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ABSTRACT. This study demonstrates the use of electrospray mass spectrometry in conjunction with rapid
online mixing (“time-resolved” ESI-MS) for monitoring protein conformational dynamics under equilibrium
conditions. The hydrogen/deuterium exchange (HDX) kinetics of mildly denatured myoglobin (Mb) at
pD 9.3, in the presence of 27% acetonitrile, were studied with millisecond time resolution. Analytical
ultracentrifugation indicates that the average protein compactness under these solvent conditions is similar
to that of native holomyoglobin (hMb). The mass spectrum shows protein ions in a wide array of charge
and heme binding states, indicating the presence of multiple coexisting conformations. The experimental
approach used allows the HDX kinetics of all of these species to be monitored separately. A combination
of EX1 and EX2 behavior was observed for hMb ions in charge state®®+, which predominantly
represent nativelike hMb in solution. The EX1 kinetics are biphasic, indicating the presence of two protein
populations that undergo conformational opening events with different rate constants. The EX2 kinetics
observed for nativelike hMb are biphasic as well. All other charge and heme binding states represent
non-native protein conformations that are involved in rapid interconversion processes, thus leading to
monoexponential EX2 kinetics with a common rate constant. Burst phase labeling for these non-native
proteins occurs at 125 sites. In contrast, the nativelike protein conformation shows burst phase labeling
only for 88 sites. A kinetic model is developed which is based on the assumption of three distinct (un)-
folding units in Mb. The model implies that the free energy landscape of the protein exhibits a major
barrier. The crossing of this barrier is most likely associated with slow, cooperative opening/closing events
of the heme binding pocket. Rapid conformational fluctuations on either side of the barrier give rise to
the observed EX2 kinetics. Simulated HDX kinetics based on this model are in excellent agreement with
the experimental data.

Many proteins are known to adopt partially folded their biophysical properties. One important approach in
conformations under mildly denaturing solvent conditions. this area is based on NMRpin relaxation measurements
Studies on these semidenatured states are of great importano@—11). Other powerful strategies involve the use of
for understanding a wide range of biological processes suchhydrogen-deuterium exchange (HDX) method$2-19).
as folding @), amyloid formation 2), signal transduction = HDX at sites that are sterically shielded from the solvent,
(3), ligand binding 4), and protein transport across mem- and/or involved in stable hydrogen bonds, is mediated by
branes$). Recent work has shown that some proteins exhibit structural fluctuations of the protein. The exchange kinetics
a significant degree of disorder, even under physiological observed in continuous labeling experiments are, therefore,
conditions where they are biologically activé),( thus related to the conformational dynamics of the polypeptide
indicating that a highly ordered native structure is not chain. Brief opening events mediating exchange may cor-
necessarily a prerequisite for protein functiain 7). respond to global or subglobal unfolding/refolding transitions

Partially folded proteins are structurally heterogeneous Or to local fluctuationsX3, 20, 21). The exchange mechanism
ensembles, undergoing conformational fluctuations on time is commonly described by2@)

scales ranging from subnanoseconds to minutes. Experimen- Kop ke,
tal techniques capable of probing the dynamic nature of these X—HC,OSGdT X_Hopenﬁ exchanged (1)

species are crucial for obtaining a better understanding of
wherek,, andkg are the rate constants for the opening and
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closing, respectively, of a particular exchangeable site. The can be observed for coexisting subpopulations. So far, such
chemical exchange rate constaat, represents the kinetics a behavior has been seen only for proteins exhibiting very
that would be expected for a fully unprotected hydrogen. slow conformational dynamicgtQ, 44—47).

For amide hydrogens, thie, value of any individual site In this work, ESI-MS is used for continuous labeling
depends on its neighboring amino acid side chains and onexperiments on the millisecond time scale. The increased
pD. Reference data obtained from dipeptide model com- time resolution is achieved through (i) initiation of HDX by
pounds are available that allow the estimation of ankigle  rapid online mixing and (ii) labeling of the protein at basic

values for any set of solvent conditionk( 13, 23, 24). In pH where the chemical exchange step is fast, thus favoring
the EX2 limit, characterized by > ke, the overall  EX1 exchange. ESI-MS with rapid online mixing (“time-
exchange rate constark, is given by resolved ESI-MS”) has previously been used for studying
_ the unfolding and folding of proteins in kinetic experiments
kex_ Kopkch (2)

(48—50). Lin and Dass§1) were the first to explore the use

whereKo, = kogks is the equilibrium constant of the opening of this apprloach for online HDX experiments, albeit with a
reaction. Under EX2 conditions, most sites have to visit the M0dérate time resolution on the order of seconds. _

open conformation many times before exchange occurs. As @& model system for this study we chose myoglobin
Converse|y, ifken > kg (EX]_ regime)' Comp|ete |abe|ing (Mb) The native state of this 153-residue protein Is

will occur with the first opening event, such that comprised of eighti-helices (A-H) which adopt a largely
spherical tertiary structure, forming a hydrophobic pocket
Kex = kop 3 into which the heme prosthetic group is noncovalently bound

