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ABSTRACT. The conformational stability of a smal~7 kDa), all 3-sheet protein, cardiotoxin analogue

I (CTX 1), from the venom of the Taiwan cobra has been investigated by hydredenterium (H/D)
exchange using two-dimensional NMR spectroscopy. The H/D exchange kinetics of backbone amide protons
in CTX Illl has been monitored at pD 3.6 and 6.6 (at Z5), for over 5000 h. Examination of H/D
exchange kinetics in the protein showed that a number of slowly exchanging residues are in the hydrophobic
core of the protein. The average protection factor of the amide protons of residues belonging to the triple-
strandegB-sheet domain is about 20 times greater than that of those in the double-sifasitset segment.

The residues in the C-terminal tail of the molecule, though structureless, have been found to exhibit
significant protection against H/D exchange. Comparison of the quenched-flow H/D exchange data on
CTX Il with those obtained in the present study reveals that the most slowly exchanging portion constitutes

the folding core of the protein.

The fundamental forces governing the conformational
stability of proteins in solution are still not completely

understood. Although valuable information could be obtained
from conventional methods such as denaturant titration and

calorimetric measurements, very little information is available
on the conformational dynamics of proteins in solution. In
this context, hydrogendeuterium (H/D) exchange has

become an important tool in the study of structure, stability,
folding dynamics and intermolecular interactions in protein
systems in solution1l—4). H/D exchange data for proteins

directly indicate the relative accessibility of various protons

each other. However, solvent exchange only takes place from
the open state:

ke Kint
closed=— open— exchange
P

wherek,, andkg are the rate constants for the opening and
closing conformations an# is the exchange rate in the
random coil conformational state. The observed exchange
rate, Kex, is given bykogkind(Kei + Kint).

There are two kinetic limits for exchang&7-19). The

to solvent 6, 6). H/D experiments derive advantage of the first limit (EX1) occurs whenky < k. The resulting
fact that the hydrogen bonded amide protons exchange withopserved exchange rate,, is equivalent tdko,. The second
solvent at several orders of magnitude slower than which |imit (EX2) occurs if conformational closing is faster than

are non-hydrogen bonded,(8). Large differences in the

solvent exchange from open stalg & kin). The intrinsic

rates of exchange of hydrogen-bonded residues could begxchange in open stake, = (Kop/ke)kint = Kedkint (WhereKeg

observed 9—12). The significant differences are a direct

is defined as the equilibrium constant for the conformational

measurement of the local stability, which permits an assess-ransition between open and closed states). Thus, under EX2

ment of the local rigidity or the flexibility in the protein
molecule. The detailed structural stability information of a

conditions, the exchange kinetics can be used to study the
equilibrium between the open and closed states. Since the

protein at the residue level could be obtained by measuringintrinsic rate k) of exchange from the open state can be

the hydrogen exchange kinetics of individual residuks; (
14).

The H/D exchange of proteins in their folded state is
generally believed to follow the two-step modéals( 16).
According to this model, a protein is believed to be in two
sets of conformations, closed and open, in equilibrium with
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predicted from the unstructured peptide data, the standard
free energy change of the opening reaction can be reliably
estimated aAGex = —RTINn Keg (WhereKeq = Kedking), Wwhere
AGey is the free energy for the opening procea’ss the gas
constant, and is the temperature in kelvins.

The two extreme cases of the two-step exchange model
are limited local fluctuations and complete global unfolding
(20—22). The slowest exchanging amide protons are gener-
ally believed to exchange by the global unfolding pathway.
In addition, for these residues, the free energy of exchange
(AGey estimated from the H/D experiments is expected to
be similar to the free energy change calculated from the
equilibrium unfolding experiment28, 24) monitored by
optical methods. On the other hand, the faster exchanging
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Ficure 1: MOLSCRIPT representation of the solution structure
of CTX Il depicting the overall backbone-folding. The ribbon
arrows represent regions of the peptide backbone ingtebeet
conformation. S S5 represent the variogisstrands in the structure
of CTX Ill. The disulfide bonds in the protein are located between
residues 3 and 21, 14 and 38, 42 and 53, and 54 and 59.

