolded aldolase, as indicated by the average mass and
width of the low-mass envelope of isotope peaks, provide
60 information about the structure of refolded aldolase. The
deuterium levels found in the low-mass envelopes were
r generally equal to those found in native aldolase pulse labeled
or 2 —e— CD signal at 222 nm under the same conditions (i.e., the folded reference). These
P - -®- - Activity assay results show that both refolded and native aldolase had
20 | . similar structures, as sensed by the rapidly exchanging amide
. hydrogens. However, it is noted that the width of the low-
(7 o mass envelope was consistently greater for refolded aldolase
IS N S R E R than for native aldolase (see Figure 1). The broader inter-
0 20 40 60 80 100 120 140 molecular distribution of deuterium suggests that refolding
Dialysis Time (min) under the conditions described herein leads to some structural
FiGURe 4: Aldolase folding progress with dialysis time determined Neterogeneity in the refolded aldolase. This heterogeneity
by CD (222 nm) and enzymatic activity. may reflect the approximately 15% of the protein that did
) ) o ] ~not fold to an active form (Figure 4).
a-helices and enzymatic activity assessed in parallel exXperi-  The times required for the folding domains in half of the
ments. The percent of aldolase that was folded at variousygjecyles to fold were determined from the mass spectra of
dialysis times was estimated from CD (222 nm) signals peniic fragments taken from the labeled protein following
obtained for the native aldolase and aldolase that wasrioys dialysis times. Sorting the folding times of 28
completely unfoldedri 6 M GAHCI. The enzymatic activity  fragments led to three groups of fragments with folding half-
qf aldolase was also determln(_ad foIIowmg various dialysis |jyes of 36, 47, and 56 min (Table 1). The average standard
times. _Results of these exper_|ments (Figure 4) show _thatdeviation of folding times within each group:—B min, is
approximately 85% of bothi-helix character and enzymatic  y,ch smaller than the differences<®1 min) between the
activity of aIggIase was_regamed. after folding under the ,aan folding times of the groups, justifying the sorting
dialysis conditions described herein. process. Each domain has 9 or 10 peptides that cover
approximately one-third of the entire backbone. These results
DISCUSSION show that refolding of aldolase fino 6 M GdHCI involves
Two Intermediates Are Populated during Folding of the at least three folding domains. Molecules with one (Most
Aldolase Monomer.In this study, folding of aldolase  Stable) or two (Most Stable and Intermediate) domains folded
monomers was studied by unfolding and dissociating the are designated as the unfoldinfplding intermediates. A
native tetrameric proteimié M GdHCI followed by slowly three-dimensional representation of an aldolase monomer
reducing the denaturant concentration by dialysis over aillustrating these folding domains is presented in Figure 5A,
period of 24 h. This approach was necessary because allwhere the Most Stable, Intermediate, and Least Stable folding
attempts to refold aldolase by rapidly diluting the GdHCI regions are colored red, green, and blue, respectively. The
gave clear solutions, but inactive protein (unpublished folding behavior of some regions remains undetermined
results). All three methods used to follow folding in this because some peptic fragments failed to give quality mass

Percent Folded
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Ficure 6: Primary structure of aldolase illustrating locations of
secondary structural units, peptic fragments used in this study, and
the three folding domains.

require docking multiple, noncontiguous regions of the
backbone.

The locations of thex-helices ands-strands in aldolase
are also presented in Figure 6. The four regions comprising
the Most Stable folding domain include partsahelices
D—F and |, as well as parts @Fstrands d and g. Similarly,
the four regions making up the Intermediate domain include
parts of several helices (AA,, D, and F) as well as parts
: : - - of three strands (a, e, and h). These results do not appear to
Ficure 5: Three-dimensional views of aldolase monomers illustrat- support a simple model where althelices or all3-strands

ing the folding (results presented herein) and unfoldidg) ( . .
domains. (A) Most Stable, Intermediate, and Least Stable folding fold as a unit. Although some of the strands and helices are

domains are colored red, green, and blue, respectively. Backboneclose in the primary structure, there is little evidence that
regions for which the folding rates could not be determined, either the folding domains consist of specific structural motifs, such
because the corresponding peptic fragments were not found orgs a helix-strand-helix motif.