N (52). Native holomyoglobin (hMb) contains 263 exchange-

NMR spectroscopy has traditionally been the method of aple hydrogens, 148 of which are located along the amide
choice for analyzing proteins in isotopic labeling experi- packbone, 110 on the amino acid side chains, 3 on the
ments. However, in recent years, the use of electrosprayermini, and 2 on the heme propionates. The folding and
ionization mass spectrometry (ESI-MS) for this purpose has conformational dynamics of both hMb and apomyoglobin
become increasingly popula2). Attractive features of ESI-  (amb) have been extensively studied 10, 53—63). In the
MS include its high sensitivity and the capability of detecting cyrrent work, the formation of partially folded Mb conforma-

ESI in the positive ion mode generates intact, multiply cosolvent at slightly basic pH. The interconversion of
protonated protein ions in the gas phase. This protonation gjfferent conformational and heme binding states is studied
occurs in a structurally sensitive manner; i.e., unfolded py time-resolved ESI-MS with online HDX under equilib-
solution phase conformations lead to the formation of higher jym conditions. We propose a detailed model to quantita-

charge states than tightly folded structur2s<28). Protein tively account for the observed EX1 and EX2 kinetics.
ESI charge state distributions recorded under mildly denatur-

ing conditions often exhibit multimodal peak distributions, EXPERIMENTAL PROCEDURES
indicating the presence of coexisting conformations in
solution @9, 30). Materials Ammoniumd, deuteroxide, acetic aci@-d

In many cases, ESI allows the transfer of intact nonco- (Isotec, Inc., Miamisburg, OH), deuterium oxide (Cambridge
valent complexes into the gas phase, thus making themlsotope Laboratories, Inc., Andover, MA), acetic acid,
amenable to direct mass Spectrometric anahB]B—BS)_ ammonium hydroxide (Fisher Scientific, Nepean, Ontario,
Therefore, ESI-MS has the unique capability of monitoring Canada), acetonitrile (Caledon Laboratories, Georgetown,
structural changes of a protein in solution, while at the same Ontario, Canada), and ammonium acetate (Fluka, Buchs,
time providing information on noncovalent interactions with Switzerland) were used without further purification. Fer-
metal ions, prosthetic groups, or other protei®8-(38). An rimyoglobin from horse skeletal muscle (Sigma, St. Louis,
additional structural dimension is obtained when ESI-MS is MO) was dialyzed against 20 mM ammonium acetate and,
used in conjunction with online HDX in continuous labeling subsequently, acidified to pH 3.0 with acetic acid prior to
experiments 39—42). The isotope exchange observed in the addition of ammonium hydroxide and acetonitrile. The
these studies is due to HDX of amide groups, labile side addition of acetic acid was found to significantly enhance
chain hydrogens, and the polypeptide termini. signal intensity and decrease peak tailing in the mass

Online labeling is usually initiated by manual mixing of ~spectrum. pH and pD values were measured with an AB15
the protiated protein with a £D-based solvent. The time PH meter (Fisher Scientific, Nepean, Ontario, Canada).
resolution of this manual approach is necessarily limited; Reported values were corrected for isotope effects by using
typically it is on the order of minutes. To date, it has only the relation pD= pH meter readingt- 0.40 ©4).
been possible to use this technique for monitoring very slow  Time-resaded ESI-MS with online HDXvas carried out
exchange processes, usually employing slightly acidic pH using the continuous flow mixing setup shown in Figure 1.
such thatkg, is on the order of 0.001 to 175 (23, 43). This apparatus is a variation of that used in previous work
Structural opening/closing events typically occur on much (48, 50). Briefly, two syringes are advanced simultaneously
faster time scales, thus leading to conditions where all of using syringe pumps (Harvard Apparatus, South Natick,
the peaks in the ESI mass spectrum show the same EX2MA). The contents of each syringe are combined at a mixing
kinetics @0, 42). A more detailed view of the structural tee which empties into a fused-silica “labeling capillary”
fluctuations occurring under equilibrium conditions is pro- (Polymicro Technologies, Phoenix, AZ) that is connected
vided in cases where the protein shows a combination of to the ESI source of the mass spectrometer. Effective mixing
EX1 and EX2 exchange and where distinct HDX kinetics at the tee has been demonstrated in previous studies
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Ficure 1: Schematic diagram of the continuous flow setup used
for time-resolved ESI-MS with online HDX. For details see text.
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(49, 65). The duration of the labeling time was controlled m/z

by altering the length and the i.d. of the labeling capillary. Ficure 2: Electrospray mass spectrum of partially denatured

For labeling times less than 450 ms, a % i.d. capillary myoglobin (27% acetonitrile, pH 9.3). Peaks are labeled for clarity.

was used. Longer times were achieved with a 4690i.d. Notation: a, apomyoglobin (aMb); h, holomyoglobin (hMb); 2h,

labeli il d ten-d tion t 7 myoglobin carrying two heme groups (2hMb); D, hMb dimer. In

