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Zbigniew Szewczuk;§ Yasuo Konishi,* and Yuji Goto*!

Biotechnology Research Institute, National Research Council of Canada, 6100 RoyalmenoeA
Montreal, Quebec, Canada H4P 2R2, and Institute for Protein Research, Osakarkity,
3-2 Yamadaoka, Suita, Osaka 565-0871, Japan

Receied December 5, 2000; Rised Manuscript Receéd March 19, 2001

ABSTRACT. Acetylation of Lys residues of horse cytochromsteadily stabilizes the molten globule state

in 18 mM HCI as more Lys residues are acetylated [Goto and Nishikiori (199¥pl. Biol. 222 679

686]. The dynamic features of the molten globule state were characterized by hydrogen/deuterium exchange
of amide protons, monitored by mass spectrometry as each deuteration increased the protein mass by 1
Da. Electrospray mass spectrometry enabled us to monitor simultaneously the exchange kinetics of more
than seven species with a different number of acetyl groups. One to four Lys residue-acetylated cytochrome
¢ showed almost no protection of the amide protons from rapid exchange. The transition from the
unprotected to the protected state occurred between five and eight Lys residue-acetylated species. For
species with more than nine acetylated Lys residues, the exchange kinetics were independent of the extent
of acetylation, and 26 amide protons were protected at 60 min of exchange, indicating the formation of
a rigid hydrophobic core with hydrogen-bonded secondary structures. The apparent transition to the
protected state required a higher degree of acetylation than the conformational transition measured by
circular dichroism, which had a midpoint at about four acetylated residues. This difference in the transitions
suggested a two-process model in which the exchange occurs either from the protected folded state or
from the unprotected unfolded state through global unfolding. On the basis of a two-process model and
with the reported values of the exchange and stability parameters, we simulated the exchange kinetics of
a series of acetylated cytochrormespecies. The simulated kinetics reproduced the observed kinetics
well, indicating validity of this model for hydrogen exchange of the molten globule state.

Hydrogen/deuterium (H/B)exchange is one of the most method for analyzing the H/D exchange reacti®8-{20).
important approaches to characterize protein dynamics. InWhile MS essentially provides the mass-to-charge ratio of a
combination with NMR, H/D exchange allows analysis of sample, more information can be extracted when electrospray
the dynamics of protein structure at the residue letelg). MS is applied to proteins. For example, net charge of a
H/D exchange is powerful for characterizing the marginal protein molecule is sensitive to the protein conformatitss) (
conformational states that are often difficult to analyze 17—20);i.e., disordered proteins have a large number of net
directly and has been effectively used to elucidate the charges, up to one charge for every 11 residues, whereas
molecular structure of the intermediate states of protein native proteins have fewer net charges, reflecting their
folding (7—11). The kinetic 8) and equilibrium intermediates  compact structure. From the bimodal charge-state distribution
(9) of horse cytochromec were the first examples of of bovine cytochrome at pH 2.7, Wagner and Anderegg
clarification of the molecular structures of folding intermedi- (17) identified the coexistence of the native and disordered
ates by H/D exchange combined with NMR. Recent advancesstates in the same solution. Taking advantage of the
using ultrarapid mixing techniques enabled the characteriza-simultaneous detection, they analyzed the H/D exchange
tion of the early intermediate accumulated at the submilli- reaction of the native and disordered states and obtained the
second time regimelg). same exchange kinetics, suggesting the rapid interconversion

On the other hand, mass spectroscopy (MS), measuringof the two states compared to the rate of H/D exchange. Thus,

the changes in mass on H/D exchange, is also an importantMS has the unique ability to characterize mixtures of
different conformations or proteins without purification.

e . - . However, MS does not have the structural resolution of
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populations with respect to mass and for simultaneous 1% acetic acid; flow rate 3 mL/min with 1% acetic acid)

analysis of a mixture of species. prior to lyophilization. Since the N-terminal residue of
We expected that analysis of the H/D exchange behavior cytochromec is blocked by acetylation, only Lys residues
of the molten globule state of horse cytochroc@1—23) were acetylated in this reaction. The numbers of acetylated