because they did not give bimodal isotope patterns, are colored . . . .
gray. Three segments found to change domains are labeled. (B) The unfolding and refolding behavior of rabbit muscle

Most Stable, Intermediate, and Least Stable unfolding domains are@ldolase appears to be different from the unfolding and
colored red, green, and blue, respectively. Parts of @Awlices folding behaviors reported for othef-barrel proteins.

from adjacent subunits are indicated with pale colors. The three Apalysis of various constructs of thesubunit of tryptophan
black regions are short segments of the aldolase backbone that ar%ynthase by different physical methods indicated that the
particularly resistant to unfolding. N-terminus including o):_s folds initially (22—24). This

spectra due to the low concentrations of aldolase used infoldmg pattern was also predicted by theoretllcal simulation
using a lattice model for the unfolded protein and Monte

this study and because the native form of some regions has . L .
little protection from H/D exchange. Carlo dynamics Z5). A similar folding pattern has been

reported for phosphoribosylanthranilate isomer&& Z7).

The relationship between the primary structure of aldolase ynfolding studies of the:-subunit of luciferase also suggest
and its three folding domains is presented in Figure 6. Thesethat folding may start with the N-terminu28). Another
results show that the Most Stable folding domain includes g-barrel protein, imidazole glycerol phosphate synthase
at least four different regions of the aldolase backbone that (HisF), appears to fold through assembly of two units,
are separated by one or more parts of other folding domains.(5a);—4 and Bo)s-s (29). These results, as well as those of
The regions comprising the Most Stable folding domain the study on aldolase presented here, suggest that several
include residues-117, 144-170, 204-211, and 255269. different models may be required to describe the unfolding
These four widely dispersed regions must come together inand refolding ofo/3-barrel proteins, despite their high level
a cooperative folding step. Results presented in Figure 6 alsoof structural similarity.
show that the Intermediate folding domain consists of at least The hierarchic model for protein folding starts with a

four isolated regions (residues-3%3, 171-187, 229-238, general contraction, followed by formation of local helices
and 284-298), while the Least Stable domain appears to and turns, followed by docking of these local, relatively
consist of two regions (residues 5830 and 299-363). unstable structures to form the stable tertiary struct8€e (

These results show that the cooperative unfolding and 31). These results (see Figure 6) indicate that individual
refolding of each of the three folding domains of aldolase helices may unfold and refold as parts of two different
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domains. That is,_ unfolding and refolding of indiVidual Table 2: Segments of the Aldolase Backbone that Are in One
helices may occur in two steps. For example, the N-terminal Folding Domain, but in a Different Unfolding Domain

part of helix D folds with the Most Stable domain, while found expected found
the C-terminal part of this helix folds with the Intermedlgte residues  during folding  during unfolding  during unfolding
domain. Likewise, the N-terminal part of helix F folds with 127

. . . . . Least Stable Least Stable Intermediate
the Intermediate domain, while the C-terminal part of thiS 144-151  Most Stable Most Stable Intermediate
helix folds with the Most Stable domain. These results show 171-187  Intermediate Intermediate Most Stable

that formation of structure offering protection from hydrogen
exchange occurred on a time scale that was much shortesuggest that the three short segments in the subunit binding
than the labeling time, 10 s. Although it cannot be determined surface may be responsible for aggregation in folding studies.
from these results whether the local structure was formed Identification of specific regions responsible for aggregation
before, with or after formation of longer-range tertiary by amide hydrogen exchange may be an important step in
structure, finding that helices can fold in two highly resolved redesigning proteins to be resistant to aggregation.

steps suggests that the tertiary forces play a significant role  Results presented in Figure 5 indicate that aldolase follows
in establishing boundaries of folding domains. Similar results similar folding and unfolding pathways. That is, most of the
have been reported for apomyoglobin, where the B helix residues comprising the Most Stable folding domain (red in
appears to fold in two different step32). Figure 5A) were the residues found in the Most Stable

