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ABSTRACT. This study reports the application of electrospray ionization (ESI) mass spectrometry (MS)
with on-line rapid mixing for millisecond time-resolved studies of the refolding and assembly of a dimeric
protein complex. Acid denaturation of S100A11 disrupts the native homodimeric protein structure. Circular
dichroism and HSQC nuclear magnetic resonance measurements reveal that the monomeric subunits unfold
to a moderate degree but retain a significant helicity and some tertiary structural elements. Following a
rapid change in solution conditions to a slightly basic pH, the native protein reassembles with an effective
rate constant of 63. The ESI charge state distributions measured during the reaction suggest the presence
of three kinetic species, namely, a relatively unfolded monomey),(& more tightly folded monomeric
reaction intermediate (M), and dimeric S100A11. These three forms exhibit distinct calcium binding
properties, with very low metal loading levels foryMup to two calcium ions for M and up to four for

the dimer. Surprisingly, on-line pulsed hydrogeteuterium exchange (HDX) reveals that each of the
monomeric forms of the protein comprises two subspecies that can be distinguished on the basis of their
isotope exchange levels. As the reaction proceeds, the more extensively labeled species are depleted. The
exponential nature of the measured intenstigne profiles implies that the rate-determining step of the
overall process is a unimolecular event. The kinetics are consistent with a sequential folding and assembly
mechanism involving two increasingly nativelike monomeric intermediates en route to the native S100A11
dimer.

The mechanisms by which denatured proteins spontane-general concern for studies on coupled foldiagsembly
ously fold into their native structures have been a focal point processesg).

of research for several decadds. (In recent years, many ~ Ejectrospray ionization (ESI) mass spectrometry (MS)
fundamental principles governing the folding of single-chain offers an interesting alternative to the more traditional ap-
polypeptides have been uncovere#—£). In contrast,  r9aches for monitoring proteifigand and proteirprotein

surprisingly little effort has been directed toward the as- jneractions {7). Intact protein assemblies can be transferred

sembly of multisubunit structures from their unfolded ni5 the gas phase as multiply protonated entities so that
constituents. The formation of quaternary protein assembllesbinding stoichiometries can be deduced directly from the

adds another layer of complexity to the protein folding < of the observed iondg-20). In addition, the ESI

problem because folding and binding can be closely inter- .5 06 state distribution provides a highly sensitive probe
twined 6-15). K|net|c. stud_|es on protein association  t the gyerall conformational properties of proteins in solu-
processes are chgllengmg since spectroscopic signals suc on. Compact protein structures give rise to relatively low
as quorescer_me, _C|r_cula_r d|chrp|sm, and even Nifethods protonation states. Solution-phase unfolding greatly increases
cannot r?‘ad"y distinguish ummole_cular events from those the extent of protonation, thereby shifting the overall peak
that are linked to the fqrmatlon of mternjo_leculaf contacts. jiciibtion to higher charge statel( 21, 22). Thus, ESI-
L'tht ‘?‘r.‘d X-Sray s;cattclerlng.methogs iXh'p't Telatlvehl{ FI)(QOF MS provides a tool for monitoring protein conformational
selectivity. Size fractionation and chemical cross-linking changes that are associated with the formation or disruption

ﬁzpzoea:lcthgscuhr?gﬁc: (J]er(])ll‘tfdatl;:\r/]viﬂcares;zlugt?(l)ﬁ)(isTahneother of intermolecular noncovalent interactioris’( 23, 24). The
q P y aggreg coupling of continuous-flow rapid mixing devices to the ESI
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in monitoring the unfolding and subunit disassembly of
multiprotein systems25, 26). This work demonstrates for
the first time the feasibility of using this approach for kinetic
studies of the formation of native protein complexes, starting
from their denatured, monomeric constituents.

Pan et al.

effects on the basis of the relation pBpH meter reading
+ 0.4 (36).