amides are assumed to exchange through the local fluctua
tions. TheAGey values for these residues are predicted to
be lower than the average free energy of unfolding(),
because the exchange that would occur from an intermediat
need not be necessarily dependent on global stability.
Cardiotoxin analogue Il (CTX IIl) is a small molecular
weight (~7 kDa), highly basic, alfp-sheet protein, cross-
linked by four disulfide bridges (Figure 25—30). The
secondary structural elements in the protein include antipar-
allel double- and triple-strande@-sheet domains 2().
Refolding kinetics of this protein has been recently inves-
tigated by the quenched-flow hydrogedeuterium technique
(32). In the present study, we critically evaluate the confor-
mational stability of CTX Il by the H/D exchange technique.
In addition, we also examine the relationship between the
chronology of events in the kinetic folding pathway and the
native-state hydrogen exchange kinetics of CTX IIl.

MATERIALS AND METHODS

CTX Il was purified from the crude Taiwan cobra venom
(Naja naja atrg by the procedure described by Yang et al.
(33). D,O was purchased from Cambridge Isotope Labora-
tories. Ultrapure guanidine hydrochloride (GdnHCI) was
purchased from Sigma Chemical Co. All other chemicals
used in this study were of high-quality analytical grade.

Circular Dichroism.The guanidine hydrochloride-induced
equilibrium unfolding of CTX Il was followed by far- and
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0.2°C. The data analysis was performed by well-established
procedures34).

NMR Spectra and Amide Proton Exchang#.'H NMR
spectra were recorded on a Bruker DMX-600 spectrometer.
The temperature of the spectrometer was calibrated with
100% or 4% methanol in methand}- For each sample, the
temperature was calibrated prior to data acquisition.

The exchange kinetics of the amide protons in the protein
(CTX Ill) was monitored by recording magnitude COSY
spectra of the sample. The sample for amide proton exchange
kinetics measurements was prepared by dissolving the
lyophilized CTX Ill in deuterated buffer at pD 3.6 and 6.6
(at 25°C). The concentration of the protein samples were
~2 mM. Typical data acquisition parameters were 16
transients of 1024 data points and 26ncrements with
water suppression by presaturation. Prior to Fourier trans-
formation, the data were multiplied by a sine-squared
function in thet; andt, dimension. The spectral assignments
were based on the chemical shift data reported by Bhaskaran
et al. 7) and Sivaraman et al28). Cross-peak intensities
were measured by volume integration. Each spectrum was
internally referenced to nonexchangeable aromatic cross-
peaks (CH—C<H of Tyr51 and Phe25). Peak volumes were
fit to a single-exponential functiory, = Aq exp K + C, where
C is the baseline noise and which takes into account the
residual nondeuterated water and the threshold setting used
in the intensity calculations. For some residues, the amide
proton decay was fitted to the single-exponential function
without inclusion of the baseline noise correction facfor

&rhe curve fitting was done with the KaleidaGraph software

(Synergy Software) on a personal IBM computer. The
intrinsic rate constants of exchangle.j for each amide
proton at different values of pH were calculated according
to the reported equation from model peptides, taking into
account the activation enthalpie35].

The protection factorK) for the various amide protons in
the protein were estimated on the basis of the method
reported by Bai et al.35), using

P = Kin/Kex

whereki,; andkex represent the exchange rates of the protein
in the random coil and native conformational states, respec-
tively. The free energy of exchange of the amide protons
was calculated from the equatidtGex = —RT In (Kew'Kint),
whereR is the gas constant afidis the absolute temperature
at which the exchange was monitored.