by MS would provide an important examp|e of the H/D LyS residues were determined with an API IlI E|eCtrOSpray
exchange kinetics of the intermediate state of protein folding. Mass spectrometer (Sciex, Concord, Ontario, Canada). The
While cytochrome is unfolded in the absence of salt at pH Mmodified proteins are designated aéc-cyt ¢, wheren
2, the addition of salt stabilizes the molten globule state reflects the number of acetylated Lys residues; e.g., 5Ac-
because the anion binding shields the charge repulsionCytcis a cytochrome derivative in which five Lys residues
between the positively charged amino groups, and conse-Were acetylated. The sites of acetylation were not identified.
quently the intrinsic hydrophobic effects manifest themselves Each species with different degrees of acetylation probably
(22, 23). The molecular structure of the salt-stabilized molten consisted of various species acetylated at different sites.
globule state of cytochrome has been analyzed by H/D Electrospray Mass Spectrahe API [ll mass spectrometer
exchange combined with NMR, which demonstrated the in positive ion mode was used to monitor the deuteration
presence of major helices and disordering of the rest of thekinetics. The ion spray needle was maintained at 5200 V,
molecule 0, 24). Goto and co-workers analyzed the com- and the orifice potential was set at 100 V. The sample
pactness and thermodynamic stability of the molten globule solution was infused continuously using a syringe pump
state using a series of acetylated cytochramspecies 25— (Model 22, Harvard Apparatus, South Natick, MA) with a
27). They showed that the molten globule state can be flow rate of 1uL/min. The molecular mass was determined
stabilized by acetylation of amino groups because the with the first quadrupole, which was calibrated with the
acetylation decreases the unfavorable charge repulsion@mmonium adduct ions of poly(propylene glycols). The
Acetylation-induced folding of cytochrome could be molecular mass of the proteins was independent of the charge
approximated well by a two-state transition mechanism State and thus calculated by averaging the molecular masses
between the unfolded state and the compact molten globuleof the peaks at various charge states. All experiments were
state. performed at room temperature~Z0 °C). Since each

To obtain further insight into the exchange behavior of acetylation increased the mass of the proteins by 42.04 Da,

the intermediate conformational state, we used electrospraythe Eeakhs oﬁAc-gyt f (n=0-13) were well(lj sg paratelq f(;om
MS to measure the H/D exchange kinetics of cytochreme €3¢ ot ?r, an eect?spray MS cou e applied to a
with various degrees of acetylation. Electrospray mass MiXture ofnAc-cytc (n = 1-6 or 6-13).

spectrometry enabled us to monitor simultaneously the Deuteration of nAc-cyt cThe labile protons in proteins
exchange kinetics of more than 10 species. While the intact &€ the backbone amide protons and the side chain protons

cytochromec in the absence of salt at pH 2 was easily of some amino acids. In addition, the heme group has two
exchanged in 10 min, the acetylation of amino groups exchangeable protons. However, since hydrogen exchange

progressively retarded the exchange reaction, representin f the labile protons in the amino acid side chains is too fast

the formation of the molten globule state protected from rapid ©© P& monitored by MS, we studied only the backbone amide
exchange. However, the transition to the protected stateProtons. Cytochrome consists of 104 amino acids residues,

measured by H/D exchange required a higher degree ofcontaining 3 prolines, and the N-terminal is acetylated. Thus,
acetylation than the apparent conformational transitions theie are 99 amide protons. A total of 0.1 mgnéic-cyt ¢
measured by CD and other methods. On the basis of a two-(" = 0, 1-6, or 6-13) mixture was dissolved in 0.01 mL

process model in which H/D exchange occurs either directly ©f 18 MM HCI (pH 1.8). The protein conformations were
from the folded state or through the unfolded state, the equilibrated by incubation for 30 min at room temperature.

kinetics of a series of acetylated species were satisfactorily Peuteration was initiated at room temperature by adding 0.09
reproduced with the reported values of the free energy changdML of 18 mM DCI/D,O. The deuteration kinetics were
of unfolding (AGy) (26), protection factorsR) of the salt- momtoreq using the AF"I [l mass spectromgter. The kinetic
stabilized molten globule stat8)( and the intrinsic exchange ~ data obtained were reliable because the mixtuneat-cyt

rate k) (29). c (n=0, 1-6, or 6-13) was deuterated not only under the
same solvent conditions but also in the same solution. All
EXPERIMENTAL PROCEDURES peaks were resolved during the deuteration experiments. The

