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Pulsed Hydrogen Exchange and Electrospray Charge-State Distribution as
Complementary Probes of Protein Structure in Kinetic Experiments: Implications
for Ubiquitin Folding
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ABSTRACT. The possible involvement of “hidden” kinetic intermediates in the apparent two-state folding

of some proteins is currently a matter of debate. This study uses time-resolved electrospray ionization
(ESI) mass spectrometry with on-line pulsed hydrogdeuterium exchange (HDX) for monitoring the
refolding of acid/methanol-denatured ubiquitin. It is demonstrated that the ESI charge-state distribution
(CSD) and the extent of HDX represent nonredundant probes of the protein structure in solution. When
considered in isolation, the data provided by both of these probes are consistent with a two-state behavior,
involving only denatured ubiquiti® and refolded proteifr. However, a careful comparison of the CSD

and HDX kinetics reveals the presence of an additional species, exhibiting a CSD like the folded protein
but showing non-native HDX characteristics. This kinetic intermed@tejs in rapid equilibrium with

D, such that the overall reaction is consistent with the mechabismD* — F. The results of this work
suggest that the occurrence of transient intermediates may be more widespread than commonly thought,
especially in cases where a cursory analysis indicates two-state behavior.

Numerous denatured proteins can spontaneously fold intoas circular dichroism (CB)r Trp fluorescence spectroscopy,
their native conformations once they are exposed to favorablecannot provide detailed insights into the structural changes
solvent conditionsk). Despite a lot of recent progress, many taking place during folding. Also, the very short lifetimes
aspects regarding the kinetics of these folding processes ar@f many folding intermediates represents significant prob-
still not fully understood Z—5). In particular, the role of lems. Although the application of ultra-rapid mixing and
transient folding intermediates remains controversial. A large temperature-jump experiments is becoming more and more
body of experimental work is consistent with the view that common b, 29), the interpretation of submillisecond signal
folding proceeds through a series of increasingly nativelike changes is not always straightforward. Early events occurring
structures§—11). These folding pathways can be interpreted on this time scale can indicate the rapid formation of partially
as one-dimensional projections of multidimensional energy folded species. Alternatively, they may reflect a response
landscapesg( 12, 13). Interestingly, however, a considerable of the unfolded state to an altered solvent environment,
number of proteins fold in an apparent two-state fashion, analogous to the behavior seen for nonfoldable polymers
i.e., without any detectable intermediatesd-17). This (30, 31).
observation could indicate that kinetic intermediates are not  Ubiquitin is an interesting model system for addressing
a requirement for the successful folding of polypeptide questions related to apparent two-state folding. The native
chains. Instead, intermediates might correspond to kinetic state of this 76-residue protein (MW 8565 Da) exhibits an
traps on energy landscapes of the protein, thus representinginusually rigid backbone structure, involving a five-stranded
an impediment to folding1(1, 18—20). However, it has been  § sheet, two short helices, and seven turn8% 33).
argued that even cooperative folding events can be basedJbiquitin plays a key role for regulating intracellular protein
on incremental assembly processes, involving a series ofdegradation 34). Because of the lack of suitable spectro-
“hidden” intermediates. In fact, there is experimental support scopic probes in the wild-type protein, many kinetic experi-
for the occurrence of weakly populated kinetic intermediates ments have been carried out on a F45W mutask Several
for a number of apparent two-state folde®l<{25). The stopped-flow fluorescence studies suggest that the refolding
difficulties of observing these species experimentally may of GuHCI-denatured ubiquitin involves an early intermediate
be due to the low stability of partially folded structures en (35—37). Support for the occurrence of an intermediate
route to the native stat@$—28). Another point to consider  species also comes from NMR-based hydrogen/deuterium
is that many of the commonly used optical techniques, suchexchange (HDX) studies on the wild-type proteid8),

temperature-jump unfolding experiment39), and recent
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Ficure 1: Double mixing setup for time-resolved ESYIS with on-line pulsed HDX. Solid arrows indicate the direction of liquid flow,

and white spheres represent mixers. The plungers of the three syringes are advanced simultaneously by syringe pumps. Solutions from S
and S are mixed to trigger ubiquitin refolding at pH 10.0. Isotopic pulse labeling is initiated after a variable time fdayochixing with

MeOD/D,O from S, resulting in a total flow rate of 100L/min at pD 10.0. Refolding times cited in the text correspont t¢ t,, where

t, = 25 ms is the (fixed) duration of the labeling pulsg.iSmounted on a stepper motor, thus allowingo be changed continuously.