Sample PreparationRecombinant rabbit S100A11 was
expressed and purified as described previou3sy 7). To
avoid potential complications associated with intermolecular

The S100 protein family is a highly conserved group of disulfide bridging 80), all experiments were carried out on
EF-hand calcium-binding proteins with molecular masses the Cys9Ser variant of the protein. The molecular mass
ranging from 10 to 12 kDa. Approximately 20 different S100 expected for the monomer based on its amino acid sequence
proteins have been identified with seemingly distinct func- is 11 281 Da. However, because all the protein samples used

tions and tissue distribution9). They are involved in the  for this study were originally designed to be used in NMR
regulation of protein phosphorylation, enzyme activity,
cytoskeleton dynamics, and tumor suppressiaf, @31).
These diverse functions are related to the proteins’ ability

experiments, they were carried out on uniforrifiy labeled
S100A11 with a molecular mass of 11 417 Da. The mono-
meric protein has a total of 182 exchangeable hydrogens,

to undergo calcium-induced conformational changes that 96 of which are in backbone amide groups, 83 on side chains,

allow them to interact with specific target polypeptide chains.
Like most other members of the S100 family, S100A11
(also termed S100C or calgizzarin) is a largelyhelical
protein that forms a symmetric, homodimeric quaternary
structure in both its apo- and calcium-loaded form. The four
helices in each of the monomers are arranged into two-helix
loop—helix calcium binding motifs, for a total of four binding
sites per S100A11 dimer. The dissociation constant of this
protein—protein complex has not been reported in the

and 3 on the termini.

Circular Dichroism SpectroscopyCD spectra were re-
corded on a Jasco (Easton, MD) J-810 spectropolarimeter
using a 1 mmpath length cuvette and a protein concentration
of 20uM (based on monomeric S100A11). Acidification to
pH 2.4 was done by usina 1 M HCl solution.

NMR SpectroscopyNMR samples of uniformlyN
labeled S100A11 were prepared with a monomer concentra-
tion of 108 uM in a 90% HO/10% DO mixture with 30

literature. However, binding studies on a number of similar #M DSS as an internal standard. HSQC specs@) (vere

S100 proteins have resulted kiy values of~2 uM for the
apo forms, whereas 10-fold higher affinities were found in
the presence of calciun3?). Recently, a NMR structure of
apo-S100A11 has become availabB@)( in addition to an
earlier X-ray structure of the calcium-loaded dimer bound
to two annexin | peptides3Q). Comparison of these two

collected on a Varian INOVA 600 MHz spectrometer using
a pulsed-field gradient triple-resonance probe. Data were
processed using NMRPip8%) and analyzed using NMR-
View (40).

Time-Resaled ESI-MSThe details of the continuous-flow
technique used for this study have been described elsewhere

structures reveals that calcium-mediated binding to the target(27)- Briefly, two syringes (termed 1 and 2) are connected

peptide is associated with relatively subtle conformational
alterations, reminiscent of those observed for troponiB4y, (

to a concentric capillary mixing setup which is directly
interfaced to a customized ESI source. Mixing of solutions

but quite different from the dramatic structural changes seen from syringe 1 (12&M monomeric ST00A11 in dilute acetic

for other EF-hand proteins such as calmodui) ( Dimeric
apo-S100A11 forms a tightly folded globular structure, with
short helices Il (1) and III (IlI") in a near-antiparallel orien-
tation. Upon binding to calcium and to the target peptide,
helix 111 (111 ") is tilted by roughly 30 (33).

In this study, the folding and dimerization of S100A11
are monitored by time-resolved ESI-MS in conjunction with
on-line pulsed HDX. The formation of the native protein
dimer occurs on the time scale of roughly 1 s. The overall
process exhibits a surprising degree of complexity; it involves

a number of monomeric intermediates that can be distin-
guished on the basis of their ESI charge state distributions,

their calcium binding properties, and their HDX character-

istics. The rate-determining step appears to be a conforma

tional change at the monomer level. Overall, the data
presented in this work clearly demonstrate the utility of time-
resolved ESI-MS for studies on rapid biomolecular recogni-
tion and assembly processes.