ionization chamber was enclosed and continually flushed

Materials. Horse cytochromec, acetic anhydride, and  with ultrapure nitrogen (Air Products and Chemicals, Inc.,
deuterium oxide (99.9 atom % D) were obtained from Sigma Allentown, PA; <2.0 ppm of HO content) to minimize the
(St. Louis, MO) and were used without further purification. back-exchange of labile deuterium atoms in the proteins with
Deuterium chloride (20 wt % in D) was from MSD hydrogen of water vapor of the ambient laboratory atmos-
Isotopes (Montreal, Quebec, Canada). Sodium acetate anghere (4). Only a residual amount of back-exchange (3.5
ammonium acetate were purchased from Aldrich (Milwau- + 1%) was observed. A range of mass-to-charge ratia) (
kee, WI). Cytochrome was acetylated by adding a 3.5- or 700—-2000 was scanned with a step size of 0.25. Several
35-fold molar excess of acetic anhydride to 0.2 mL of scans were averaged to improve the signal-to-noise ratio. The
cytochromec solution (20 mg/mL)m 1 M sodium acetate.  mass spectra were measured continuously for 45 min and
The reaction was carried outrf@ h at 0°C. The byproduct  then after 1, 2, and 24 h. As the extent of exchange is
O-acetyltyrosine residue is unstable under these conditionsproportional to the BO concentration30), the number of
and regenerates Tyr residi9). The products were desalted unexchanged protond(r) in nAc-cyt ¢ (n = 0—13) was
on a Sephadex G10 column (1x520 cm; equilibrated with calculated as
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H(r) = (12360.1+ 42.04 — M)/ 100,
0.906+ (195— n) (1) +14

+15
The average molecular mass of cytochranie12360.1 Da, 75 A
(42.04) Da is the mass increase by acetylatingLys
residuesMqpsis the observed molecular mass of the protein
at a given deuteration time, 0.906 Da is the mass increase
when a proton is completely exchanged in the solvent of
90% D,O/H,O, and (195— n) is the total number of
exchangeable protons i\c-cyt ¢, including the side chain 25
protons.

+13
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RESULTS \V N
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MS of Acetylated Cytochrome @cetic anhydride is
widely used to neutralize the amino groups of proteins.
Heterogeneous protein molecules, in which6lor 6—13
Lys residues per molecule were acetylated, were obtained +13
with a 3.5- or 35-fold molar excess of acetic anhydride, 4 B
respectively. Mass spectra of mixturesrfc-cyt ¢ (n =
1-6 and 6-13) in 18 mM HCI (pH 1.8) are shown in panels
A and B of Figure 1, respectively. The peaks derived from
variousnAc-cyt ¢ (n = 0—13) were well separated due to
the mass increase of 42.04 Da per acetylation (Figure 2). In
fact, we could separate more than 10 species and, as will be JUPR
described below, could follow their exchange Kkinetics +7
simultaneously. The number of acetyl groups introduced was Ub
determined from the molecular masses of the proteins (Table

1). O 800 1000 1200 1400 1600 1800
The charge distribution of the acetylated proteins showed m/z

two clusters of peaks: one around 850100 m/z with FIGURE 1: Mass spectra of a mixture of acetylated cytochrame

abundant peaks a = 12+ to 14+ and another around i 18 mM HCI (pH 1.8): (A)nAc-cyt ¢ (n = 1-6); (B) nAc-cyt

1550-1650 m/z with an abundant peak at= 8+ (Figure ¢ (n = 6—13). The total concentration of the protein mixture was

l) It should be noted that, a|thoug’h|_ys residues were ~4 mg/mL Panels A and B S_hOW the accumulated spectra of 13

neutralized imAc-cyt ¢, the charge states of these abundant fi‘rr:]de% scans, respectively, with @riz scan step and 1 ms dwell

peaks were insensitive to the number of remaining basic '

residues (Table 1). A similar phenomenon was reported in 100 one | 135

acetylated ribonuclease B81). The former cluster around

850-1100/z is commonly observed in disordered small

proteins such as acid-denatured bovine cytochroniEy)

or acid-denatured horse apomyoglobi8) In the case of

bovine cytochrome, the native state at neutral pH and the

acid-denatured state at pH 2.5 have a maximum=at9+

andz = 16+, respectively, and a mixture of the two states

at pH 2.7 showed the bimodal distribution with maxima at

Zz=+9 and+15. SincenAc-cyt c (h = 0—13) assumes either 0Ac \f

a disordered or a molten globule conformation at pH 1.8 o

(25—27), the later cluster around 1550650m/z must come 1540 1560 1580 1600 1620

from the molten globule state. On the other hand, Wang and m/z

Tang (L8) measured electrospray MS of acid-denatured horse FIGURE 2:  Mass spectrum ofiAc-cyt ¢ (n = 0—13) in 18 mM

apomyoglobin at pH 2 in the presence of various concentra- HC! (PH 1.8). The peaks of 8 net charged molecules are shown

