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ABSTRACT: Structural characterization of protein unfolding intermediates [Kiefhaber et al. (1¢#thye

375, 513; Hoeltzli et al.(1995Proc. Natl. Acad. Sci. U.S.A. 99318], which until recently were thought

to be nonexistent, is beginning to give information on the mechanism of unfolding. To test for apomyoglobin
unfolding intermediates, we monitored kinetics of urea-induced denaturation by stop-flow tryptophan
fluorescence and quench-flow amide hydrogen exchange. Both measurements yield a single, measurable
kinetic phase of identical rate, indicating that the reaction is highly cooperative. A burst phase in
fluorescence, however, suggests that an intermediate is rapidly formed. To structurally characterize it, we
carried out stop-flow thiol-disulfide exchange studies of 10 single cysteine-containing mutants. Cysteine
probes buried at major sites of hetikelix pairing revealed that side chains throughout the protein unpack

and become accessible to the labeling reagent-fthiobis (2-nitrobenzoic acid)] with one of two rates.
Probes located at all helical-packing interfacegcept for one-become exposed at the rate of global
unfolding as determined by fluorescence and hydrogen exchange measurements. In contrast, probes located
at the A—E helical interface undergo complete thiol-disulfide exchange within the mixing dead time of

6 ms. These results point to the existence of a burst-phase unfolding intermediate that contains globally
intact hydrogen bonds but locally disrupted side-chain packing interactions. Dissolution of secondary and
tertiary structure are therefore not tightly coupled processes. We suggest that disruption of tertiary structure
may be a stepwise process that begins at the weakest point of the native fold, as determined by native-
state hydrogen-exchange parameters.

The goal of this study is to characterize changes in Knowledge of their structures and properties therefore
secondary and tertiary structure that occur during urea- provides glimpses of the conformational landscape not
induced apomyoglobin (apoMb) unfolding. It is desirable to accessible by kinetic refolding experiments. (iii) In contrast
study protein unfolding for several reasons. (i) Structures of to the refolding reaction, unfolding starts from a conforma-
intermediates give information on the nature of the unfolding tionally homogeneous state. The unfolding mechanism is
transition state, which is not known. (ii) Unfolding interme- consequently described by a fewer number of states and
diates are not likely to be populated in folding conditions. pathways and presents a more tractable kinetic problem.

+ Supported by NIH Grant RO1GMS7009, Sperm Whal_e apoMb is a _153 amino acid prote_ln whose
*To whom correspondence should be addressed. E-mail: lohs@ structure consists of eighthelices designated-AH (Figure
hscsyr.edu. Phone: (315) 464-8731. Fax: (315) 464-8750. 1). It has long served as a model system for folding studies
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tively. The SX methodology employed here, modified from
our previous study of apoMb refoldin@)( is described as
follows. The protein is induced to unfold by rapid dilution
into urea in the presence of 5ithiobis (2-nitrobenzoic
acid) (DTNB). Conditions are selected such that the SX rate
is much faster than the rate of unfolding when the probe
Cys is solvent exposed and is vanishingly slow when the
thiol group is buried in native structure. Appearance of the
5-thio-(2-nitrobenzoic acid) (TNB) leaving group is therefore
an instantaneous measure of side-chain unpacking and
exposure at the probe site.

SX was used as the primary source of side-chain structural
information rather than 1D NMR for two reasons. First,
apoMb unfolds too rapidly~1 s) to track by NMR. Second,
NMR conformational probes are limited to the relatively few
resonances that are resolved in 1D spectra. We placed 10
cysteine reporter groups at every major helpelix pairing
site in the protein. Compared to 1D NMR, SX can thus
generate a more detailed picture of tertiary structural changes