EXPERIMENTAL PROCEDURES

Chemicals.Deuterium oxide (Cambridge Isotope Labo-
ratories, Andover, MA), acetic acid (Caledon Laboratories,

Georgetown, ON), ammonium acetate and ammonium hy-

droxide (Fisher Scientific, Nepean, ON), and calcium chlor-
ide (CaC}, Aldrich) were used as received. Solution pH and

acid, 10uL/min) and syringe 2 (agueous ammonia solution,
10 uL/min) results in a pH jump from 2.4 to 8.5, an
ammonium acetate concentration of 500 mM, and a mono-
meric protein concentration of @M. The reaction time is
determined by the distance between the mixing point and
the ESI source. This distance can be controlled by a stepper
motor-driven mechanism.

Mass spectra were recorded on a Micromass/Waters
(Manchester, U.K.) LCT time-of-flight mass spectrometer
at a capillary voltage of 5000 V. The instrument was operated
by using elevated pressures in the ion sampling region, to
facilitate the detection of noncovalent protein complexXds (
42). A source pressure of 6 mbar, with sample cone and

_extraction cone voltages of 60 and 6 V, respectively, was

found to give optimal signal intensities for the dimer. All
data were acquired using the MassLynx instrument software.
Time-dependent ion intensity profiles of individual ionic
signals were extracted from the total ion count profiles by
integrating each peak along its half-width. Laminar-flow
effects within the capillary mixer were treated as described
in ref 43. Data for a reaction time of 5 min were obtained
after manual mixing of the reactant solutions.

For on-line pulsed HDX, a second mixing step was
incorporated into the experimental protocol. Syringes 1 and
2 were operated by using the same solutions and flow rates
as described above. After a variable refolding time, the

pD values were measured using an accumet pH meterreaction mixture was exposed to exces®©OOrom a third
(Fisher). Reported pD values were corrected for isotope syringe (pD 8.5, 500 mM ammonium acetate, d0min)
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Ficure 1: H—1N HSQC spectra of calcium-free S100A11 in a 90%HL0% DO mixture. The native state spectrum (A) was collected
at pH 7.3, and the spectrum of acid-denatured S100A11 (B) was collected at pH 2.4 using the same sample but with appropriate pH
adjustments. Both spectra were acquired using identical NMR parameters.

100

for a total flow rate of 100uL/min and a final protein
concentration of 6uM (based on dimeric protein). The 80 0 S PH ;2
isotope labeling pulse was terminated after 25 ms by solvent pri <
evaporation during ESI, which occurs on the time scale of 1
ms @4). The use of alkaline conditions for labeling is
necessitated by the requirement for sufficiently large intrinsic
HDX rate constants. At pD 8.5, the exchange of unprotected
amide hydrogens occurs on a time scale of 10 455 46).

The use of a constant pH (or pD) throughout the double
mixing sequence prevents potential artifacts associated with &
changes in the solution conditions during labelid@)( The 20 1
quasi-instantaneous MS analysis after labeling used here
allows the protein compactness (probed by the charge state  -40 - - - - -
distribution) to be directly correlated with the HDX behavior 190 200 210 220 230 240 250

of the various coexisting conformers that become populated Wavelength (nm)

during the reaction. Consequently, two probes that simulta- Ficure 2: Far-UV and near-UV (inset) circular dichroism spectra
neously report on different aspects of the protein structure of SI00A11 recorded at pH 7.3-(~ —) and pH 2.4 (). The data
during folding are available27, 49). In addition, the progress ~ Were recorded in the absence of calcium.