other studies, however, have concluded that a simple two-The resulting denatured state has been extensively character-
state model is adequate for describing the folding kinetics ized by NMR methods32). It was found to exhibit a highly
of ubiquitin under a wide range of condition41(-43). dynamic structure that retains nativelike elements in the
In this work, we study the kinetic mechanism of ubiquitin N-terminal region, namely, a two-stranded antiparafiel
folding by using ES+MS in conjunction with a continuous- ~ sheet and a centralhelix. In contrast, the C-terminal region
flow rapid-mixing device. Our laboratory has previously used Of the protein undergoes a transition frori-aheet structure
similar approaches for monitoring conformational transitions to one that preferentially samples non-natiwehelical
of proteins in a time-resolved mannd( 45). The charge-  conformations. Several ESMS-based studies have explored
state distributions (CSDs) of protein ions in ESNS conformational transitions involving acid/methanol-denatured
represent a highly sensitive probe of the solution-phase ubiquitin under equilibrium conditionglQ, 52, 57). However,
polypeptide conformatiord@). A major determinant of these  there appears to be very little information on the kinetic
CSDs appears to be the overall compactness of the polypepfolding mechanism of this species.
tide structure, such that unfolded conformations favor the The experimental approach used here reveals a very
formation of higher charge stategt?( 48). Individual interesting phenomenon. When considered in isolation, both
conformational states are usually associated with distinct bell-the measured CSDs and the HDX behavior of ubiquitin are
shaped CSDs46, 49, 50). The current study employs a consistent with a two-state folding mechanism. However, a
variation of a previously described setugil), designed to  side-by-side comparison of the data provided by the two
carry out two sequential mixing steps. This system allows structural probes reveals the presence of a third species. This
an initially denatured protein to be exposed to refolding study, therefore, provides an example of how kinetic
conditions for a variable amount of time. Subsequently, an intermediates may be identified by using techniques that
HDX labeling pulse is initiated by exposing the protein to a provide complementary information on structural changes
deuterated solvent under rapid exchange conditions. Duringtaking place during folding.
this step, hydrogens in amide groups and amino acid side
chains undergo HDX in a structurally sensitive manner. EXPERIMENTAL PROCEDURES
Largely unfolded proteins will show high exchange levels,
whereas a stable intramolecular hydrogen-bonding network ChemicalsWild-type bovine ubiquitin (Sigma, St. Louis,
and/or the steric protection of exchangeable sites will reduceMO), bradykinin (Bachem AG, Bubendorf, Switzerland),
the extent of HDX 47, 52, 53). Ubiquitin has 144 exchange- deuterium oxide and ammonium deuterioxide (Cambridge
able hydrogen atoms, 72 of which are located in the amide Isotope Laboratories, Andover, MA), methyl alcolbl-
backbone%2). The labeling pulse is terminated after a fixed (Aldrich, Milwaukee, WI), methanol and hydrochloric acid
amount of time by protein desolvation during ESI. The (Caledon Laboratories, Georgetown, ON, Canada), and
technique employed here is conceptually related to traditional ammonium hydroxide (Fisher Scientific, Nepean, ON, Canada)
MS-based quench-flow experimen&-(10, 54). However, were used without further purification. Solution pH and pD
because of the quasi-instantaneous MS analysis of thevalues were measured using an accumet pH meter (Fisher
proteins after labeling used here, the protein compactnessScientific).
(on the basis of the CSD information) can be directly  Time-Resaled ES+MS. The double mixing setup used
correlated with the HDX behavior of coexisting conforma- for this study is depicted in Figure 1. The plungers of
tional species. Consequently, two probes are available thatsyringes $ S;, and S are advanced simultaneously by
simultaneously report on different aspects of the protein syringe pumps (Harvard Apparatus, model 22, Saint Laurent,
structure during foldingg5, 56). PQ, Canada). Solutions from; $100 «M acid-denatured
The native conformation of ubiquitin breaks down in acidic ubiquitin in water/methanol (50:50, v/v, pH 2.0) at 40/
solutions containing organic cosolvents such as methanol.min] and $ [NH,OH in water/methanol (50:50, v/v) with
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2 consistent with the loss of non-nativehelical structure
(32) (Figure 2). The CD spectrum of refolded ubiquitin is

g indistinguishable from that of the native protein (data not
& shown).
S Denatured ubiquitin shows an ESI mass spectrum that is
3 characterized by a broad CSD with a maximum around 11
«g (Figure 3A). Consistent with earlier world@, 51), mass
< spectra acquired during refolding have a bimodal appearance.
o~ They exhibit a relatively broad CSD centered at,%nd a
= more narrow one encompassing thie &nd 5+ charge states
-12 , , , - (parts B-D of Figure 3). Refolding of the protein is reflected
200 210 220 230 240 250 in a gradual intensity decrease of the highly charged protein
Wavelength (nm) ions and a concomitant increase of thie &nd 5+ ions. The