RESULTS

Proteins generally exhibit higher stability in©O. For this
reason, the equilibrium denaturation experiments were
performed in RO. The guanidine hydrochloride-induced
unfolding of CTX Ill was monitored by far-ultraviolet (190

near-ultraviolet circular dichroism (CD) spectroscopy. CD 250 nm) circular dichroism spectroscopy. The native spec-
measurements were carried out with 0.2 and 1 mm pathtrum shows a negative ellipticity CD band centered at around
length quartz cells. The GdnHCI denaturation of CTX Il 213 nm, indicative of the backbone of the protein being in
(160uM) was monitored in a deuterated solution, at pD 3.6. the 3-sheet conformation. Figure 2 depicts the percentage
Each spectrum was an average of at least five scans.of unfolded species based on changes in the ellipticity at
Necessary background corrections were made in all the213 nm of the protein (CTX Ill) with increasing concentra-
spectra. CD spectra were recorded on a Jasco J720 spedions of GdnHCI. It could be observed that no significant
tropolarimeter and the sample temperature was maintainedchange occurs up to 3.5 M GdnHCI concentration. However,
with a Neslab RTE-110 circulating water bath at 25 beyond 3.5 M GdnHCI, the protein begins to unfold (Figure
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Ficure 2: Fraction of unfolded species in CTX Il detected by v

CD. The fraction of unfolded species was estimated on the basis
of the ellipticity changes at 213 nm.
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almost superimposable with that obtained from the 213 nm 80,

ellipticity changes (data not shown). This aspect implies that jz

the unfolding of the protein under these conditions follows 2 2
a two-state transition. The free energy change of unfolding o

the protein AG,) is found to be 6.0 kcamol™%. Themvalue,

which is a measure of the cooperativity of unfolding, is Tlme (hl’S)
estimated to be 0.74 keafol*M~%. In addition, the Ficure 3: Time course of amide proton exchange (percentage of

concentration €) at which half of the protein molecules  proton occupancy) of some residues in the unstructured portions
are unfolded is calculated to be 4.7 M. of the CTX Ill molecule. The exchange was monitored at pD 3.6.

CTX Il is a 60 amino acid protein, with five proline .

residues25). Hence, in theory, there are 55 backbone amide " K2 »
protons whose H/D exchange kinetics could be monitored. P 60
The H/D exchange of CTX Ill was monitored at 26 in 40 ‘0
500 mM glycine deuterochloride buffer (p® 3.6). The H/D » »

exchange was monitored by using a series of magnitude 6 afo "2l " 3k " 4B " sho et 677200 " abo e~ abo 1000 1300

COSY spectra in the time range from 15 mint&000 h.
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region (NH-C*H) were the same as reported earlig,(
28). Minor shift(s) due to the difference(s) in temperature
and pH were verified by standard sequential assignment
procedures.

Of the 55 amide protons, 11 exchanged within the dead
time of the experiment (20 min). These 11 residues are
located in the surface-exposed, unstructured portion of the

vs2

molecule. Magnitude COSY spectra of the protein recorded oo

after 20 h of exchange reveals that only 29 residues are - :2\
protected from exchange. The residues that exchange out © .
within the first 20 h of exchange include Leu6, Leu9, Thrl3, 20

CySl4, Asnl9, A|328, Thr29, Ly531, LyS44, Ser46, and O Tdo0 2000 3000 4000 000 1000 2006 3000 4000  S000
Val49. Interestingly, some of the residues involved in the Time (hI'S)

B-sheet conformation also exchanged significantly within this

time span. These include Phel0 and Lys12, which belongFIGURE 4: Changes in percentage of proton occupancy of some
to the double-strandeg-sheet segment. In addition, Arg36 ?ézlligtre](sp)rotons (at pD 3.6) involved in the secondary structure
and Cys53, which are a part of the triple-strangiesheet '

domain, are found to substantially exchange within 20 h.  The protection factors values of the various residues in
With the exception of Val27, Val34, and residues located at CTX Ill, whose H/D exchange could be monitored, are
the C-terminal end (residues 589), most of the residues shown in Table 1. For the sake of convenience, we arbitrarily
not involved in secondary structure formation are exchanged classify the amide protons on the basis of protection factors
out within the first 100 h of exchange (Figure 3). A majority as strongly P > 500) and weaklyR < 100) protected from

of the residues involved in thg-sheet conformation are  exchange. It could be observed that majority of the residues
prominently exchanged only at time periods greater than 300in the unstructured region of the molecule generally show
h (Figure 4). The magnitude COSY spectra of the protein weak @ < 100) protection against exchange. However, the
dissolved in DO and recorded after 1000 h shows only eight residues in the C-terminal tail portion of the molecule
cross-peaks. These correspond to the amide protons of Cys2lextending from residues 57 to 59, show abnormally high
Tyr22, Lys23, Met24, Lys35, 1le39, Val52, and Cys54. (P > 500) protection. The protection factors of Asp57,