Ficure 1: Locations of introduced cysteine residues in Mb. Trp14 occurring throughout the molecule, on a much faster (milli-

is also showna. carbons are represented by large spheres and sideSecond) time _scale_. o _
chains by sticks. The results identify an apoMb unfolding intermediate that

forms in the mixing dead time of6 ms. It appears to share
because several intermediates are well populated in kineticsimilar properties as the RNase A and DHFR intermediates.
refolding experiments. A stable subdomaig),(comprised The SX approach has allowed us to isolate the region of
of helices A, G, and H, folds in the sub-millisecond time disrupted side-chain packing to the C-terminal end of helix

scale at pH 61—4). A second intermediategjl forms with E, where contacts with helix A are loosened. This interpreta-
a time constant of 2630 ms @, 5). I, is believed to contain  tion is supported by the observation of a missing amplitude
a more highly structured B helix6). The resulting A-G— in fluorescence monitored unfolding. Trpl14 is located in helix

H—B subdomain is more stable thayahd exhibits enhanced A at the A—E interface, and its side chain 5 A from the
packing interactions 7). Thus, the apparent transition state Cys residues exhibiting burst phase SX behavior. The
for folding occurs late in the reaction, after significant experiments suggest a reason 1D NMR measurements
hydrogen bonding and side-chain packing interactions havedetected similar intermediates for RNase A and DHFR but
formed in much of the molecule. not for hen lysozyme1(2). Loss of side-chain structure is

By contrast, there are few structural clues to provide highly localized and can go unobserved if there are no NMR
insight into the apoMb unfolding mechanism. Intermediates probes in the affected region(s).
are usually not detected in urea- or guanidine-induced
unfolding experiments. The reasons are because (i) inter-MATERIALS AND METHODS
mediates are less stable than their corresponding native states Construction, Expression, and Purification of Mutant
and they rapidly depopulate upon addition of denaturant, (ii) apoMb. Site-specific mutations were introduced using the
the unfolding transition state usually occurs early in the overlap extension polymerase chain reaction technitje (
reaction, being structurally similar to the native state. ApoMb gene sequences were checked in their entirety and
Nevertheless, one-dimensional nuclear magnetic resonanceerified to be correct. Proteins were expresseisoherichia
(1D NMR) spectroscopy has identified unfolding intermedi- coli and purified as previously describeg).(Following heme
ates of ribonuclease A (RNase A8)(and dihydrofolate extraction (4) and lyophilization, some mutants exhibited
reductase (DHFR)9) that near-UV CD, far-UV CD, and  a minor population of oxidized dimer. These proteins were
fluorescence failed to detect. These species exhibited areduced by 150 mMp-mercaptoethanohi 6 M guanidine
perplexing combination of properties: the backbone hydro- hydrochloride and desalted on a PD-10 Sephadex column
gen bond networks were fully intact@), but some previ-  (Pharmacia) prior to the experiments. No significant oxida-
ously rigid internal side chains were freely rotating. This tion occurred during the course of the experiments, as
curious observation led the authors to propose that the rate-determined by DTNB assays performed at the end of the
limiting step is breakage of the hydrogen bond network day. Protein concentrations were ascertained by 280 nm
caused by penetration of water into the hydrophobic core absorbance in 7.0 M guanidine hydrochloride (pH 6.2) using
(8). an extinction coefficient of 15200 M cm™ (15).

To test the generality of this hypothesis, we monitored  Equilibrium Fluorescence Measuremerifata were col-
apoMb unfolding by quench-flow amide hydrogen exchange lected at £C on a SPEX Fluorolog 3-21 spectrofluorimeter.
(HX) and stop-flow thiol-disulfide exchange (SX2)( Excitation and emission wavelengths were 280 and 328 nm,
respectively. The two exchange mechanisms are governedespectively, with both monochromator slit widths set to 2
by the same structural principles, and both can be modelednm. Solution conditions were-3% uM apoMb and 20 mM
by the Linderstram-Lang equatiohl). HX and SX comple- ethylenediamine (pH 9.8).
ment each other by reporting on main-chain hydrogen Quench-Flow Amide Hydrogen Exchangf&l apoMb was
bonding and side-chain burial/packing interactions, respec- prepared as previously describe®).(Prior to the experi-
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Table 1: Locations of Cysteine Probes and Unfolding Kinetics of ApoMb Variants

variant kinetic class contact residaes helical interface KPS (5P K2 (5P

wild-type not applicable not applicable not applicable 4.0 not applicable
V10C class 1 Alal30, Met131 AH 7.3 4.9