Quaternary Structure Affects the Structure of Equilibrium unfolding domain (red in Figure 5B). Likewise, most of the
IntermediatesThe urea-induced unfolding of aldolase has residues in the Least Stable folding domain (blue) were in
been studied extensively using H/D exchange and MS tothe Least Stable unfolding domain (blue). There are,
identify and quantify intermediates under both kinetic and however, three regions (see Figure 5A) that do not fit this
equilibrium conditions 12, 13, 33). These studies showed simple pattern. Results for these segments, which change
that aldolase has two unfolding intermediates (i.e., three domains when the folding process is reversed, are sum-
unfolding domains) that may be highly populated under both marized in Table 2. The segment including residues-116
kinetic and equilibrium conditions. Locations of the three 127 was part of the Least Stable folding domain (blue in
unfolding domains within the three-dimensional structure of Figure 5A), suggesting it would be part of the Least Stable
aldolase are indicated in Figure 5B, where the Most Stable, unfolding domain. However, it was found as part of the
Intermediate, and Least Stable unfolding regions are coloredintermediate unfolding domain (green in Figure 5B). These
red, green, and blue, respectively. Isotope exchange and CDresidues, along with the adjacent segment of residues 106
showed that aldolase was largely unfolded in 3.5 M urea. 115, form two poorly define@-strands that are not part of
However, isotope exchange in three short segments (residuethe maings-barrel comprising the structural core of aldolase.
166—-170, 204-206, and 251255, black in Figure 5B) was ~ The segment including residues 34451, which forms one
not detected under these conditions. These three segmentsf the principalS-strands in thex/5-barrel, was part of the
are parts ofx-helices located in the subunit binding surface Most Stable folding domain (red in Figure 5A), suggesting
(7) where they interact witlu-helices from other subunits  that it would be part of the Most Stable unfolding domain.
(pale colors in Figure 5B). Contact between the subunits is However, experiment showed that this segment was part of
primarily through hydrophobic side chains located in the the Intermediate unfolding domain. The third segment found
flanking o-helices. The extremely slow hydrogen exchange to change domains, residues 17187, formed large parts
in these segments was interpreted as evidence that aldolasef a S-strand and an adjoining-helix. This segment was
maintains its quaternary structure long after it has lost most part of the Intermediate folding domain, but part of the Most
of its secondary and tertiary structure. Stable unfolding domain.

In these experiments, folding was initiated from 6 M Finding two intermediates with similar structures in both
GdHCI, which dissociates aldolase into monomeric subunits unfolding and folding experiments suggests that these two
(16). Several lines of evidence indicate that folding occurred processes use similar pathways. However, finding three
prior to assembly of monomers to form tetramers. For relatively small regions that do not follow the expected
example, regions including the three short segments previ-folding—unfolding patterns indicates slightly different reac-
ously found to be diagnostic for the unfolded tetramer tion paths. In these experiments, folding was initiated from
achieved protection at the same dialysis time as all other6 M GdHCI, a condition in which aldolase was completely
segments in the Most Stable folding domain (see the Most unfolded and disassembled. Unfolding was performed-is 1
Stable column in Table 1). Had there been significant M urea, a condition that largely unfolds aldolase, but does
concentrations of unfolded tetramer, these segments wouldnot disassemble the tetramer. Because of the unusual stability
have achieved protection faster than other parts of the fastof the quaternary structure in aldolase, the unfolding experi-
folding domain. Folding of aldolase prior to assembly of the ments did not involve monomers. These results suggest that
tetramer is also supported by rapid mixing studies (unpub- binding toa-helices in adjacent subunits alters the structure
lished results) and with earlier studiégl(35). Size-exclusion in the regions, including the three segments that changed
chromatography shows that approximately 24 h is required domains, thereby changing the reaction paths slightly.
for formation of the tetramer (unpublished results). The contact between these three segments and other