Coincidentally, all these residues belong to the triple-stranded Arg58, and Cys59 are comparable to many residues involved
B-sheet domain. in the secondary structure formation. Similarly, Val27,

S

Proton occupancy (%)
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Table 1: Protection Factors and Time Constants of Refolding Residues in CTX Il

protection time constant structural protection time constant structural
residue factor (ms) context residue factor (ms) context
Lys2 306 21.0+02.2 strand | Val32 61 1632 17.5 loop Il
Cys3 2834 ND strand | Val34 266 50.5% 04.3 loop Il
Asn4 4436 ND strand | Lys35 7215 364410.0 strand IV
Lys5 421 33.0+ 10.5 strand | Arg36 56 324 06.2 strand IV
Leu6 4 120.5+ 08.7 loop | Cys38 ND 35.6: 08.0 strand IV
Val7 50 52.4+ 10.5 loop | lle39 40364 12.4 00.9 strand IV
Leu9 3 ND loop | Vall41 ND 161.% 15.6 loop Il
Phel0 5 36.% 10.2 strand Il Cys42 96 ND loop 1l
Tyrll 15 35.2+11.7 strand Il Lys44 ND 49.5 15.6 loop 1l
Lys12 17 33.407.9 strand Il Ser46 5 ND loop 1l
Lys18 68 80.8+ 12.4 globular head Leu48 1 1294969.1 looop 111
Asn19 3 ND globular head Val49 33 546501.2 loop 1l
Cys21 6996 27.6:02.8 strand 11l Tyr51 1055 122 03.9 strand V
Tyr22 80289 30.8: 05.1 strand Ill Val52 117082 11801.6 strand V
Lys23 11410 13.5-02.0 strand 11l Cys53 28 1346 02.7 strand V
Met24 13234 BD strand IlI Cysb54 44646 ND strand
Phe25 563 ND strand Il Asn55 86 214305.0 strand V
Met26 981 ND strand Il Asp57 684 98 00.5 C-terminal
Val27 1380 ND loop Il Arg58 4904 12.9 03.0 C-terminal
Ala28 7 22.5+03.2 loop Il Cys59 3816 1724 29.7 C-terminal
Thr29 ND 116.3+ 09.5 loop Il Asn60 44 51.809.4 C-terminal
Lys31 4 55.9+13.1 loop Il

2The protection factor values have been rounded off to the closest whole numiigenotes that the data could not be detected.
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Ficure 5: Plot depicting the free energy of exchangeGt,) of FiIGURE 6: Representation of the differences in the amide proton

the various amide protons in CTX IlI. The four residues indicated exchange rate at pD 3.6 and 6.6. It could be discerned from the
in the figure possesAGe, values higher than the average free figure that exchange rates of the four residues (Tyr 22, lle 39, Val
energy of unfolding AG, = 6.0 kcalmol™). 52, and Cys 54) show a strong pH dependence, implying that