V17C class 1 Asp 20, Val21, His24, Leull5 -B-G 17 13

G25C class 1 Leu61, Lys62, Gly65, Val66, Leu69 -B 43 78

G65C class 1 Val21, Ala22, Gly25, GIn26, Leu29 —-B 21 32

L69C class 1 Trpl4, Val21, His24, Gly25, lle28 —-B-E 5.5 3.0
S108C class 1 Leul35, Arg139 —& 3.9 3.7
Al10C class 1 lle28, Leu32, Arg31l B85 4.2 3.0
A134C class 1 Leu2, Trp7, Vallo, Leu76 —&—H 6.6 6.1

G73C class 2 Leull, Trpl4, Glul8 —& 14 >300¢°
L76C class 2 Trp7, Leull, Trpl4 +E 25 >300°

a Determined by identifying residues whose side chains are within 4.0 A of the target side chain in the wild-type myoglobin X-ray structure.
When wild-type residues were Ala and Gly, the probe radius was increased to 5.0 and 6.0 A, respectively, to compensate for the increased size of
the Cys side chain. The SYBYL software package (Tripos, Inc.) was used for the calculations. Only residues outside of the parent helix are listed.
b See Materials and Methods for solution conditions. Errors are estimated=+d @¥%. ¢ Lower limit of the rate constant based on the estimated
mixing dead time of 6 ms.

ments, protein samples were fully deuterated by incubation
in 99.8%2H,0 (Cambridge Isotope Laboratories, Inc.) at 4
°C, pH 3 for 48 h. HX samples were prepared afCQusing

a Bio-Logic SFM4-Q/S unit operating in quench-flow mode
(Molecular Kinetics, Inc.). Unfolding and hydrogen exchange
were simultaneously initiated by mixing 1 vol of 0.4 mM
apoMb (pH 6 in unbufferedH,0) with 5 vol of 7.5 M urea
and 10 mM glycine (pH 9.7) iAH,O. The labeling pH was
measured to be 9.3 0.2. After a variable time, HX was
quenched and the protein refolded by rapid addition of 5 _ Molar urea

vol of 50 mM sodium acetate (pH 5.25, yielding a pH of FiGure 2: Comparison between initial and final fluorescence values

- . : : from kinetic experiments and fluorescence emission values from
5.6+ 0.2 after dilution). The solution was then directed into equilibrium measurements. Data are for wild-type apoMb. Open

a tube containing 40 vol of 12M hemin (Sigma Chemical  squares are final kinetic values. Closed circles are initial kinetic
Co.), 1 mM potassium cyanide, (pH 9.2, unbuffered) and values obtained by fitting the kinetic curves to single-exponential
immediately vortexed. The final pH was measured to be 6.0 functions. Open triangles are equilibrium emission spectra integrated
+ 0.2. The remaining steps of NMR sample preparation, 2D from 300 to 450 nm. The solid line indicates the linear fit of the

115 . - native baseline (61.5 M urea in the equilibrium curve). Data were
H-™N heteronuclear multiple quantum correlatidfdata  homajized by scaling the equilibrium curve to the final kinetic

acquisition and processing, 2D peak volume integration, andreadings, using native {01.5 M urea) and unfolded (5:66.0 M
curve fitting, were all carried out as previously described urea) values as reference points.
(6).
Stop-Flow ExperimentRapid kinetic measurements were protein samples.
recorded at £C on the SFM4-Q/S unit set to stop-flow
mode. Unfolding was initiated by mixing 1 vol of apoMb RESULTS AND DISCUSSION