_a e '”9 Capillary an a} step-down connection 1o au . the text, highly charged hMb ions (with a maximum at hit)

i.d. capillary for the terminal 1.8 cm at the ESI source. During are assigned to the solution phase speciesiMb

labeling experiments, syringe 1 contained myoglobin in 27% L , ,
acetonitrile, adjusted to pH 9.3 with NBH, and syringe 2 equilibration time at each rotor speeq prior to scanning. Data
contained a labeling solution of,D with 27% acetonitrile, ~ Were analyzed using software supplied by the manufacturer.
adjusted to pD 9.3 with NEDD. Syringes 1 and 2 were The errors reported for the_z meas_ured molecular masses
advanced at flow rates of 15 and 280 min—1, respectively. correspond to the 95% confidence interval.
These flow conditions resulted in a0 content of 95% in Sedlment§t|on velocity profiles were measured at 60000
the labeling capillary and a total flow rate of 328 min-1 rpm a}t 20°C in double se.cto_r cells. Scans_ were tgken every
at the ESI source. Efficient mixing has been demonstrated 10 min for a total analysis time of 190 min. Sedimentation
previously by comparing time-resolved ESI-MS data with coefficients were calculated from the data obtained using
results from optical stopped-flow spectroscog, 65, 66). the SVEDBERG software packag@(j and subsequently
The distortion of the measured kinetics due to laminar flow Converted taso, values by standard methodg&l( 72). The
effects is small under the conditions of this wo and e_x_penmental error of the mea_sgred sedimentation coef-
was therefore not considered for the data analysis. ficients, as determined by the fitting program, was on the
The API 365 triple quadrupole mass spectrometer (SCIEX, order o_f 1%. V_alues for solvent viscosity and density were
Concord, Ontario, Canada) used in this study was operatedietérmined using an Ostwald viscometer and pycnometer,
in the positive ion mode. For HDX experiments, individual "€SPECUVelY fuater20c = 1.002 MPa Spuater,20c = 0.99821
peaks were measured by scanning selected windows corre9d ML (73); 7270acetonitie 2 = 1.135 MPa $92796 acetoniite 2
sponding to 1550 m/z units, using a dwell time of 1 ms = 0.95889 g mL1]. A pgrtlal specific volume value of 0.741
and step size of 0.2Wz units. Typically, 35 scans were mL g~* as calculated in ref4 was used for all solvents.
averaged for ea_ch peak. .This source uses pneumaticallyRESUL.l_S AND DISCUSSION
assisted ESI (with dry air as a nebulizer gas) and an
orthogonal flow of air (“turbo gas”), at 10 L min at room Electrospray Mass Spectrometijhe ESI mass spectrum
temperature, to aid desolvation and to reduce the presencef Mb recorded under mildly denaturing equilibrium condi-
of water vapor in the source region. Low declustering tions [in acetonitrile/water (27:73 v/v) at pH 9.3] shows a
voltages were used in the ion sampling interface of the masswide array of protein ions in charge states ranging from 7
spectrometer (orifice-skimmer potential difference 20 V, to 23+ (Figure 2). The complexity of the spectrum is further
focusing ring-skimmer potential difference 200 V) to mini- increased by the observation of several heme binding states.
mize the disruption of noncovalent interactions by collision- lons of hMb exhibit a bimodal charge state distribution. The
induced dissociation6g, 69). A decrease of these voltages low charge states, around h&th predominantly represent
by a factor of 2 did not result in significant changes of the solution phase holoproteins in a native (or nativelike)
observed protein charge state distributions. However, the conformation 86, 41, 49, 50, 75). hMb ions in higher charge
signal-to-noise ratio of the data recorded under those states, centered at hNM¥, correspond to proteins that have
conditions was significantly lower. A Gaussian fitting a more unfolded solution phase structure but still retain their
procedure was used to determine the maxima of protein peaksheme group 49, 65. This species will be referred to as
after labeling §0). hMby. A bimodal distribution is also observed for aMb ions.
Analytical Ultracentrifugation. Protein samples were Charge states around aRtbrepresent a compact state of
prepared as for ESI-MS experiments. Data were collectedthe apoprotein, whereas peaks centered around&Mb
in an Optima XL-A analytical ultracentrifuge (Beckman, correspond to more unfolded conformations. Lower intensi-
Fullerton, CA). A four-hole An-60Ti rotor and six-channel ties are seen for Mb ions with two heme groups attached
cells with Epon charcoal centerpieces were used for sedi-(termed 2hMb) in charge states ranging from T 14+.
mentation equilibrium experiments. Absorbance measure-Previous work indicates that this species corresponds to
ments were taken in 0.002 cm radial steps. For sedimentationsolution phase proteins that are bound to noncovalent heme
equilibrium experiments, samples were allowed to equilibrate dimers 60). Free heme is observed as a singly charged ion
for 18 h at 30000 rpm before data collection. Scans were at m/z 616.2. Close inspection of Figure 2 also reveals the
taken at 30000, 24000, and 16000 rpm with at least 8 h presence of ions corresponding to hMb dimers.
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Radius (cm) not shown). Sedimentation coefficienssy(,) obtained from
these profiles were 1.84 0.02 and 1.88+ 0.02 S for
partially denatured Mb and for native hMb, respectively. For
comparison, a sedimentation coefficient of 0.46 S has been
measured for unfolded Mimi6 M urea at pH 3.081). These
data, together with the results of recent optical experiments