hydrogen-deuterium exchange for these four residues occurs by

located at the tip of loop 2, exhibits higheP (> 500) an EX2 mechanism.
protection against exchange (Table 1). The residues located
in the secondary structure region, in general, show high being less than the intrinsic exchange r&te<< kin)). Under
protection factor values. However, in comparison with the these circumstances (in the EX1 limit), it is impossible to
amide protons of residues belonging to the triple-stranded procure information on the equilibrium constant for the
B-sheet segment, the residues involvegistrand Il of the ~ opening reaction and hence the free energy of exchange.
double-strandegs-sheet segment show exceptionally low Thus, if the exchange occurs at the EX1 limit, the apparent
protection P < 100). The residues lodged jhstrands Il free energy of exchangéGe,) can be higher thanG, (36).
and V possess abnormally high protection factor values To determine if the unexpected hydrogen exchange results
(Table 1). The protection factors for Tyr22, Lys23, Met24, of four residues (Tyr22, lle39, Val52, and Cys54) is caused
Val52, and Cys54 are more than 10 000. Interestingly Val52 by an EX1 rather than an EX2 mechanism, we performed
shows a protection factor value of 117 082. experiments to distinguish between the EX1 and EX2 limits.
For the majority of amide proton®#Gex is smaller than EX1 and EX2 are based on the principle that under EX1
AG, (as determined by circular dichroism), indicating that conditions there is no pH dependence of the observed
these protons exchange from the native state ensembles undexchange rate, whereas if the exchange occurs in the EX2
the conditions used (Figure 5). The free energy of exchangelimit, the rate of exchange) is expected to be proportional
for Tyr22, 1le39, Val52, and Cys54 is greater by 609 to the concentration of ¥D* (or OH") in the acid (or the
kcakmol=! than the global free energy determined from base) catalyzed reaction. A plotkfsfor individual residues
equilibrium unfolding experiments with guanidine hydro- at different pH values differentiate the EX1 and EX2 limits
chloride. Any meaningful estimation of theGex must satisfy (35). To examine the exchange through EX1 and EX2 limits
the conditions that the rate of conformational closing should in CTX Ill, the rate of amide exchange at pD 3.6 and 6.6
be greater than the intrinsic exchange réte> k). This was measured under identical temperature condition3G25
is the EX2 limit. However, the observed rate of exchange A plot of the logarithm of the rate of exchange versus the
(kex) would be the rate of the opening reactidg,, at the pD (Figure 6) depicts that rate of exchange for the four
EX1 limit. This is due to the rate of conformational closing residues (Tyr22, lle39, Val52, Cys54) at pD 6.6, in general,
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is markedly higher (severalfold) than at pD 3.6. The exchange masked by the nonpolar side chains of 1le39 and Val41. This
rate of four residues increases at least 20-fold upon raisingstructural feature probably accounts for its (Tyr22) relatively
the pD by 3 units. higher protection® > 80 000) than the other residues in
The averageAGe, of the antiparallel double- and triple- ~ f-strand lll 5, 27). 1le39 and Cys54 are two other residues
strande@3-sheet segments in the protein are estimated to bein the triple-strandeds-sheet domain that exhibit strong
2.97 and 4.77 kcanol?, respectively. The average free Pprotection P > 40 000) against H/D exchange. Solution
energy of exchangeAGe,) of the residues at the tips of the  structures of CTX Il show that the amide protons of these
three loops in the proteins are estimated to be 1.26 (loop 1),two residues are involved in backbone hydrogen bonding
2.40 (loop 2), and 1.44 (loop 3) keatol™*. Although the with Leu20CO and Cys21CO, respectively. In addition, these
C-terminal tail region (residues 5®0) is unstructured in  two residues occupy the head portion of the molecule, which
the native state of CTX Ill, the residues 539 exhibit an  iS known to be very rigid with excessive cross-linking of
unusually large average free energy (4.59 kuarl) of the disulfide bOﬂdS:x—ZL 14—38, 4253, and54—59). This

exchange. aspect ensures tight packing of the side chains of the various
residues located in the head region of the molecule leading
DISCUSSION to the insulation of the hydrogen-bonded amide protons of
) ) lle39 and Cys54 from solvent exposure.
Relationship between H/D Exchange and Structith- Valine 52 exhibits the highest protection factd® ¢