. . . S in the figure. The total concentration of the protein mixture was

tions of ammonium trichloroacetate, a salt stab|I|Z|ng th(_a ~8 mg/mL. The figure is the accumulated spectrum of 43 scans

molten globule state, and observed the charge reduction withwith 0.1 mvz scan step and 5 ms dwell time.

an increase in the concentration of salt. They suggested that

the charge reduction is likely due to strong charge neutraliza- compactness of the molten globule is similar to that of the

tion caused by the trichloroacetate anions, rather than tonative conformationd7), the protein size seems to be the

conformational changes of the protein. The present resultsdeterminant of the most abundant charge state at8+

with various acetylated cytochroneespecies carried out in  (17). Interestingly, even highly acetylated 13Ac-cyt ¢, which

the same solution suggest that the formation of the compactis fully in the molten globule state in 18 mM HCI, showed

molten globule state results in the charge reduction. strong peaks of disordered conformation (Figure 1B),
Native nAc-cyt ¢ (n = 0—13) at neutral pH also showed whereas nativeAc-cyt ¢ (n = 0—13) in neutral pH showed

the most abundant peak at= 8+ (data not shown). Asthe no trace of peaks of disordered conformation (data not

100
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Table 1: Identification of Acetylated Cytochroneeby Mass
Spectrometry
acetylated MM gaic MM obs zof abundant peak at
cytochromec (Dap (Day lowm/z  highm/z
OAc-cytc 12360.1 12360.% 2.0° 15+ 8+
1Ac-cytc 12402.1 12402.6 1.2 15+ 8+
2Ac-cytc 124442 12443.&1.2 14+ 8+
3Ac-cytc 12486.2 12486.6-0.8° 14+ 8+
4Ac-cytc 12528.3 12527.¢1.0° 14+ 8+
5Ac-cytc 12570.3 12569.% 1.0° 14+ 8+
6Ac-cytc 126123 12612421 14+ 8+ ‘ ' ‘
12 612.6+ 1. 14+ 8+ 0 10 20 30 40
7Ac-cytc 12654.4 12655.2 0.7 14+ 8+ Time (min)
8Ac-cytc 12696.4 12696.% 0.7 14+ 8+ 125
9Ac-cytc 127385 12739.& 0. 14+ 8+
10Ac-cytc  12780.5 12781.% 0.4 12+ 8+
11Ac-cytc 128225 12822.&1.1° 12+ 8+
12Ac-cytc 12864.6 12864.8 1.C° 12+ 8+
13Ac-cytc  12906.6 12907.3 0.9 12+ 8+
aCalculated and observed average molecular ma%&¥sserved
molecular masses afAc-cyt ¢ (n = 1—6) mixture in 18 mM HCI.
Deviations are standard deviations of molecular mass determined from
all multiply charged peaks (Figure 1A9Observed molecular masses
of nAc-cyt ¢ (n = 6 £+ 13) mixture in 18 mM HCI. Deviations are
standard deviations of molecular mass determined from all multiply
charged peaks (Figure 1B).

shown) @6). This implied that the molten globule ofAc-

cyt ¢ (n = 0—13) may not be stable in electrospray ionization.
A higher population of the unfolded state observed in the
mass spectrum than that in solution was also reported for 55 eyamples. The deuteration kinetics of the proteins were fitted