(82), indicate that the overall compactness and shape of Mb
under the mildly denaturing conditions used here are similar
to that of the native protein. At first sight, this conclusion
seems surprising given the appearance of the ESI mass
spectrum in Figure 2, which clearly indicates the presence
of non-native protein subpopulations. However, the degree
of unfolding appears to be moderate, since the maximum of
the aMb charge state distribution is only located at-14
Higher charge states (around-fphave been reported for
more extensively unfolded MIB6, 41, 65). Also, the ESI
mass spectrum in Figure 2 likely overemphasizes the
presence of non-native proteins, partly because unfolded
conformations are expected to result in higher ion intensities
(83) but also because the sensitivity of quadrupole mass
analyzers is thought to drop with increasimig (84).
. . \ \ . Another interesting result is that analytical ultracentrifu-
600 620 640 660 680 gation does not indicate the presence of free heme, which
Radius (cm) would be manifested as an elevated baseline. This is
Ficure 3: (A) Sedimentation equilibrium profile for partially Compat'_ble with the results of rec_ent d'ffl_JS'on Stl_Jd'eS that
denatured myoglobin (27% acetonitrile, pH 9.3) obtained by also indicate that heme and protein remain associated under
analytical ultracentrifugation at 30000 rpm. The solid line represents the mildly denaturing conditions used he&2); In contrast,
a single-exponential fit to the experimental data, corresponding to g fairly strong signal for free heme is observed in the ESI
a pfr.?te'” mangOf 1670-3'[0(?-8 kDa-d(B)hsed'me”ta}'O” velocdlpy mass spectrum (Figure 2). A possible explanation for this
g;oi:]e(;)r.egcé;r:as v?tere take:\prenvgrr;/ %tm?rfame solvent conditions <0 ation is that some of the aMb ions observed by ESI-
MS may represent very loosely associated hepretein
Analytical Ultracentrifugation. Partially folded Mb is complexes in solution that underwent separation during ESI.
known to form noncovalent dimers and larger aggregates For reasons of simplicity we will continue to use the term
under a number of mildly denaturing solvent conditions “apomyoglobin” (aMb), thereby explicitly including solution
(1, 76—78). Estimating the solution phase abundance of a phase proteins that may have very weak residual heme
noncovalent complex based on ESI-MS data is a difficult protein interactions.
task (79, 80). Thus, the low abundance of hMb dimer ions Hydrogen-Deuterium Exchange Kinetic¥he mass spec-
in Figure 2 (¢~2%) is not sufficient for ruling out extensive trum (Figure 2) does not provide any information on the
protein aggregation in solution. Analytical ultracentrifugation conformational dynamics of Mb. Time-resolved ESI-MS was
was used for assessing the degree of protein aggregationtherefore employed to monitor the HDX kinetics of Mb in
Monitoring the absorption in the heme Soret region at 360 acetonitrile/RO (27:73 v/v) at pD 9.3. The average chemical
nm, we measured sedimentation equilibrium profiles of Mb exchange ratke, for unprotected amide hydrogens in Mb at
under the mildly denaturing conditions used for ESI-MS this pD, and for a temperature of 2%, is 644 s, as
(27% acetonitrile, pH 9.3) at several rotor speeds. Control calculated on the basis of the data provided by Bai et al.
experiments were carried out on native hMb in aqueous (23). Labile side chain hydrogens are expected to exchange
solution containing 100 mM NaCl. Global analysis of results with rates that are similar or even fast@&5). Observation
obtained at rotor speeds of 30000, 24000, and 16000 rpmtimes ranging from 7 ms to 3.1 s after initiation of labeling
revealed that the equilibrium sedimentation profiles recorded were studied by time-resolved ESI-MS. In addition, mea-
under mildly denaturing and native solvent conditions were surements correspondingte= 1.5 h were taken in manual
well described by single exponentials, corresponding to mixing experiments.
molecular masses of 174G8 800 and 1770Gt 900 Da, The exchange behavior observed for different ions in the
respectively (Figure 3A). Virtually the same results were spectrum can be grouped into two categories (Figure 4). (i)
obtained at a detection wavelength of 280 nm, which is With increasing labeling time, the peak maxima of aMb,
dominated by the absorption of aromatic side chains (data2hMb, and hMly shift to higher mass, indicating EX2
not shown). The molecular masses of aMb (16952 Da) and exchange, i.e., the occurrence of rapid unfolding/refolding
hMb (17568 Da) are within the margin of error for both events with closing rate constarits > 644 s’ As an
samples. These data clearly show that Mb under the example, data obtained for alh are depicted in Figure
conditions of the current work predominantly exists as a 4A—D. (ii) A more complex exchange behavior is seen for
monomeric species. hMb ions in charge statest7to 9+, as exemplified by
Sedimentation velocity profiles obtained for mildly dena- hMb®" in Figure 4E-H. For labeling times up to 3.1 s, these
tured Mb at a detection wavelength of 410 nm are depicted protein ions show bimodal mass distributions. The gradual
in Figure 3B. These data are very similar to those observedshift of both peaks to higher mass again indicates the
for native control samples (prepared as indicated above; dataoccurrence of rapid structural fluctuations (EX2 exchange).
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FIGURE 4: Isotope exchange behavior observed for the ions!&ME—D) and hMIS+ (E—H) for selected time points. Noisy lines in dark