of the protein assembly process is reflected in time—dependenq
changes of the monomer/dimer ratio in the ESI mass

spectrum. The absence of a chemical quenching step Implle%‘nodifications in the local environment of aromatic amino

that the measured HDX levels are _due not O’?'V to qmuje acid side chains (S100A11 contains nine aromatics, Phel7,
groups but also to exchangeable sites on amino acid side 55" 25" 46" .73 .76 -91 and -101 and Tyr20; there is no

cha|n§ and on the termini. .For. none of .the refoldmg Trp) (52). Although these CD measurements confirm the
experiments was there any indication of protein aggregation. J ..\ olce of structural changes upon acid exposure, the
RESULTS AND DISCUSSION degrge of unfolding seems moderate when cor_npared to data
obtained for the denaturation of other proteifisS, (54).
Acid-Denatured State of S100AJArior to studying the Importantly, however, the ESI mass spectrum recorded at
refolding of S100A11, we found it was instructive to explore pH 2.4 exclusively shows monomeric ions (Figure 3A). This
the properties of the acid-denatured protein. Under native finding reveals that the protein does not maintain its
solvent conditions, both the amide proton chemical shift intermolecular contacts under acidic conditions. The ESI
dispersion in the HSQC spectrum (Figure 1A) and the charge state distribution is very wide and has a maximum
corresponding CD signature (Figure 2, dashed lines) arearound 12-. Comparison with ESI-MS data obtained for
consistent with a highly ordered protein conformation. When similarly sized proteins confirms that the spectrum in Figure
the pH is lowered to 2.4, the protein adopts a more unfolded 3A represents a non-native protein structut8, 21, 22).
structure, as evidenced by the significantly diminished This assertion is supported by comparing the spectrum in
chemical shift dispersion and narrowtr line widths (Figure Figure 3A with that obtained for refolded S100A11 (dis-
1B) (49). In the CD spectrum, acid exposure leads to changescussed below; see Figure 3E). The observations made here
around 195 and 220 nm (Figure 2, solid lines), suggesting confirm earlier reportsy5) that suggested that the ESI charge
some alterations in the secondary structure of the proteinstate distribution can be more sensitive to conformational
(50). Specifically, the signal change at 222 nm indicates a changes than CD spectroscopy. In conclusion, exposure of

60 1

#1023 (deg cm?/dmol)
S

oss ofo-helicity on the order of 6%651). Spectral alterations
in the 256-300 nm range are indicative of tertiary structural
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1000 1500 2000 2500 times of 200 and 800 ms, respectively. These spectra reveal
m/z increasing contributions of dimeric protein ions in charge

Ficure 3: ESI mass spectra of S100A11 recorded in positive ion states+9 _to +11, Where_as the relative int_ensities of the
mode. (A) Acid-denatured protein in aqueous solution at pH 2.4, monomeric peaks steadily decrease. The final stage of the
Time-resolved spectra, recorded 10 ms, 200 ms, 800 ms, and 5folding and assembly process is characterized by the data in
min after a pH jump from 2.4 to 8.5, are shown in paneistB Figure 3E, recorded 5 min after the pH jump. This spectrum

respectively. m11, m12, etc., represent charge states of monomeri ; i i i _
protein ions (e.g., [monomer 12H]'2"); d11, d10, and d9 represent Q_Stdomtlnated by dlmer_lc Sill.O_OAllt. The pe.rSIierllce ?leow
dimeric protein ions (e.g., [dimer 10H]:°"). Dashed lines separate ~ NE€NSIty MONOMETIC SIgNAIS IS NOL SUrprising, 10R&0

the ionic signals attributed to three different kinetic speciesy M «M (32) at a total protein concentration of G/ (based on
(unfolded monomer), M(folded monomer), and folded dimer. monomeric S100A11), the expected dimer/monomer ratio

is 3.3/1. Spectra obtained for protein samples that had not

calcium-free S100A11 to pH 2.4 causes disruption of the been previously exposed to acidic conditions are indistin-
protein’s dimeric structure. The resulting monomeric subunits guishable from that depicted in Figure 3E (data not shown).
adopt a moderately unfolded conformation, retaining a Overall, the ESI-MS data of Figure 3 reveal that a pH jump
significant helicity, and some tertiary structural elements. from 2.4 to 8.5 causes S100A11 to undergo a transition from