drogen-deuterium (H/D) exchange monitored by high- 117 000) among the residues in CTX IIl. Val 52 is located
resolution NMR techniques provides useful insights on the i, g_strand V and its amide proton is involved in a backbone
internal dynamics of the native stat8y. Amide protons jnteraction with Met24COZ7). Interestingly, the side chain
with fast rates of exchange are substituted by solvent of \/5152 is sandwiched between two phenolic groups of
deuterons through local unfolding process. At the opposite Tyr22 and Tyr51 25). This aspect is exemplified by strong
extreme, exchange of the most protected amide protons in &ing current effects on the methyl protons of Val52. In
globular protein would require a global unfolding of the aqdition, the presence of the disulfide bonds between Cys42
protein with energy equal to the equilibrium denaturation 59 Cys53 and between Cys54 and Cys59 confers rigidity
free energy §6). In principle, the greater the protection of {5 thjs portion (in the vicinity of Val52) of the CTX llI
the amide proton from H/D exchange, the more stable is the mgjecule p5). These structural features almost impregnate
local/global structured?). the amide proton of Val52 and are predictably responsible

Protection factor(s) estimated from hydrogeafeuterium for its slow exchange with the solvent {D).
exchange experiments is a useful measure to evaluate the Some residues that are not located in the structured
conformational stabilities of the backbone of protein mol- region(s) of the CTX Ill molecule show reasonably high
ecules 88). The average protection factors of the five (P > 500) protection factors. The amide proton of Val27,
fB-strands constituting the double- and triple-stran@letieet  which is located in the structureless distal end of loop II,
domains decrease in the order @ftrand V> f-strand  exhibits a high protectionR = 1380), probably due to
Il > B-strand IV> B-strand 1> -strand Il. Conspicuously,  hydrogen bonding with the carbonyl group of Leu48. This
residues inj-strand Il show exceptionally weak protection hydrogen bonding is crucial for bridging loops Il and Il of
against H/D exchange. Solution structures of CTX lll depict the toxin molecule38, 39). The close proximity of loops II
a small twist in the backbone of the protein spanning residuesand Il is believed to be important for the lytic activity of
in B-strand 1l @7, 28). This twist probably increases the snake venom cardiotoxins. An interesting feature observed
solvent exposure of the amide protons of residues (Phel0 in the H/D exchange of CTX Il is the strong protection of
Cys14) ing-strand Il and accounts for their weak protection the protons of residues (Asp5Tys59) in the unordered
against H/D exchange. In contrast, residues (kyisgs5) C-terminal tail region of the molecule2§). The amide
in B-strand | show more resistance against exchange. Theprotons of residues in this region show protection factor
amide protons of Cys3 and Asn4 show higher protection values greater than 500. Solution structures of CTX2H, (
(P > 2500) factors because of their involvement in hydrogen 28) reveal that the residues in the C-terminal loop are
bonding with the backbone carbonyl groups of Thrl3 and clustered due to the occurrence of a disulfide bond (Cys54
Lys12, respectively. In addition, the occurrence of a high Cys59) and hydrogen bonds between Arg58NH and Cys59NH
density of hydrogen bonds among the residues at the N- andwith the carbonyl groups of Lys2 and Cys3, respectively.
C-terminal ends of the CTX Ill molecule also seems to aid Additionally, the side-chain amide group of Asn60 has long-
in the stability of these hydrogen bonds (Cys3NFhr13CO  range interactions with the backbone carbonyl groups of
and Asn4NH-Lys12CO) from solvent exchange. Cys21 and Tyr22, which reside in the triple-strangesheet