(150uM, pH 6.0, unbuffered) with 2 vol of 7.0 Mureaand  Unfolding Kinetics of Wild-Type apoMB. straightforward
0.4 M ethylenediamine (pH 10.0), and 4 vol of 7.0 M urea, test of two state unfolding is whether the fluorescence decay
2mM EDTA, and 0.1 M ethylenediamine (pH 8.0). The last s a single exponential function, and whether kinetic ampli-
solution contained 15.8 mM DTNB (Acros Organics) inthe tudes agree with the signal change expected from the
SX experiments. The final pH was measured to be=B.6  equilibrium transition curve. Kinetic unfolding transients are
0.2. The maximum dead time of the stopped-flow instrument well fit by one exponential at all urea concentrations (data
was estimated to be 6 ms. Fluorescence emission Wasnot shown). Figure 2 shows initial and final fluorescence
collected using a 305 nm cutoff filter (Oriel Corp.) with  values from kinetic unfolding experiments, superimposed on
excitation at 280 nm. SX was monitored by the appearancethe equilibrium denaturation curve. The initial fluorescence
of the TNB signal at 412 nmeg;= 13 700 Mt cm™?) (17). values deviate significantly from the equilibrium baseline,
Native-state SX experiments were performed by mixing suggesting that a fast unfolding event occurs within the
1 vol of apoMb (15QuM, pH 6.0, unbuffered) with 2 vol of ~ mixing dead time.

Fluorescence (arbitrary units)

0.2 M ethylenediamine (pH 9.8) and 2 vol of 25 mM Tris- To better characterize this putative intermediate, we
acetate (pH 8.0) containing 2 mM EDTA and 15.8 mM determined the kinetics of hydrogen bond disruption during
DTNB. The final pH was measured to be $60.2. unfolding by diluting the’H-labeled native protein into urea-

To process the kinetic data, at least six transients wereH,O solution at pH 9.3. Under these conditions, intrinsic
averaged, and the resulting curve was fitted to a single- exchange rates for unstructured amides=a600-fold faster
exponential function using the Bio-Kine software package than the measured rate of apoMb unfolding (8)sThe
(version 2.10, Bio-Logic, Inc.). The error limits of the fitted observed rate is therefore limited by structural opening, and
rate constants are estimated to-b&0%, based on results HX is a direct indicator of hydrogen bond breakage.
of experiments performed on different days with different Exchange curves, shown in Figure 3, exhibit three notable
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Ficure 3: Unfolding of wild-type apoMb monitored by amide hydrogen exchange and NMR. Each panel shows the time dependent exchange
of amide hydrogens in the indicated helical structure. Lines are obtained by fitting all of the data points within each helix to a single-
exponential function, forcing the curve through zero. Individual helices yield the following rate constants that were derived from the indicated
residues: helix A (6.2t 0.2 s'%, lle9, llell, Trpl4, Vall7, Glul8), helix B (5.2 0.4 s, Asp27, lle28, Leu29, 11e30, Arg31, Leu32),

helix E (9.5+ 0.4 s’1, Gly65, Val66, Val68, Ala71, Leu72, Gly73, Ala74, Leu76), helix G (&3.4 s'1, Leul04, 1le107, Alal10), helix

H (10.6+ 0.9 s'%, Leul35, Glul36, Leul37, Lys140, lle142, Ala143). For emphasis, data points for the class 2 residues Gly73 and Leu76

in helix E are represented by closed triangles and closed circles, respectively, and the remaining points are shaded. Errors are the standard
deviations of rate constants determined from separate fits of individual residues within each helix.

features. (i) All available proton probes, i.e., those with HX bonds appear to be broken in the dead time fluorescence
protection factors exceedingl(® in holoMb and whosé>N phase.