Refolding in the Absence of Calciuifime-resolved ESI a denatured monomeric structure to a tightly folded dimer
mass spectra recorded at different times after a pH jump toon a time scale of-1 s. This conversion is not a simple
8.5 allow tracking of the conformational changes associated two-state process. Instead, it involves a monomeric kinetic
with the formation of tightly folded apo-S100A11 ho- intermediate, M, that is associated with charge states of
modimers, starting from acid-denatured monomers. For aaround+7, which indicates a highly compact structure.
reaction time of 10 ms (Figure 3B), the protein still is Intensity—time profiles of the ionic signals corresponding
predominantly monomeric. Notably, the charge state distri- to Mg show decay kinetics similar to those of the charge
bution obtained under these conditions is bimodal, with states representing M(Figure 4). Although the overall
maxima at+11 and+7. This observation indicates the kinetics for a monomerdimer transition might be expected
presence of two distinct solution-phase conformations thatto show second-order behavior, this is not the case for the
differ in their overall compactnes$6—58). Charge states reaction studied here. Instead, apparent first-order kinetics
around+11 are assigned to a more unfolded conformation, are observed, as exemplified for the monomef charge
termed M,. The charge state distribution of this species state (Figure 4, insets}»®). Accordingly, all of the monomer
suggests that it has an overall compactness similar to that ofprofiles were fitted by first-order expressions of the form
the acid-denatured protein at pH 2.4 (Figure 3A). The slight exp(—keqt). The effective rate constafis for the decay of
shift in maximum from+12 to +11 may reflect a small Mg, determined as an average from fits of the monomeric
conformational change. Alternatively, this effect could result +6 to +8 charge states, was found to be &®.5 s*. This
from the different ionization conditions used (pH 2.4 vs pH value is similar to the averages value of 6.0+ 0.5 s*!
8.5), which might lead to a weakened charge acquisition determined for N from fits of the+9 to +15 ionic signals.
during ESI under the conditions of Figure 3B7}. Charge The formation of M occurs within the~10 ms dead time
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signals attributed to M (+9 to +15) are dominated by
calcium-free protein ions, with only minor satellite peaks
corresponding to singly calciated species. In comparison, the
monomer charge states of6 to +8, which had been
assigned to M exhibit much stronger satellite peaks,
reflecting ions bound to one and two calcium ions (Figure
5, insets). Within each of the two groups of charge states,
the calcium binding level remains remarkably constant. The
two monomeric conformations, vand M, that had initially
been identified on the basis of their charge state distributions,
therefore, show very distinct metal binding properties, M
0 which corresponds to a more tightly folded structure, exhibits
a higher C&" affinity than My. Dimerization of S100A11
results in another marked increase in calcium binding affinity.
The mass distributions of the dimeric protein exhibit
glfggifi igr?lscgﬁr?hzirgéqgmgggims; r%fmm%]ggir:gdagg c;jir'rr?se'faif]ftermaximum intensity levels for complexes containing two to
the initiation of refolding. Final conrz:entratiéns of €aand protein four caI_C|um lons. T_he Ca'c'“”? b|r_1d|ng levels observed for
and were 100 and 1M (based on dimeric S100A11), respectively. th€ various protein ions remain virtually unchanged for all
Calcium binding levels were calculated in two different ways. Filled the time points that have been studied (data not shown).
squares represent the intensity ratios of the single-calcium signal  Close inspection of the mass distributions in Figure 5
to the zero calcium peak. Empty circles represent data calculated qyeals the presence of additional signals corresponding to

in an analogous fashion but based on the sum of the one- and two- - - .
calcium peaks (for monomeric ions) and the sum of the one-, two-, TONOMeric S100A11 bound to more than two and dimeric

three-, and four-calcium peaks (for dimeric ions). The insets show ions.carrying more .than four calcium ions. These meta{
mass distributions for selected charge states. They were obtainedoading levels are higher than those expected on the basis

by converting thewz axis of the original data to mass according of the known number of binding sites in the protein. These

to M = i(m/z — 1), wherei is the ion charge staté € 11, 7, and ; ; i ;
10 for m11, m7, and d10, respectively). The number of calcium signals are attributed to nonspecific metpfotein complexes