bovine cytochromee at pH 2.5 (7) and apomyoglobin at  with eq 2, and the fitted curves are shown as solid lines. (B)
pH 7 (18). Thus, the denaturation in electrospray ionization Deuteration kinetics ofAc-cyt ¢ (n = 0—13). The fitted curves
may be common to the marginal conformational states, andLOrrea||1g§~3\;g)s’tdCi S(Q()l:\/eod—i?l)sarfﬁ “:uogY?nﬁCng; gt(t?le:tc?t’all_?c;tein
inferences from the ch_arge states of the ions to.the SOIUtlonconcentration of 10 mg/mL. DeuteratioFr)1 was initiated by giluting
structures of the proteins should be made cautiously. the proteins 10-fold with 18 mM DCIED. The number of
H/D Exchange KineticsDeuteration of a protein may be exchangeable hydrogens(r) remaining in the proteins was
initiated in two ways. One is to dissolve the protein in estimated from eq 1.
undeuterated solvent and to allow conformational equilibrium
before diluting with deuterated solverit6). This method A mixture of nAc-cyt ¢ (n = 0, 1-6, or 6-13) was
requires a high protein concentration before dilution, and dissolved in 18 mM HCI (pH 1.8). After 30 min of
some amount of undeuterated solvent remains in the deu-incubation, deuteration was started by 10-fold dilution with
teration experiments. The other method is to dissolve a 18 mM DCI/D,O. No discrepancies were observed in the
lyophilized sample directly into deuterated solvent to initiate Molecular masses estimated from the peaks of the disordered
the hydrogenr-deuterium exchange reactiakiz( 24, 32). The conformation and the molten globule state, indicating a rapid
lyophilized protein is assumed to retain the solution confor- equilibrium between the two conformations compared to the
mation or to adopt the solution conformation in a very short deuteration rate, which is minimal around pH 3. A similar
time. This method allows deuteration in essentially 100% result was reported for bovine cytochromat pH 2.7, where
deuterated solvent. The two methods sometimes yield the solution contains a mixture of the native and unfolded
different results; e.g., the latter method showed the presencestates 17). Thus, all peaks were used in determining the
of at least two species of apomyoglobin with different molecular masses of the proteins. As sharp peaks were
deuteration rates, whereas the former method showed a singl@bserved throughout deuteration, the chemical heterogeneity
deuteration rate 33). We examined both methods and of the acetylated Lys residues had little if any effect on the
obtained comparable results; however, to avoid the uncer-conformation and stability of the molten globule. The
tainty of the conformation of the lyophilizedAc-cyt ¢ (n numbers of remaining amide protons in sore-cyt ¢ (n
= 0—13), we report here only the results obtained with the = 0—13) are plotted in Figure 3. Since hydrogen exchange
former method. Another advantage of the former method is Of the labile protons in the amino acid side chains is too fast
that deuteration is initiated simultaneously for all molecules, to be monitored by MS, it was expected that only the
whereas in the latter method it is necessary to dissolve abackbone amide protons could be detected. Cytochrome
dried sample which may cause heterogeneity in the deutera-consists of 104 amino acids residues, containing 3 prolines,
tion kinetics. The effect of deuteration on the stability of and the N-terminal is acetylated. Thus, there are 99 amide
the protein conformations is another factor that must be protons. The observed kinetics showed the exchange behavior
addressed. Goto et aB4) reported negligible effect of the  of about 100 protons, consistent with this expectation.
deuterated solvent on the conformational stability of the  Although the overall exchange kinetics were likely to
molten globule state afiAc-cyt ¢ (n = 0—13). consist of multiple exponential terms, the data were ap-

Time (min)

Ficure 3: Deuteration kinetics afiAc-cyt ¢ (n = 0—13). (A) The
data of 1Ac-cyt (@), 7Ac-cytc (a), and 10Ac-cyt (M) are plotted
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proximated by fitting to an equation with two exponential
terms:

H(r) = H,exp(=kjt) + Hexpkt) + Hy  (2)
H, represents the protons deuterated with a fast kinetic
constantk;, H, represents the protons deuterated with a
slower kinetic constark,, andH3 represents the protons fully
protected from deuteration within 45 min and the back-

exchanged hydrogen (35 1%). The fitted curves for all
nAc-cyt ¢ (n = 0—13) are shown in Figure 3B.

The deuteration ofAc-cyt ¢ (n = 0—4) occurred within
20 min and was essentially identical within experimental
errors. TheHs values of about 5 at 45 min probably came

Biochemistry, Vol. 40, No. 32, 200B627

Normalized Parameters

i
15
No. of Acetylated Amino Groups

5 10 20

Ficure 4: Normalized transitions of cytochronzedependent on
the degree of acetylation measured by CD at 222 @ dnd
observed() and calculatedA) overall time constants of hydrogen
exchange at pH 2. The CD transition curve is a theoretical curve

from the back-exchange during the measurements. Weakcalculated with eq 7 and the parameters described in the text. The

protection was then observed in 5Ac-ayfor 20 min or
less. 6Ac-cytc protected more protons for 35 min or less.
7Ac-cyt ¢ protected more protons for longer periods, and

minimal and maximal values of the observed time constants of
exchange were 2.8 and 27.8 min, respectively. Those of the
calculated time constants were 3.5 and 13.8 min, respectively. For
estimating the observed time constant, the contributions of five

some protons were protected even after 1 h. Thus, above gnexchanged protons were subtracted from the experimental

certain level of stability, molten globules in the acetylated
cytochromec were able to protect amide protons from rapid
deuteration. The protection was then saturated at 8Ac-cyt
The deuteration kinetics afiAc-cyt ¢ (n = 8—13) were
essentially the same up to 1 h, and 261 protons were
protected at 1 h, indicating the formation of a molten globule.
The deuteration ofAc-cyt ¢ (h = 8—10) was completed
within 1 day, whereas-#13 protons ofiAc-cytc (n = 11—

13) were still protected after 1 day, suggesting formation of
a core structure imAc-cyt ¢ (n = ~11—-13) (data not
shown).