and'H resonances have been assigri),(exchange with Equilibrium Properties of Cysteine Mutanfo determine
similar kinetics. These probes report on five of the seven the extent of tertiary structure disruption in the burst-phase
structured helices in apomyoglobin [helix F samples one or unfolding intermediate, we introduced single Cys residues
more unfolded conformations in the native st&elQ)]. (ii) into 10 buried locations in each of the major helical-packing
A single exponential is sufficient to fit all kinetic curves, interfaces (Figure 1 and Table 1). All target amino acids are
and the resulting rate constants are identical within error to <8% solvent exposed in the myoglobin X-ray structi#@)(

the unfolding rate constant determined by fluorescence. Theas calculated by the MOLMOL progrargl). Complete and
fluorescence rate was measured to be®$.0.1 s under stable burial of Cys thiol groups was confirmed by the slow
the same conditions as the HX experiment (data not shown).rate of SX in the folded states of each mutant. No measurable
(i) There are no significant burst phase amplitudes. These DTNB reaction occurred durin4 s exposures of the native
observations demonstrate that neithendr |, is populated ~ proteins to the same pH and DTNB concentration used in
on urea-induced unfolding. Furthermore, all helical hydrogen the unfolding experiments (data not shown).

bonds are disrupted either during the rate-limiting step or We tested the effect of individual mutations on stability
after it. The slow phase in fluorescence measurementsby means of urea-induced equilibrium denaturation curves
corresponds to this global unfolding event. No hydrogen monitored by Trp fluorescence. Becaugesl populated at
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Ficure 4: Urea-induced equilibrium unfolding of wild-type apoMb

and variants showing class 2 kinetics. Wild-type data are indicated B oo4 ‘ ‘ ‘ ' 80

by closed circles, G73C by open squares, and L76C by open S -

triangles. Spectra were offset in tigeaxis dimension so that the E H‘M 60 §

fluorescence intensities of the unfolded states{8V urea) were & ooz M 8

approximately equal. g M lao g

intermediate urea concentrations in the less stable mutants, § oo / 0 H

AG values are poorly determined from these limited data B3 El

sets 7). We therefore estimated stability differences from { ‘ =

shifts in the position of the urea unfolding midpoir@.). '0'02.0_1 00 o1 02 03 0,40

Four of the mutants (G65C, S108C, A110C, and A134C) Time (s)

were previously shown to denature at approximately the sameg; oc 5- Unfolding kinetics of single Cys apoMb mutants
urea concentration as wild-typ€{ ~ 3.5 M at pH 9.8),  monitored by Trp fluorescence and thiol-disulfide exchange. One
indicating that they are of comparable stabilit§).(The variant representative of each kinetic class is shown: S108C (class

remaining six variants also exhibited simil@;, values 1, panel A) and L76C (class 2, panel B). Upper and lower traces

; o .are SX and fluorescence data, respectively. Solid lines are best fits
(Figure 4 and data not shown). The largest observed shift ISto a single exponential function; in cases where they are not apparent

~0.4 M for G25C. All mutants appear to preserve the they are contained within the data scatter. Data points prior to time
structure of the wild-type protein, as evidenced by the fact zero in SX measurements are included to test for burst-phase

that they retain heme binding function (not shown), possessamplitudes. Scattered points immediately prior to time zero reflect
similar Trp fluorescence emission spectra, and yield slow turbulent fon_d'tt'r?”sb of tlhe mg"”gbp“'se- Thedllnde_ p;ﬁcedt')”g the .
rates of native-state SX that are expected for Cys side chain%}'x'ng puise Is the baseline absorbance recorded in the absence o

o . X otein.
buried in stable native structure. Moreover, the unfolding , .
mechanisms do not seem to be altered. Fluorescence- !N direct contrast to class 1 variants, Cys73 and Cys76

monitored unfolding kinetics are well fit by a single Undergo complete SX during the mixing period, with full

exponential for all variants, although individual rate constants €XPected signal changes taking place within 6 ms (Figure
vary somewhat (Table 1). 5B and Table 1). This rapid SX rate defines class 2 behavior.