ions corresponding to the individual peaks is indicated as zero, Oneyggnerated during the ESI process. Cpmplex_ation evel_'lt.fs of
two, three, or four. this type are very common when protein solutions containing

nonvolatile cations are electrospray@@,(63). Nonetheless,
of the experiment such that an initial intensity rise that is it appears that the calcium distributions of Figure 5 are
often associated with the formation of a reaction intermediate predominantly governed by specific binding events. This
is not observed in the corresponding intensity profiles. Also assertion is supported by the fact that the calcium binding
shown in Figure 4 are the formation kinetics of dimeric behavior is strongly correlated with the type of protein
S100A11, exemplified by the-10 charge state. The rise of species (M, Mg, and dimer). In addition, there are clear
these dimeric signals is characterized by an avekagealue discontinuities within the intensity progressions of the
of 5.0 £ 0.4 s The differences in the effective rate individual calcium peaks; e.g., the excess calcium peaks for
constants determined for My, and the dimer are likely = monomeric+7 ions are much weaker than the signals of
due to limitations in the signal-to-noise ratio of the experi- singly and doubly loaded S100A11. Similarly, there is a clear
mental data. discontinuity between the fourth and fifth calcium for the
Refolding in the Presence of Calciuffhe well-known dimeric protein (see the insets of Figure 5).

interference of salts and other nonvolatile solvent additives Time-Resaled ESI with On-Line Pulsed HDXn an
with the ionization process makes ESI-MS studies at high attempt to uncover additional information about the S100A11
calcium concentrations very difficult. As a consequence, it refolding mechanism, a pulsed isotope labeling step was
is common to carry out ESI-MS studies with calcium-binding incorporated into the experimental protocol. The measure-
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proteins under nonsaturating condition80); S100A11

ments were conducted without calcium, to maintain an

represents a particularly challenging case, since its calciumacceptable signal-to-noise ratio. Pulse labeling of the protein

affinity is lower than that of many other S100 proteiB8)(
Using flow dialysis methods, Allen et a6{) found that 10
mM C&" was required to achieve saturation for protein
concentrations comparable to those used here.

for 25 ms immediately prior to ionization results in peak
splitting for all the monomer charge states (Figure—GA
and Figure 6E-H). The two major maxima exhibited by the
resulting mass distributions correspond to shifts of ca. 110

For this study, S100A11 refolding experiments analogous and 140 Da. For all monomer signals, the relative intensity
to those described above were carried at a final €aCl of the high-mass portion decreases, whereas that of the low-
concentration of 10@M and a protein concentration of 10 mass peak increases as the reaction proceeds. The charge
uM after mixing (based on dimeric S100A11). The overall states assigned toM+9 to+15) exhibit a behavior similar
appearance of the charge state distributions and foldingto those representing M(+6 to +8), although the high-
kinetics was found to be very similar to that of the data mass portion is somewhat more pronounced for the latter
observed in the absence of calcium (see the previous section)throughout the entire time range that was studied. No such
However, the signal-to-noise ratio of the spectra obtained splitting was observed for dimeric S100A11 (Figure-6).
under these conditions was significantly compromised (data The mass shift around 220 Da exhibited by the dimer is
not shown). One very interesting aspect, however, is relatedindistinguishable from the that of the low-mass monomeric
to the calcium binding properties of the different species peak (110 Da), when considered on a per-subunit basis. The
observed in the ESI mass spectrum (Figure 5). Monomeric measured shifts are charge state-independent, and they remain
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Ficure 6: Mass distributions obtained after pulse labeling of
S100A11 during refolding for different time points: (D) +11
monomer, (E-H) +7 monomer, and (L) +10 dimer. In the top
row (A, E, and 1), reaction timé= 40 ms. In the second row (B,
F, and J)t = 160 ms. In the third row (C, G, and Kj= 800 ms.