The acetylation-induced stabilization of the molten globule
state of cytochrome was previously analyzed by C2%,
26), SAXS, and tryptophan fluorescenc®7). The acetyla-
tion-induced transition could be approximated well by a
cooperative two-state mechanis@b{-27, 34). To compare

kinetics.

DISCUSSION

In the present study, the effects of acetylation on protein
conformation were analyzed by H/D exchange monitored by
electrospray MS. We showed that the H/D exchange kinetics
were significantly retarded with the progression of acetyla-
tion. However, the transition to the protected state required
a higher degree of acetylation than the apparent conforma-
tional transitions (Figure 4). For species with extensive
acetylation (i.e., more than nine acetylated Lys residues),
the exchange kinetics were independent of the degree of
acetylation, indicating formation of a stable molten globule
state. We consider these observations in relation to the
mechanism of H/D exchange.

Mechanism of H/D Exchang8&ite-specific analysis with

the H/D exchange kinetics with those measured by other NMR has improved our understanding of the mechanism of
methods, we estimated the apparent time constant of the H/DH/D exchange. Among several mechanisms to explain the
exchange, a time that the number of remaining protected exchange reactions, the most generally accepted are EX1 and
protons becomes 36=09/e). When estimating the apparent EX2 mechanisms on the basis of a common scheiné, (

time constant, we subtracted the contributions of five 35):
unexchangeable protons observed even for OA@cyithile

it was 2.8 min for 6-3Ac-cytc, it increased to 28 min for
12—13Ac-cytc. Then, we plotted the normalized transition

measured by the apparent time constant of exchange (Figur%vhere the closed form, NH(closed), is in equilibrium with

4). the open form, NH(open), with interconversion rate constants
The difference between the transition measured by H/D k; andk,, andk is the intrinsic rate constant of exchange
exchange and that by CD was evident. The transitions from the open form. In the EX2 mechanism, where the rates

measured by CD, SAXS, or tryptophan fluorescence agreedof conformational equilibriumlg andk,) are much faster
each other, consistent with a two-state transition mecha-than k;,, the observed exchange ratgss is described by
nism: the midpoint of the transition was at-8Ac-cyt c, kobs= (Ki/ko)Kint. In the EX1 mechanism, where the exchange
and the transition ended at about 10Ac-cytin contrast, is rate-limited by exposure of the amide protokgs = ki.
1-4Ac-cytc showed almost no change in the time constant NMR has enabled the analysis at each amide site.

of H/D exchange. The transition from the unprotected to the  On the other hand, when the solution contains both the
protected state occurred drastically between 5Acecghd  folded (F) and unfolded species (U), we have to consider a
8Ac-cytc species. Thus, the transition to the protected state mechanism in which the exchange occurs either from the

measured by the time constant of exchange required a highefolded or unfolded states at each amide s&e36).
degree of acetylation than the apparent conformational

k1 int
NH(cIosed)f NH(open)K—> ND(open) 3)

transitions. The retardation of the H/D exchange monitored Kerr
by electrospray MS was previously reported for the salt- FH —— FD
i ; kTl ky )
stabilized molten globule state of horse apomyoglobin at pH UH — UD
2 (18). Keru
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While many residues in the folded state are protected from behavior is biased by the labile unfolded state: wke
exchange, the residues in the unfolded state are easily< kexu, the time constant of the exchange reactikya(*
accessible to exchange. The exchange reaction of FH throughs approximated byf(U)kex) ™. In other words, it is not