: o ) Class 2 kinetics cannot be attributed to mutation-induced
Uniolding Kinetics Monitored by S}(l?he seCOnd-order destabilization: Figure 4 indicates that G73C and L76C are
rate constant E?r t_hle Cys—DTNI_3 reaction was determlned to approximately as stable as wild-type, and Table 1 shows that
be 4> 10'M™* s at pH 9.8 in 6 M urea?). The final  ,5rescence-monitored unfolding rates remain easily mea-
conditions used here (9.0 mM DTNB and 5.3 M urea, pH g apie at 14 and 255 respectively. The burst-phase SX
9.6_)_ensure that the chemical exchange step is not rateamplitude instead reveals the presence of a previously
limiting. Consequently, the observed SX rate is that of the | \reqoived kinetic step that precedes the transition state. Side-
structural opening event that exposes the buried thiol group chain packing interactions at positions 73 and 76 are lost in
to exchange. At most of the Cys probe sites, this opening s step. The burst-phase fluorescence amplitude likely

event is global unfolding. It can be seen from Figure SA onots on the same local unfolding process: side chains of
and Table 1 that, for variants V10C, V17C, G25C, G65C, aciques 14. 73. and 76 ars5 A from each other in the

L69C, S108C, A110C, and A134C, SX rate constants agreeyii4.type myoglobin structure (Figure 1). Thus, SX kinetics
with those of the slow fluorescence phase within a factor of account for both fluorescence phases; no additional inter-
1.8. We designate this kinetic behavior as class 1. Another qdiates are observed.

important characteristic of class 1 kinetics is that no A major concern with the SX method is that DTNB might
_significant burst-phase SX amplituo_ies_ are obs_erved. unlike pingd to or penetrate the native protein and influence
in fluorescence measurements, missing amplitudes can bgnfo|ding. Several lines of evidence rule out this possibility.
detected in SX experiments by simply comparing initial Fjrst in our earlier study that characterized changes in side-
absorbance readings with the baseline values, obtained by-hain packing during apoMb refolding, we compared results
mixing DTNB with buffer only. Figure SA shows that the  gptained using DTNB and methyl methanethiosulfonate
fitted single-exponential curves extrapolate to near zero at (\MTS) as thiol-labeling reagent@), DTNB is negatively
the beginning of the mixing period. charged and has two bulky aromatic rings. MMTS is neutral,
The unfolding rate constants obtained by fluorescence, HX, small, and extremely soluble. Identical results were obtained,
and SX are in close agreement for class 1 mutants. This resultstrongly suggesting that neither reagent binds to apoMb or
demonstrates that, at class 1 sites, side-chain packinginfluences its refolding. Second, the fluorescence- and SX-
interactions are disrupted by the same rate-limiting processderived unfolding kinetics are in good agreement. If DTNB
that results in breakage of the hydrogen bond network. bound to the native structure and stabilized it (or destabilized
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it), then SX rates would be much different than fluorescence ing mechanism (but is not detectable because it lies on the
rates obtained in the absence of DTNB. This is not the caseproduct side of the transition state), then the rate-limiting
for the majority of mutants (i.e., class 1). It is conceivable step is not global disruption of the hydrogen bond network.
that DTNB could bind to a specific pocket near Cys73 and It is instead likely to be a process thHatilitateshydrogen
Cys76 and bring about class 2 behavior. This scenario isbond breakage, which can then occur in one or more steps.
ruled out, however, by native-state SX data. Rapid exchangeOne such process that fits both pH- and urea-induced
is not detected for G73C or L76C in the absence of urea, unfolding results is the penetration of water into the
using the same pH and DTNB concentration as were usedhydrophobic core. Indeed, high-temperature molecular dy-

in the unfolding studies.