It is interesting to note that some of the residues in the domain. Thus, the network of interactions among the residues
triple-strande¢B-sheet domain such as Tyr22, Lys23, Met24, located at the N-and C-termini compounded by the presence
lle39, Val52, and Cys54 show extraordinarily high protection of a disulfide bond between Cys54 and Cys59 render the
(P > 10000) against H/D exchange (Table 1). Solution amide protons of these residues in the C-terminal signifi-
structures of CTX Il depict thats-strand I1lI, which cantly resistant to H/D exchange.
comprises Tyr22, Lys23, and Met24, is encircled by hydro-  The amide proton exchange kinetics of CTX Ill provides
phobic residues, namely, Leu6, Val7, Phe25, Val32, and useful information on the conformational stabilities of various
Val34. This nonpolar core appears to effectively retard the regions in the toxin molecule. Comparison of the average
permeation of the solvent @D) molecules, rendering the protection factor and free energy of exchange of residues in
amide protons of Tyr22, Lys23, and Met24 resistant to double- P ~ 1148, AGe = 2.97 kcaimol™1) and triple-
solvent exchange. In addition, the amide proton of Tyr22 is (P ~ 23 143, AGex = 4.77 kcalmol™) strandedf-sheet
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domain, unambiguously demonstrates that the triple-stranded.e., the last hydrogen to exchange might identify the first
f-sheet domain constitutes the central core region of the toxin part of the protein to fole-“last out, first in”. Experimental
molecule and contributes significantly to its global stability. data obtained on bovine pancreatic tyrosine inhibit),(
Hydrogen/Deuterium Exchange Mechanigin.examina- cytochromec (47), and lysozyme 48) showed a good
tion of the standard free energy of the exchargy&) of relationship between native-state hydrogen exchange rates
the various residues in CTX lll (Figure 5) shows that and the kinetic events in protein folding pathways. Recently,
majority of the residues in the protein possess., values Lacroix et al. 89), comparing the equilibrium amide proton
lower than the free energy change of unfoldiny&() exchange kinetics with the events in the folding pathway of
obtained from the equilibrium unfolding experiments with the chemotactic protein (CheY) froEscherichia coljusing
circular dichroism spectroscopy. This aspect demonstratesa quenched-flow technique, revealed that the highest protec-
that most of the residues in CTX Il exchange by global tion from hydrogen exchange is a part of the folding nucleus.
unfolding. There are four residues in CTX Il that ShowBex Chamberlain and MarqusegQ) identified two high-energy,
values greater than th&G, value (6.0 kcaimol™). These partially unfolded intermediates in RNase H through native-
residues include Tyr22 (6.69 kealol™), 1le39 (6.28 state H/D exchange methods. Impressive evidence exists on
kcalmol™), Val52 (6.91 kcaimol™*) and Cys54 (6.34 the occurrence of these high-energy kinetic intermediates in
kcalmol™1). The higher estimate of the standard free energy the kinetic refolding pathway of this protein (RNase3d).
of exchange could sometimes be due to deviation from EX2 More recent work on barnasgg) and chymotrypsin inhibitor
exchange kinetics. Deviation from EX2 kinetics has been (CI2,53) showed that some regions that are formed early in
observed for a few residues in barna86)( hen egg white  the folding reaction do not belong to the group of slowest-
lysozyme 40), and turkey ovomucoid third domaidl). As exchanging protons. Tertiary structure interactions, known
vividly described by Niera et al4@Q), a reliable method for  to be formed late during the folding pathway, involved some
detecting deviations from EX2 kinetics is an analysis of the of the slowest exchange protons in these proteb#. (n
relative effect of pD on the exchange rates of all amide addition, H/D exchange kinetics in CI2 also revealed that
protons. In principle, a plot of the logarithm of the exchange thea-helix at the N-terminus is not among the set of slowest-
rates versus the pD can distinguish between EX2 and EX1,exchanging protonss@).
sinceke, is proportional to the hydroxide ion concentration. Comparison of the results of the native-state H/D exchange
A plot of log kex versus the pD (Figure 6) for the four Kkinetics obtained in the present study and the quenched-flow
residues, namely, Tyr22, 1le39, Val52, Cys54, shows that deuterium exchange data on the refolding kinetics of CTX
the exchange rates at pD 6.6 are severalfold greater than thell (32) provides us a good opportunity to examine if there
corresponding values at pD 3.6. This aspect indicates theexists a relationship between slowly exchanging regions and
higherAGey values over that oG, (for these four residues)  the folding nucleus of the protein. In general, in CTX I,