gray represent experimental data. Smooth black lines are simulated peak shapes, calculated from a kinetic model (Figure 6). Intensities of
hMb8* low and high mass peaks are denoted,aandly, respectively. Determination of; in panels E-H: Peak tailing of the low mass

peaks due to the presence of incompletely desolvated ions contributes to the intensities of the high mass peaks. To obtain suitable baselines
for the determination ofy, the tailing ends of the low mass peaks were extrapolated by using fitted expressions of the=foom+

exp(—a x mass), as indicated by the dotted lines. These extrapolations were used for the determinatias ekemplified in panel E.

The intensity of the high mass peak fior= 7 ms, as determined by this method, is denotet),&sThe fitted baselines were included in

the simulated curves shown in panels

In addition, the relative intensity of the low mass peak hydrogens after a labeling time of less than 1 s. Taking into
decreases, and that of the high mass peak increases (EXhaccount the 95% deuterium content of the labeling solvent
behavior; see reB6). The latter observation shows that the and the total number (263) of exchangeable sites in Mb, this
corresponding solution phase proteins are also involved in corresponds to a relative exchange level of 233/(RGB95)
slow unfolding/refolding processes wiky < 644 s*. The = 93%. This exchange level is very close to the values that
low mass peak is no longer detectable for 1.5 h. were observed when the observation time was extended to

Figure 5A provides a synopsis of the observed EX2 1.5 h. For the conditions of this work, some back-exchange
exchange processes. The HDX kinetics measured for all aMb,with residual water vapor in the ESI source is unavoidable
2hMb, and hMH ions, as well as for thaéigh masspeaks (39, 50). Therefore, an exchange level around 93% represents
of hMb”" to hMb®*, are virtually identical. The upper curve virtually complete labeling of the protein. According to eq
in Figure 5A shows plots of representative peak maxima as 4, 108 labile sites undergo EX2 exchange with a rate constant
a function of labeling time. These data are well described of kex = 23.3 s1.2 Burst phase labeling occurs for 125

by the single-exponential fit

2Here and in the remainder of the text, numbers of hydrogens

mass shift= 125+ 108[1— exp(—23.3)] 4) correspond to measured values. For comparison with the actual number
of sites in the protein, the quoted figures should be multiplied by a
L e . factor of 263/233= 1.13, where 263 is the total number of exchangeable
which is shown as a solid line in Figure 5A (upper curve). sjtes in Mb and 233 is the maximum number of exchange events

All of these ions show a maximum of ca. 233 exchanged observed.
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Ficure 5: Panels A and B illustrate the HDX kinetics measured for partially denatured myogobin. (A) EX2 kinetics observed for various
ions. Solid lines are fits corresponding to eq 4 (upper curve) and eq 5 (lower curve). (B) EX1 kinetics observedsforNution: I,

intensity of low mass pealyc", corrected intensity of high mass peak. The solid line is a biexponential fit to the experimental data,
corresponding to eq 6. A single-exponential fit (dotted line) is inadequate for describing the observed kinetics. Panels C and D show the
results of HDX simulations based on a kinetic model (Figure 6). Solid lines represent fits to the experimental data (taken from panels A
and B); solid circles are simulation results. (C) Upper curve, EX2 kinetics for (O,C,C); lower curve, EX2 kineti{€f6r,C). Unit 1
represents the hydrogens labeled during the fast phase &{@€,C) EX2 exchange (dashed curve). Unit 2 corresponds to sites that
undergo exchange during the slow phase (see eq 5). The remaining sites represent unit 3. (D) EX1 kific3 ©f.

hydrogens. The observation of identical exchange kinetics A number of factors have to be taken into account for the
for the different charge and heme binding states suggestsanalysis of the EX1 kinetics observed for the h¥kio
that the corresponding solution phase species (aMb, 2hMb,hMb®t ions. The determination of the high and low mass
and hMly) interconvert on a time scale much shorter than relative peak intensitiesi{ andl., respectively) requires the
ket &~ 40 ms @0). The case of thdiigh masspeaks of use of a baseline correction, which is outlined in the caption
hMb” to hMb** (which show the same HDX behavior) will ~ of Figure 5. In addition, the high mass peaks observed for
be discussed below. very early labeling times (e.g., fdr= 7 ms; Figure 4E)
clearly represent the “tail end” of the hMixharge state
distribution. As the labeling time is increased, however, the
high mass peaks contain an increasing contribution from
nativelike proteins that have spent time in a more unfolded
. conformation during labeling but have attained a nativelike
mass shift= 88+ 41[1 — exp(-11.1)] + structure immediately prior to ionization. Only this second
63[1— exp(-0.2)] (5) contribution is of interest for analyzing the EX1 kinetics.

o o Therefore, corrected relative intensities for the high mass
Very similar kinetics were observed for h¥tband hMIg* peaks] ", were determined according kg = Iy — 1.