In the bottom row (D, H, and L)} = 5 min. Thex-axes display
the mass shiftAM, relative to unlabeled S100A11. Mass shift
values were obtained by converting th#z axis of the original
data according tdAM = nVz x i — 0.8Mpi — 0.2Myxi — My, where

My is the mass of the unlabeled protein (monomer or dimeg),
the ion charge state, aiMp andMy are the masses of deuterium
(2.014 Da) and protium (1.008 Da), respectively. The resulting mass
shift values were divided by 0.8 to take into account the isotopic
composition of the labeling solution. LabelE ‘and “h” indicate

100 200 300 400

the low-mass and high-mass components, respectively, of mono-

meric split peaks in panels-AH. Minimal smoothing was applied
to the original data, using the MassLynx instrument software.

almost unchanged for the entire experimental time window
of 5 min (Figure 7).

The observed peak splitting reveals thag Bhd M- are
each comprised of two subspecies that exhibit different HDX
characteristics. Thus, a total of four distinct monomeric forms
of S100A11 can be distinguished. The two conformers with
high exchange levels will be termedj¥and M, whereas
the less extensively labeled species are designatgcind
M(. The mass shift 0140 Da measured for 1 and M
corresponds to a relative exchange level of 77%. In com-
parison, the mass shifts observed fog'Mnd M- represent
an exchange level of only 60%. According to the time-
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FIGURE 7: Mass shifts after pulsed HDX, determined from the peak
maxima of monomeric and dimeric ions for reaction times of 100
ms (A) and 5 min (B). Dimer mass shifts have been divided by a
factor of 2, to allow a direct comparison to data obtained for
monomeric species. The two values shown in panel A for each of
the monomer states are derived from the two maxima of the
corresponding bimodal mass distributions (see Figure 6).

Mg do not depend on the reaction time. This implies that
the structural differences of Mversus M/ (and M" versus
M) do not significantly affect the EF-hand calcium binding
regions of the protein.

The width of a protein mass distribution after pulsed HDX
provides information about the heterogeneity of the solution-
phase conformation with respect to its exchange accessibility.
Heterogeneous populations of proteins will exhibit wider
distributions than structurally uniform conformerbs( 64).

The mass distributions measured for all the S100A11 ionic
species after pulsed labeling show a notable reduction in their
overall peak width with increasing reaction times. This is
most apparent when comparing the top row of Figure 6,
representing a reaction time of 40 ms (panels A, E, and |),
with the data obtained for 5 min (panels D, H, and L). This
peak narrowing implies that each of the kinetic species
involved in the refolding of S100A11 exhibits a significant
degree of conformational heterogeneity for early times. As
the reaction proceeds, the individual species become structur-
ally more homogeneous. These observations made here for

dependent changes in the intensity ratio of high-mass versusS100A11 are consistent with “structural fine-tuning” pro-

low-mass peaks in Figure 6, the population of monomeric
S100A11 shortly after mixing is dominated by,Vand M.

As the reaction proceeds, the relative contributions of the
less extensively labeled monomers (NMind M) steadily
increase. It is interesting that the transitions frony"Mo
My, and from MM to ME, are not accompanied by notable
shifts in the corresponding ESI charge state distributions
(Figure 3). This suggests that the two,Mpecies exhibit

conformations that are extended to a similar degree. Analo-

gously, the two M species appear to share structures that

cesses observed earlier during the reconstitution of holomyo-
globin (28).

Mechanism of S100A11 Folding and Dimerizati@m the
basis of the time-resolved data presented in this work, an
overall model for the refolding and assembly of S100A11
can be proposed (Figure 8). Protein conformers that undergo
rapid interconversion during the 25 ms isotope labeling pulse
will exhibit indistinguishable HDX properties, regardless of
possible differences in their structugs]. The observation
of two distinct labeling levels for the various kinetic species,

are similar to each other, but more compact. As discussedtherefore, suggests the existence of two pools of rapidly

earlier (Figure 5), the calcium binding properties of &nhd

interconverting conformers, as indicated by the boxes in
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Ficure 8: Possible kinetic model for the refolding and dimerization
of S100A11. The notation used is explained in the text. Species
grouped together in boxes are in rapid equilibrium with each other.
Also indicated are the measured HDX levels observed after pulsed
isotope labeling.