UH to UD is similar to the reaction of eq 3, although eq 3 surprising that the transition to the protected state measured
does not specify the conformation of the exchangeable state by the time constant of exchange required a higher degree
The exchange rates between FH and UH, keandky, are of acetylation than the apparent conformational transitions.
probably much faster thak, r and kex u under the present Simulation of Exchange KineticEhermodynamics of the
experimental conditions at pH 2, where the intrinsic exchange acetylation-induced conformational transition of cytochrome
rate is close to minimum. If this is a case, the process of ¢ has been characterized in detaib). In addition, protection
conformational transition is approximated by an unfolding factors ) of the molten globule state of cytochrorobave
equilibrium constantKy (=ku/ks). Then, the apparent rate  been reportedy 24). Therefore, solely with the reported

constant of the exchange reactidg,s iS represented by parameters, it will be possible to simulate the exchange
kinetics on the basis of the general two-process model
Kops = Kex d(1 1 Ky) + Koy Ki/(1 + Ky) (mechanism 4 and eq 5). To obtakg,s with eq 5, AGy

= kg, f(F) + ko f(U) (5) between the molten globule and unfolded states that provides
' ' f(F), and the exchange rates for the molten globldes

where f(F) and f(U) are the fractions of the folded and and the unfolded statek) are required.

unfolded states, respectively. (i) The Free Energy Change\Gy. Hagihara et al. 26)
Under the conditions where the folded state is very stable, analyzed the conformational stability of cytochromeith

i.e., Ky < 1, eq 5 is approximated by various degrees of acetylation by CD and calorimetry and

proposed an equation relating the net charge AGg at
Kobs = Kex £ T Kex KU (6) pH 2 and 20°C:

This is equivalent to the exchange rate of the two-process AG, = AGy(neutral)+ pZ @)

model with EX2 approximation for global unfoldin,(6).

It is also noted that under the unfolding conditions, ikg;, where AGy(neutral),p, and Z are the free energy in the

> 1, eq 5 is simplkex, and at the midpoint of conformational absence of electrostatic contribution, proportionality constant,
transition whereKy = 1, kops = (Kex r 1+ kex,u)/2. Equation 5 and net charge, respectively. This equation is based on the
is also useful for the unprotected amide protons in the folded classic and simplified model of Linderstrom-Lang, assuming
state: If kexk = Kexu kobs = kexu- Thus, eq 5 can be that the charged groups were independent of each other and
considered to be a general form of a two-process model atlocated with equal probability on the surface of the spherical
each amide site, useful for describing the exchange behaviomprotein molecule Z6). This simplified equation is likely to

of various protons of different protection and under different be valid for the molten globule state because the electrostatic
conditions of protein stability. The only required assumption interactions are not site-specific in the molten globule state
is that the approximation &, ky > Kex s kex,u holds. In the and the acetylated species are mixtures of various species
two-process model, the exchange of the protected amidewith different sites of acetylation. The values/®®,(neutral)
protons in the folded state with a rate constapthas been andp were estimated to be 19.4 kJ/mol and 45 J/mol per
proposed for two limiting cases, solvent penetration involving square net charge, respective®p). The dependence &G
numerous small fluctuations and a discrete open/closeon the degree of acetylation shows a saturating curve,
transition involving specific local unit$( 6). The exchange  indicating that the effects of acetylation decrease with the
from the unfolded state often occurs at a rate similar to the progression of acetylation. The fraction of the molten globule
intrinsic exchange ratéu u ~ kint). These will be also valid  state calculated fromhGy reproduces the experiments: it

for mechanism 4. cooperatively increases with degree of acetylation with a
A two-process model has been used to explain the H/D midpoint of three to four acetylations (Figure 4).
exchange behavior of bovine pancreatic trypsin inhibBay, ( (i) Exchange Rates of the Molten Globule Stakeng et

bovine ribonuclease A4( 38, 39), and horse cytochrome al. (9) studied the H/D exchange kinetics of the molten
(40—42). Careful analysis of the H/D exchange of cyto- globule state of cytochromein 1.5 M NaCl at pD 2.2 and
chromec in the presence of low concentrations of denaturant 20°C. They analyzed the exchange kinetics with 2D H NMR
revealed that the two-process model can be applied to severahnd showed for the first time the structure of the molten
cooperative structural units, and a sequence of intermediateglobule state at the residue level: the three major helices in
structures representing the pathway of unfolding has beenthe native state and their common hydrophobic domain are
proposed, 41, 42). Although these studies suggested that largely preserved, while the loop region of the native
the two-process model is useful to analyze exchange from astructure is flexible and partly disordered. They estimated
partially folded state, to the best of our knowledge, no direct the protection factors?, for 44 residues of the salt-stabilized
examples in which the two-process model held true for the molten globule state as well as those of the native state. The
exchange behavior of an isolated intermediate state have yetesidues wittP values higher than 500 were V11 (726), A15
been reported. Therefore, it is intriguing if mechanism 4 and (1120), M65 (507), L94 (619), 195 (2743), A96 (952), T97
eg 5 can explain the H/D exchange behavior of the molten (959), L98 (1935), and K99 (519), where the numbers in
globule states of cytochronewith various stabilities. parentheses are the obseryedalues. The exchange rate