(data not shown). Burst phase labeling occurs for only 88 Thet = 7 ms time point was used to estimate lafvalue
sites, which is significantly less than the burst phase corresponding to 24% of the total h¥tbpeak intensity.
amplitude of 125 sites seen for all other protein ions. This  Figure 5B shows a plot df/(I. + 1. Surprisingly, a
observation confirms that the low mass peaks of hivib monoexponential fit did not adequately describe these data,
hMb®* represent solution phase proteins that have a moreand a biphasic expression had to be used instead. The solid
nativelike conformation than the other species observed. Aline shown in Figure 5B corresponds to the equation
group of 41 hydrogens exchanges with a rate constakgof

= 11.1 s*, while a second group comprising 63 sites | /(I + 1, = 0.55[1— exp(—3.&)] +

undergoes slower exchange wik = 0.2 s'. It is noted 0.43[1— exp(=0.31)] (6)

that the value of the second rate constant in eq 5 cannot be

determined accurately, because the disappearance of the lowhe simplest explanation for this behavior is the assumption
mass peaks limits the experimental time window~8 s. of two different subpopulations of proteins, one undergoing
Acceptable fits were obtained fdex values ranging from  a cooperative opening event wit, = 3.6 s and the other

0.1 to 0.3 s*. The value of 0.2 8" in eq 5 represents the  with k,, = 0.31 s*. Although the reasons underlying this
midpoint of this range. kinetic heterogeneity are not clear, it is interesting to note

The lower curve in Figure 5A exemplifies the EX2 kinetics
observed for thédow masspeaks of hMB*. The fit to these
data is given by the biexponential expression
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that hMb under the conditions of our work likely represents
a mixture of proteins with their heme groups in a non-native
orientation (rotated by 18&bout the heme—y-meso axis)
and in the correct binding geomet1—89). The two heme
binding states are almost isoenergetic and interconvert on a
time scale of hours. It seems possible that the two forms of
the protein show different EX1 opening rates, especially since
the opening event is thought to involve the heme binding
region of the protein (see below). However, without further
experimental evidence this explanation remains speculative.

Kinetic Modeling According to thermodynamic principles, Fast EX1
the 'n.ati've copformation of any protein must be in dynamic 50 :: o0 |::| HC,C.C) |:: H0,C,C) :: H0,0,C)
equilibrium with higher energy conformations that represent : ‘ °
different degrees of unfoldindL6, 20). Recent NMR-based T_Sk,w EX1
native state HDX studies indicate that protein structures canFicure 6: Schematic free energy profile of Mb conformations and
be dissected into a number of distinct (un)folding units. The kinetic model of the conformational dynamics under mildly
stepwise sequential opening of all units in the order of their denaturlngg CO_n%ltlonSdQZ% aﬁletlonltf"?, pH 9.3). Th(tah T%del .

: H : : assumes two independaent paraliel reaction sequences that do no

thermodynamic Stab'“_ty leads from the native conformatlon_ interact on the experimental time scale of roughly 3 s. The vector
to the unfolded state; the reverse process leads to proteimotation used for the various protein states indicates which of the
refolding under equilibrium conditionsl6, 20, 90—93). three (un)folding units are in open (O) and closed (C) conforma-
Transient opening events of individual units briefly expose tions. The presence of a heme group is indicated by a superscript

_Aafi H. Only those species marked in boxes are significantly populated
well-defined groups of exchangeable hydrogens to the - -7 ! they can be observed in the ESI mass spectrum (see Table

solvent, thus allowing HDX to occur as expressed in eq 1. 1 "Most of the peak intensity of hMb ions in charge statestd
This general model of equilibrium structural dynamics is also 9+ is attributed to the solution phase conformatig,C,C); aMb
expected to apply under mildly denaturing conditions that ions are assigned to (O,C,C). The values of the rate constants
promote the population of partially unfolded protein mol- @aré summarized in Table 1.

AN

”(0,6,C)

(0,;,0) ::2 | (0,C,0) |%| "(C,(,:,C) H% H(o,;:,C)

8

ecules. Scheme 2
Unfolding Units in Myoglobin.Previous studies have " —heme

identified a minimum of four distinct Mb conformations, (C.C.0 o (0,C,C)=(0,0,6)=(0,0,0)

which may be arranged in the sequence shown in Scheme 1

according to their degree of unfolding, (10, 53, 94, 95). In this scheme the superscript H indicates the presence of

the heme group. It is noted that most previous studies were
Scheme 1 exclusively focused on amide HDX, whereas the technique
—heme employed here is sensitive to exchangeabflabile hydro-

hMby, =——= aMby, = aMb, = aMb, gens, including those located in side chains. For this reason,

the total number of exchangeable sites assigned to each of
the three units cannot be directly compared to literature data
(e.g., refb4).

The assumption of three distinct (un)folding units in Mb,
undergoing transient opening/closing events, implies a kinetic
model for the structural dynamics of the protein under the
conditions of the current study (Figure 6). In the following

In this scheme hMfprepresents the native, tightly folded
heme-protein complex. In the absence of heme, and under
physiological solvent conditions, the protein adopts the state
aMhby, which has an overall structure resembling the compact
native fold but has extensively disordered elements in the

heme binding region. Helix F, in particular, fluctuates gq tions, it will be outlined how the HDX kinetics of the
between nativelike and more disordered conformati@s (0 major species, hMb and aMb, can be interpreted within
The molten globule _aMtbecomes most strongly populated tis model. The remaining two species, 2hMb and hMb
around pH 4.0; this state represents the next level of yjj ais0 be addressed. We will present the results of detailed
unfolding (1). Structured regions in aMinclude the A, G, computer simulations, which confirm that the predictions
and H helices. Finally, the fully unfolded protein is repre- made by the model are in excellent agreement with the
sented by aMp (62). The sequence aMb—aMb -— aMby experimentally observed exchange kinetics.