Figure 8. The first of these pools comprises monome& M
and M, which exhibit an exchange level of 77%. Analo-
gously, rapid interconversion takes place among, NI¢,
and dimeric S100A11 (60% exchange level). For the species
within each of these two pools to be indistinguishable by
pulsed HDX, the first-order rate constarks k_;, kp, and
k_, have to be significantly larger than (25 m&} 40 s'L.
This also holds for the dissociation rate constagi,. From
this estimate okgissocand on the basis of ldg or KgissodKassoc
value of 2uM (32), it follows that the association rate
constantksssocShould be considerably greater thanc21.0
M~1s™1 Although this value is larger than the corresponding
rate constants for many other complexes, the estimate doe
not seem unreasonable, considering tkat.c values ap-
proaching the diffusion limit of 1I0M s~ have previously
been reported for a number of systeri$, (66, 67).

The first-order nature of the measured kinetics (Wit
~ 6 s1; Figure 4) implies that the rate-determining step of
the overall reaction is a unimolecular event, i.e., a process
occurring at the monomer level®). Unfortunately, the rapid
equilibration processes discussed above preclude an unam
biguous arrangement of the various species within a kinetic
mechanism §8). As a result, it cannot be determined with
certainty which of the two species, Mor M¢", undergoes
the rate-determining step. Similarly, it is not possible to
pinpoint whether ' or M{, or possibly an additional weakly
populated intermediate, is the primary product of this

transition. Consequently, the arrangement proposed in Figure

8 is only one of several possibilities that are consistent with
the observed kinetics. It hasMas the starting point of the
S100AL11 folding mechanism, representing an extended and
relatively disordered structure. Collapse of this species
generates a more compact conformatiog’, Mithin the dead
time of the experiment. The next step is a slow transition
leading to M, which can rapidly assemble into the dimeric,
native structure. In this proposed scenarig, i considered

to be an off-pathway intermediaté9d). The mechanism
depicted in Figure 8 was chosen because it highlights the
possible existence of a linear folding pathway, with a
sequence of increasingly nativelike structures en route to the

native state. Such a scenario resembles the folding mecha-

nisms of many single-chain proteing0-74). Analogous
progressions, involving tightly folded monomers as transient
intermediates, are thought to be operational during the
formation of other multiprotein complexe6-(13, 16).

CONCLUSIONS

This work clearly illustrates the utility of time-resolved
ESI-MS with on-line HDX for mechanistic studies on rapid

assembly processes, leading from denatured monomeric
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subunits to multiprotein complexes. Classical HDX experi-
ments employing quench-flow strategies with subsequent off-
line MS or NMR analysis of the labeled protein would have
revealed the presence of merely two kinetic species, namely,
proteins exhibiting “high” and “low” labeling level$4, 75).
Conversely, an analysis based solely on time-resolved ESI
mass spectra would have uncovered only three distinct
species, namely, two monomer conformations exhibiting a
different overall compactness (Mand M) in addition to
dimeric S100A11. This work, however, combines the two
approaches such that time-resolved ESI mass spectra and
the protein HDX behavior can be monitored simultaneously
as nonredundant probes of protein structure in solution. As
a result, four distinct monomeric species can be identified
that are involved in the folding and assembly of acid-
denatured S100A11. The proposed overall mechanism is
consistent with foldingrassembly processes observed for
other protein complexes, in that it involves a progression
from denatured to increasingly nativelike monomers, fol-
lowed by quaternary structure formatid&13, 16). It would

be interesting to carry out refolding experiments analogous
to those described here by employing a much shorter pulse
labeling step. In principle, this should allow a differentiation
of the various conformers within the two pools of species,

s well as a direct visualization of conformational intercon-

version events within these poold§j. Unfortunately, the
current setup precludes the use of much shorter labeling
times. Efforts to implement novel mixer designs for ultrarapid
HDX studies are currently being explored in our laboratory.
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