is not due to deviation from the EX2 exchange kinetics.  there is a good correlation between the residues that exhibit
In principle, under native conditions all possible states are the slowest exchange from the native state and those that
accessible but the relative population given by the Boltzmann are rapidly protected during the initiation of folding. Refold-
distribution £2), depends on the free energy of each state. ing kinetics of CTX Il monitored by quenched-flow H/D
Folding studies of CTX IIl have shown that only two states exchange revealed that the double- and triple-strafieidtbet
are significantly populated under all conditions: the native segments in the protein are formed with average time
state ensemble and the unfolded state ensemble. As the meatonstants of 35 and 19.7 ms, respectivag) ( Correspond-
free energy of protection for the globally exchanging residues ingly, the average protection factors of the double- and triple-
of CTX Ill is almost similar to the free energy of unfolding strandeds-sheet domains have been estimated to be 1148
(as determined from the ellipticity changes in the far- and 23 143, respectively. Thus, the data appears to agree well
ultraviolet CD spectrum), the exchange of the four residues with the “last out, first in” hypothesis. In addition, among
(wherein AGex > AG,) possibly occurs from the fully  the three strands comprising the triple-strangedheet
unfolded state. domain,S-strand V has been found to fold fastest with an
Is There a Relationship between Hydrogen Exchange andaverage folding time constant of 1A422.7 ms. Interestingly,
Folding Core?We have recently investigated the events in the protection factor fop-strand V is the largest (Table 1)
the refolding pathway of CTX Il by a variety of techniques in the triple-stranded3-sheet domain. This aspect is in
including quenched-flow hydrogerdeuterium exchange conformity with the “last out, first in” hypothesis proposed
(32). The refolding of the protein was found to be completed by Woodward and co-workerg3—45).
within 200 ms. The secondary structural elements in the Table 1 shows that most of the residues with low
protein were found to be formed within the first 35 ms of protection factors fold slowly (with higher time constant
refolding. The refolding kinetics of CTX Il monitored by  values) during the refolding process of the protein. The amide
changes in ANS fluorescence has been demonstrated tgroton of Val49 is involved in a backbone hydrogen bonding
proceed through occurrence of a hydrophobic collapse in thewith Ser46CO forming a typefLturn. Interestingly, Val49
very early stages of refolding (burst phase). shows the lowest time constant value (5.5 ms, Table 1),
Based on simultaneity between thermodynamic and kinetic implying that the formation of the typeflturn between
aspects of protein folding observed in some proteins, Val49NH and Ser46CO is among the earliest events detected
Woodward and co-workerg8—45) proposed an interesting  in the refolding pathway of CTX Ill. Paradoxically, the amide
correlation between the exchange rates of amide protons andgroton of Val49 is found to exhibit relatively weak protection
the sequence of events in a kinetic refolding pathway. They (P ~ 33) against hydrogendeuterium exchange.
postulate 45) that the folding pathway approximates the Barring a few exceptions such as Val49, the hydregen
reverse order of the native-state hydrogen exchange ratesgeuterium exchange data obtained in this study seem to
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suggest (at least in CTX Ill) that the slowly exchanging 24.Johnson, C. M., and Fersht, A. R. (19%pchemistry 34
residues constitute the protein folding core of the protein. It

should be emphasized that the results obtained in this study

cannot be extrapolated to judge the general validity of the
“last out, first in” hypothesis. There is no automatic relation-

ship between the hydrogen exchange at equilibrium and the
protein-folding pathway. To determine the sequence of events

25.

26.

6795-6804.

Kumar, T. K. S., Jayaraman, G., Lee, C. S., Arunkumar, A.
l., Sivaraman, T., Samuel, D., and Yu, C. (1997)Biomol.
Struct. Dyn. 15431-463.

Kumar, T. K. S, Lee, C. S., and Yu, C. (1995)Nmatural
toxins 11 (Singh, B. R., and Yu, C., Eds.) pp 11429, Plenum
Press, New York.

in the refolding pathway, kinetic measurements must be 27-Bhaskaran, R., Huang, C. C., Chang, D. K., and Yu, C. (1994)
made. We have recently cloned and expressed CT)6H) (

in high yields, and experiments are underway to further
understand the role of various residues in the stability and 29. Chang, J. Y., Kumar, T. K. S., and Yu, C. (1988)chemistry
folding of the protein.
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