provides a minimalist description of the kinetic aMb folding HDX Kinetics of hMb Proteins corresponding to the low
mechanism in heme-free solutiog3. It has been shown  mass peaks of hMb to hMb®* are assigned to the solution
that the three structural transitions in Scheme 1 are associategyhase structure(C,C,C). We propose that the EX1 kinetics
with the exposure of three distinct populations of hydrogens observed for this species are mediated by slow opening
(54). We therefore suggest a model where the Mb structure events affecting unit 1, i.e., the heme binding region of the
is dissected into three unfolding units. Each unit can be in protein. This opening event and the concurrent loss of the
an open (O) or in a closed (C) conformation. Unit 1 heme group lead to the structure (O,C,C). Following the
encompasses the heme binding regibd),(unit 3 includes  discussion above, the biphasic nature of this opening process
the A—G—H folding core (), and the remaining structural implies the presence of two different forms %C,C,C).
elements of the protein are assigned to unit 2. Within this Accordingly, the kinetic model (Figure 6) has two parallel
framework, the conformational transitions of Scheme 1 may reaction sequences that are kinetically separated on the
therefore be expressed as shown in Scheme 2. experimental time scale of roughly 3 s. According to eq 6,
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the number ratio of proteins participating in the first sequence [T .. 4[4l [o[o[ 0l 1] ... [olo 1] 0] 0] 0] 0] 0] ... [0l o[ 0]

(fast EX1 exchangek,, = 3.6 s'*) and the second sequence < > < . > < . >

(slow EX1 exchangek,, = 0.31 s%) is 0.55:0.43. The two ( 4L1"§ittgs) (Gg'g;tgs) ( 4L1"gittgs)
sequences are assumed to be kinetically equivalent, except o ) ) o
for the transitions between (O,C,C) aHC,C,C). FIGURE 7: Bit string representation of proteins used for the kinetic

. . . . modeling. 1 and 0 stand for deuterated and protiated sites,
The biphasic EX2 exchange 6(C,C,C) is attributed to  egpectively. For time = 0, the protein is fully protiated, and all

sequential sub-millisecond fluctuations involving units 1 and bits have a value of 0. As HDX proceeds, more and more bits are
2. It appears likely that the heme group remains in close converted from O to 1.

spatial contact with the protein during the very brief time
periods that these units adopt open conformations. We Table 1: Parameters Used for Kinetic Simulatins
therefore use the notatidt{O,C,C) and’(O,0,C) for these equilibrium parameters

two species to_denote t_he presence of the heme. Accordlng protein relative AGaop rate constants
to eq 5, unfqldmg of unit 1 mvo]ve; a total of 41 sites that " giate Kep population (kJmol)? kg(sDe k(s
exchange withkex = 11.1 s'. Unit 2 involves 63 sites that

exchange withkex, = 0.2 s%. An additional 88 sites are 'f? ©) 0.036 0.036 82 k=10 k=3600
permanently unprotected and undergo burst phase labeling. (0,C,C) 1.0

Presumably, this group includes many of the labile hydrogens # 3.0 —27 k=12 k=36
located in amino acid side chains, but it may also include HC.C.C) 0.33 ks'=0.10 ki=0.31
some amide hydrogens. The remaining sites (i.e.,233 i o.01? ' 101  ke=10°F ks= 1700

— 63 — 88 = 41) are assigned to unit 3. The opening of H0,C,C) 0.006

unit 3 is a rare event that does not significantly contribute ¥ 0.018 . 9.9 k=10 k =1800

to isotope exchange 6fC,C,C) on the experimental time ©.0.0 10

scale of ca. 3 s. aRefer to Figure 6 for more information on the model employed.

inati ; b Calculated on the basis of eq 2 from the measured EX2 rate constants

HDX.K".]etK?S of aMbWQ Sug_ges_t thatthe bimodal charge by assuming that,, = 644 §1%23). ¢ Determined as described in the
state distribution of aMb ions in Figure 2 represents a state yov d caiculated fromAG®app = —RT In(Kog). € The values oky, ke,
comparable to aMbin Scheme 1, having the folding pattern  andks were taken as £0s ! to ensure that the conditions for EX2
(O,C,C). This assignment is compatible with published ESI exchangeKy > ks) were met.
charge state distributions of aMb under native solvent
conditions 29, 41, 96). The number of sites undergoing burst of the measured values &fy and by usingk;, = 644 s’
phase labeling for this species is expected to be-&88 = The ky values for these three transitions, ila,, ks, andks,
129, corresponding to the hydrogens in unit 1 plus those of were taken as PG to ensure that the conditions for EX2
the burst sites in?(C,C,C). This prediction is in good exchange were met. Together with the corresponding
agreement with the measured burst phase amplitude of 125values, this choice d{, determines the rate constants of the
sites. Within our model, the single-exponential EX2 kinetics corresponding opening events.
of (O,C,C) are mediated by rapid unfolding/refolding transi-  The rate constants,, for the EX1 transitionsk andk,')
tions simultaneously affecting units 2 and 3. The total number can be taken from eq 6. The determination of the corre-
of 63 + 41 = 104 sites in these two units is close to the spondingk, values requires knowledge of the concentration
experimentally determined value of 108 hydrogens partici- ratio of H(C,C,C) to (O,C,C). On the basis of the ESI mass
pating in this exchange process (eq 4). It is well known that spectrum, the intensity ratio of these two species is 0.23,
a destabilization of the protein structure can suppressimplying thatK,, = 4.3. However, this number probably
subglobal opening/closing events, instead favoring more does not adequately reflect the concentration ratio of the two
global conformational transitiond, 16, 97). Therefore, the  species in solution, as ESI-MS likely overemphasizes the
occurrence of structural fluctuations simultaneously involving contribution of aMly (29, 83). We therefore arbitrarily used
units 2 and 3 for (O,C,C) is not surprising, keeping in mind a somewhat lower value ok, = 3.0. For the kinetic
that the removal of the heme group significantly reduces the simulations this parameter is almost insignificant, because
stability of Mb (55). the EX1 kinetics are only determined by the opening rate