namics simulations of protein unfolding have implicated

Class 1 sites are found throughout the protein and at everyhydrophobic core solvation as a major contributor to the

major helix—helix packing interface (Figure 1 and Table 1).
Thus, the majority of the molecule undergoes a highly

activation barrier 23, 24).
If this interpretation of the rate-limiting step is correct,

cooperative unfolding transition in which hydrogen bonds then our results may have identified the main entry point
break and side chains become exposed at the same time. Onljor the water molecules. Consistent with this view is the fact
two probes displaying rapid class 2 kinetics are found, and that helix E possesses the lowest HX protection factors of
they are in the same area of the protein. Trp14, which showsany helix in apoMb 25). Protection factors are lowered by
a similar burst-phase amplitude, maps to this location as well. exchange occurring via local unfolding pathways instead of,
These three probes define a small region at the C-terminalor in addition to, the global unfolding pathwagg 27).
end of helix E, at the AE interface, where side-chain  Native-state HX measurements have correlated the structures
structure has been severely weakened or completely lost. Itand free energies of partially unfolded equilibrium states with
is important to note that the hydrogen bonds of residues 73the temporal order of kinetic refolding intermediat26, @8).
and 76 remain intact during the burst phase, as emphasizedrhis relationship has led to the suggestion that the lowest
by the closed triangles and closed circles in Figure 3. energy equilibrium intermediates are the first structures to
Figure 1 and Table 1 illustrate how localized this region appear on unfolding and the last to appear on refoldas (
is. Cys69 is only 1 helical turn from Cys73, yet it exhibits \We note that helix E is the last to form in kinetic refolding
class 1 behavior. The difference between the two sites isstudies {, 2). Experiments have not yet been performed to
that Gly73 contacts only helix A residues (Leull, Trpl4, testwhether the low protection factors of helix E are caused
and Glu18) in the wild-type structure, whereas Leu69 makes by such a low-energy cooperative unfolding reaction. Nev-
numerous contacts with helix B amino acids (Val21, His24, ertheless, it might be anticipated that initial loss of structure
Gly25, and lle28) in addition to Trp14 of helix A. Positions  on unfolding would involve helix E. Protection factors in
25 (helix B) and 65 (helix E) directly pack against each other. helix A are >100-fold higher than in helix E25), further
Both Cys25 and Cys65 follow class 1 kinetics, demonstrating supporting the idea that the rapid unfolding event is partial
that the N-terminal half of helix E retains its tight packing loosening of helix E, not helix A, from the rest of the protein.
with helix B in the unfolding intermediate. Why do Cys10 = tpe present results show that loss of secondary and tertiary
and Cys17 exchange with class 1 kinetics when they are bothgi,,cture are not tightly coupled processes. Side-chain
in helix A? In all likelihood because they do not pack against hacking interactions are abolished in a small region of the
helix E, but rather against helix H (Ala130 and Met131) and otein, well before the rate-limiting step that brings about
helix G (Leu115), respectively. One might expect Cys134 widespread dissolution of helical secondary structure. Dis-
of helix H to exchange with class 2 kinetics, since it is in - qiion of tertiary interactions appears to begin at the least
contact with helix A (Leu2, Trp7, and Vall0) and helix E - giap|e helical region of the molecule, as defined by native-
(Leu76). The slow observed SX rate indicates that thé#\  giate protection factors. Stabilizing helix E or destabilizing

E—H, or both helical interfaces remain stably packed in the ¢ gther helices in apoMb can test whether this phenomenon
intermediate. The class 1 behavior of Cys10-(Ainterface) is a general one.

supports this interpretation. In summary, the distinction
between class 1 and class 2 sites is that class 2 locations are
buried in the A-E interface, and only in the AE interfface. =~ ACKNOWLEDGMENT
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