It is interesting to note that these folding experiments gave subunits has been estimated from differences in their
primarily aggregates or inactive protein when the concentra- accessible solvent areas when calculated for the monomer
tion of aldolase was greater than 4®1. No aggregation and tetramer. The average accessible solvent areas for
was evident in the unfolding studies, which were performed residues 116127 and 174187 are reduced to approxi-
with an aldolase concentration of 2Q0M. These results  mately 50% in the tetramer, indicating that these segments
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Ficure 7: Contact map for backbone segments of aldolase based on its crystal structure (PDB entry 1ADO). (A) Contacts among the
segments included in the Most Stable folding domain. (B) Contacts among the Most Stable, Intermediate, and Least Stable domains. Connected
segments, indicated with red lines, have interatomic contacts4of (38).

have considerable contact with adjacent subunits. Directforces. Although highly hydrophobic patches occur in all
measurements of interatomic distances show that residueghree folding domains, three of the four regions comprising
116, 117, 125, 127, 172, 175, and 179 areychlA from the Most Stable folding domain are highly hydrophobic.
residues in another subunit. These contacts are expected t€ontact among these four regions (see Figure 7A) has been
stabilize the folded forms of these regions (see Table 2). Theidentified from the X-ray crystal structure of aldolase. In
other segment exhibiting unexpected unfolding behavior, Figure 7, Most Stable, Intermediate, and Least Stable folding
which includes residues 14451, does not appear to have domains are colored red, green, and blue, respectively. The
any contact with other subunits. red lines indicate the number of contacts between these
Proposed Folding Model for AldolaseFolding and ~ Segments that are within approximatel A of each other.
unfolding of theo/-barrel, rabbit muscle aldolase, have been These measurements show that the four regions making up
studied extensively by hydrogen exchange, CD, and activity. the Most Stable folding domain have many points of mutual
Results of these studies show that protection against hydroger¢ontact in folded aldolase.
exchange, formation ofi-helices, and enzymatic activity Following formation of the Most Stable folding domain
occur on the same time scale, when averaged over the entiré(red in Figure 5A), approximately 110 more residues achieve
population of molecules. Aldolase folding is envisioned to protection in each of the next two stages of folding. Both
start with collapse to a compact state where four widely reactions appear to be highly cooperative, occurring in less
separated regions of the backbone, including a total of than 10 s. As in the first step, each of these folding domains
approximately 110 residues, become closely packed in anincludes residues from widely different regions of the
apparent highly cooperative action with a duration that is backbone with no preferences for particular types of second-
considerably shorter than the labeling time, 10 s. Following ary structure (Figure 6). This behavior is not consistent with
formation of this folding nucleus, two additional domains many small steps, each involving another unit of local
fold sequentially and cooperatively. Each of these domains structure, though such behavior might be detected using
also has approximately 110 residues. Finding that ap- shorter labeling times. Given the locations of these segments
proximately 110 residues fold in each step is consistent with in folded aldolase, and given that aldolase has only one
predictions that large proteins are likely to fold in steps apparent structural domain, it also seems unlikely that these
involving approximately 10036). regions fold into a unit before binding to the initially formed
Coalescence of four segments to form a highly compact domain. It seems more likely that the second and third
folding nucleus might occur by assembly of local structural domains fold using the domain folded in the preceding step
units [i.e., hierarchic model3Q, 31)]. However, finding as a template37). The pattern of inter-residue contacts in
approximately half of twoo-helices in this domain while  folded aldolase (see Figure 7B) supports this view. The red
their other halves are in a different folding domain is not lines in the top panel of Figure 7B indicate the number of
consistent with this model. Likewise, finding no apparent direct contacts between the segments of the Most Stable
preference for particular types of secondary structure is alsofolding domain (folding nucleus) and segments of the
inconsistent with the hierarchic model. Coalescence of theselntermediate (green) and Least Stable (blue) folding domains.
segments might also be driven directly by hydrophobic This presentation indicates numerous contacts between the
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Most Stable and Intermediate domains, but very few contacts 15

between the Most Stable and Least Stable domains. However,
there are many direct contacts between the Intermediate and
Least Stable domains (see the bottom of Figure 7B). These 17.
results suggest that a folded region may function as a 18.

template for folding of another domain. The general validity
of this model awaits similar studies of otheys-barrel
proteins.
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