Computer Implementation of the Model simulation constantsk, andk,'’). With this choice ofK,p, (O,C,C) has
program was developed to test the numerical predictions ofan apparenAG®° that is 2.7 kJ/mol lower than that of the
the model described. Within this program, proteins are native staté!(C,C,C). It is important to point out that, except
represented as bit strings. Each bit corresponds to anfor the EX1 equilibrium constant, all of the numerical input
exchangeable site that is occupied either by hydrogen (0) orvalues used for our simulation are directly based on
by deuterium (1). The strings are divided into three regions, experimentally determined parameters. In other woitus,
containing 41, 63, and 41 bits, corresponding to units 1, 2, predictions of the kinetic model do not depend on any
and 3, respectively (Figure 7). In addition, each bit string adjustable factors
carries information that determines the opening state of the The simulation was run in iteration steps corresponding
three units for each protein and whether it belongs to theto Az = 50 ns. During each of these steps, individual
ensemble undergoing fast or slow EX1 exchange. A simula- unlabeled sites can undergo exchange with a probability,
tion was carried out on 2000 bit strings by using the kinetic which is zero if the corresponding unit is in a closed
parameters summarized in Table 1. The number of proteinsconformation. For sites located in an open uwitjs given
assigned to each kinetic species was determined in ac-by
cordance with the corresponditg,, values. For the three
EX2 transitionsKo, was determined from eq 2 on the basis W=1— exp(-kA7) (7)
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The conformational dynamics of the protein were modeled with online fragmentation of gas phase protein i0f8)(
during each iteration by giving every protein the chance to Experimental efforts in this direction are currently underway
convert to an adjacent species. The probability for each of in our laboratory. These studies will prove or disprove the
these transitions is determined by the corresponding ratetentative assignments of the proposed three unfolding units
constantk in a manner analogous to eq 7. For reasons of to specific structural regions within the protein.
simplicity, all subglobal conformational transitions were  The data presented in this study provide a complex picture
assumed to be cooperative eve@)(Simulated mass distri-  of the conformational dynamics of Mb under mildly denatur-
butions of*(C,C,C) and (O,C,C) were calculated for selected ing conditions (27% acetonitrile, pH 9.3). A detailed kinetic
time points by counting the number of exchanged sites in model has been developed that is consistent with a wide
each protein (i.e., the number of bits having a value of 1). range of previous studies from the literature. It suggests that
The presence of sites permanently adopting an exchangetheé two major species observed in the mass spectrum,
competent state was taken into account by adding 88 Da toa@ssigned to the structures (O,C,C) &(@,C,C), are both in
the calculated mass values (see eq 5). The contribution offapid (EX2) equilibrium with more unfolded conformations,
each protein to the overall simulated mass distributions wasSeparated from their respective “ground states” through
taken as a Gaussian peak with an fwhm of 20 Da. relatively low free energy barriers. In contrast, the transition
Simulated mass distributions for selected time points are between these two states represents a slow (EX1) process
depicted in Figure 4, together with the corresponding that corresponds to a much higher barrier (Figure 6). Recent
experimental data. The calculated distributions shown in WOrk suggests that proteins may cross major free energy
panels A-D represent (O,C,C). Panels-E show calculated ~ Parriers not by surmounting them but by circumventing them
distributions for*(C,C,C), taking into account the expected through a long diffusive journey on a multidimensional
contribution from overlapping hMbproteins for the high ~ €nerdy landscapelQ0. Slow conformational transitions
mass peak. The simulated EX2 kinetics f§€,C,C) and could therefore be medlateo! by.rapld,.therma'lly activated
(0,C,C) are shown in Figure 7A, together with the corre- structural dynamlcs. Such a view is consistent with the m'odel
sponding fits to the experimental data, taken from Figure suggesteq in this quk' Wh?re rapid structural fluctuatllons
5A. Finally, the simulated EX1 kinetics df(C,C,C) are on each side of a major barrier may represent conformational

compared to the actual fit of the corresponding measuredsamp_ling processes that on rare occasions result in barrier
data in Figure 7B. The excellent overall agreement between crossing.
experimental and sir_nulated r_esults indicates that the_ observedy ckNOWLEDGMENT
dynamics are consistent with the proposed kinetic model
(Figure 6). While this agreement does not provide direct ~The analytical ultracentrifugation experiments presented
proof of the model, it does at least attest to the self- here were carried out at the UWO Biomolecular Interactions
consistency of the general framework used. and Conformation Facility.
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