Equation 5, valid under different conditions of protein of each amide proton in the molten globule state can be
stability, indicates that, when the protein solution is a mixture obtained bykuc = kin/P(MG). For the residues not protected
of the folded and unfolded states, the apparent exchangen the molten globule state, we u&g: of each residue.
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T T . ' of observed proton occupancy were slightly higher than the
calculated values. This was probably because of the contri-
bution of exchangeable protons on the side chains. In

100

80 addition, even for intact cytochronte the final level of the
0 observed kinetics did not reach zero probably because of
F back-exchange during the measurements. Electrospray MS

separated and distinguished coexisting compact molten
globule molecules and disordered molecules on the basis of
their net charges (Figure 1). The presence of only two clusters
of charged states is consistent with a two-state mechanism
—_— - of conformational transition. However, while the compact
0 10 20 30 40 50 structure was detected even in 18 mM HCI (or DCI), highly
Time (min) acetylated 13Ac-cyt still showed strong peaks of disordered
FiGURE 5. Simulated H/D exchange kinetics of cytochromn conformation. These results were inconsistent with other
18 mM DCI. The figures indicate the number of acetylated Lys observations including those of CD. As described before,
residues. this suggested that the distribution of two populations is
altered when the protein molecule is subjected to electrospray
Although the P values were likely to depend on the ionization. We cannot exclude the possibility that this slightly
concentration of NaCl and pH, the reported values in 1.5 M affects our analysis of the exchange kinetics.
NaCl at pD 2.2 were used for our simulation.
(iii) Exchange Rates of the Unfolded StaWe can use =~ CONCLUSIONS

the intrinsic exchange rates calculated with the amino acid With electrospray MS, we systematically analyzed the H/D
sequence of horse cytochromaccording to Bai et al.28), exchange kinetics of cytochrome species with various

Wherg the effects cif only :ear;fast—nei?hbor lregidues ar€degrees of acetylation and hence with various degrees of
cog&dered. We neg ecteddt e effects of acetylatioh@n  giapjlity. MS enabled the simultaneous analysis of the
and no correction was made. _ _ _ variously acetylated species in the same solution, so that the
Cytochromec consists of 104 amino acids residues, separation of these species, as Goto and co-worlg&s (
containing 3 p_rollnes, and the .N—termlnal is acetylated.. For 35) did, was not necessary and the comparison of different
each of 99 amide protons, we simulated the exchange kineticsspecies was exact. The acetylation of amino groups progres-
with the respective values & andkus and witha common  gjye|y retarded the exchange reaction, indicating the forma-
value of AGy. Then, the kinetics of 99 amide protons were o “of the molten globule state protected from rapid
summed to obtain the overall exchange kinetics for each exchange. However, the overall exchange kinetics were

acetylated species. The kinetics of cytochromenith biased by the labile unfolded state, consistent with a two-
different degrees of acetylation were then obtained by yrocess model of exchange under destabilized conditions.
changingAG, according to eq 5. We simulated the exchange kinetics of acetylated species

The simulated H/D exchange kinetics of various acetylated 5, the basis of the general two-process model and the
_species (Figure 5) were sjmilar to the obse_rved kinetics. It parameters obtained from the literatu@ 84, 36). It is
is noted that we did not introduce any adjustment of the yemarkable that, without any adjustment of the parameters
reported parameters in order to obtain the better fitting. Itis fo fitting, the simulated kinetics reproduced fairly well with
amazing that the reported parameters reproduced the obhe opserved kinetics. This reasonable agreement indicates
served kinetics fairly well. Importantly, acetylation of up t0  the validity of both the two-state transition model between
three residues did not change the kinetics of the intact the ynfolded and molten globule states and the two-process
cytochromec. Marked changes in the kinetic profile occurred  ,odel of H/D exchange. The two-process exchange model
between 4Ac-cyt and 8Ac-cytc. The simulated kinetics s thys important for understanding the structural dynamics
were independent of the extent of acetylation for the speciesof the intermediate state under conditions of marginal
with more than nine acetylated residues. To compare thestability.
observed and calculated kinetics quantitatively, we obtained
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