FIGURE 2: CD spectra of 2M ubiquitin in 50% methanol. (a)  initial CSD shift from 14 to 9+ (parts A and B of Figure
Denatured protein at pH 2.0. (b) Refolded protein at pH 10.0.  3) may indicate a conformational change taking place during
o ) ) the dead time of the experiment. Alternatively, this effect
30 1M bradykinin at 1QuL/min] are mixed near the end of  ¢oyId result from the different ionization conditions used (pD
the inner capillary to trigger refolding at pH 10.0. Pulse 100 versus pH 2.0), which might lead to reduced charge
labeling is initiated after a variable time peritdy mixing acquisition during ESI.
with MeOD/D;O (50:50, v/v) from §, resulting in a total The mass distributions obtained after pulsed HDX can be
flow rate qf 100uL/min at pD 10.0 and a fln_al protein grouped in two categories. Protein ions in charge states from
concentration of 1aM. Subseque_ntly, the reaction mixture - 334 to 7+ exhibit unimodal distributions, with maxima that
is electrosprayed for mass analysis. The refolding t|.mes citedyre shifted 83+ 4 Da relative to unlabeled ubiquitin. As an
in the text correspond t + to, wheret, = 25 ms is the  eyample, Figure 3 shows data recorded for the harge
duration of the labeling pulse..$ mounted on a stepper  giate (parts EG of Figure 3, blue dashed lines). A different
motor, thus allowing the position of the first mixer to be penavior is observed for thet6and 5+ ions. For times
changed continuously. Efficient mixing with this type of longer than ca. 100 ms, the corresponding peaks show
apparatus has been demonstrated previously, and laminapimodal mass distributions (parts16 of Figure 3, red lines).
flow effects were accounted for as describ&d)(The use  The |ow mass portion of these distributions shows a shift of
of alkaline conditions for labeling is necessitated by the gg 4 o Da, whereas the high mass portion coincides with
requirement for intrinsic HDX rate constants in the range of e distribution observed for the 43to 7+ charge states.
10° s™* (58). It is noted that the CKH-OD content of the  From these data, two distinct kinetic species are easily
solutions used may lead to intrinsic HDX rates that are jgentified. A denatured conformatial is associated with
somewhat lower than those expected in pug® CHowever, the CSD peaking at-B and a high HDX level. Refolded
it will be seen that the HDX levels incurred by the protein ubiquitin F corresponds to the4§5+ charge states and a
during the 25 ms labeling period are sufficient for the purpose |0\, HDX level. It is interesting to note the different half
of this work. Th_e use of a constaqt pH (or p_D) thr_oughout widths of the high and low mass peaks, 22 versus 16&
the double mixing sequence avoids potential artifacts as-2 pa, which reflect the greater conformational heterogeneity
sociated with changes of the solution conditions during of the denatured proteir6().
labeling 69). Bradykinin in syringe gserves as an internal When considered in isolation, both the CSDs in par£B
standard to ensure constant labeling conditions for the . Figure 3 and the mass distributions in parts&of Figure
different time points studied. All labile hydrogens in this 9 3 e consistent with a two-state procéss- F. However,
amino acid peptide are accessible to the solvent and thus, careful comparison of the information provided by the two
readily exchangeabl®g). Mass spectra were recorded on a gy ctural probes reveals a more complex mechanism. For a
Micromass/Waters LCT time-of-flight mass spectrometer at 1,,4_state scenario, the occurrence of a himodal CSD should
a cone voltage of 40 V and a capillary voltage of 5000 V. g\yays be correlated with a bimodal mass distribution.
The presence of high methanol concentrations in the reaCt'O”Inspection of the data in Figure 3 reveals that such a
mixture for the current experiments undoubtedly facilitated o relation exists only for longer reaction times. In contrast,
the acquisition of kinetic data with a high signal-to-noise he pimodal CSD observed immediately after initiation of
ratio. However, it is pointed out that this aspect does not yefo|ding is associated with a unimodal mass distribution,
represent an inherent limitation of the method employed here’corresponding to a high HDX level (parts B and E of Figure
because similar on-line experiments can also be carried out3) This observation reveals the presence of an additional
in the absence of organic cosolverss) species, denoted d3*, that is associated with thet65+
charge states and that exhibits a high HDX level. The fact
RESULTS AND DISCUSSION thatD andD* show HDX characteristics that are virtually
Ubiquitin was initially denatured by exposing it to indistinguishable suggests that the two species undergo rapid
methanol/water (50:50, v/v) at pH 2.0. The CD spectrum interconversion during the labeling pulsgl). This implies
obtained under these conditions is in agreement with datathat D and D* are separated by a relatively low energy
obtained previously52) (Figure 2). Refolding was trig-  barrier. In contrast, the transition & occurs on a slower
gered by mixing with ammonia solution, resulting in a pH time scale, which is indicative of a major barrier. A schematic
jump to 10.0, at a constant methanol concentration. The depiction of a reaction mechanism that is consistent with
dramatic change in the CD signature upon refolding is these results is given in Figure 4.
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Ficure 3: ESI mass spectra of ubiquitin in 50% methanol. (A) Denatured protein at pH 2.0. (B, C, and D) Time-resolved spectra, recorded
40 ms, 240 ms, and 3.3 s, respectively, after a jump from pH 2.0 to pD 10.0. Close-up views of #mel D+ charge states for the same

three time points are depicted irs. Thex axes in E-G display the mass shift relative to unlabeled ubiquitin and the relative HDX level,
given by (mass shift)/(144 0.712). The factor 0.712 takes into account the isotopic composition of the labeling solution and back exchange
in the ion source; the factor was determined from the HDX level of the internal standard bradydnin (

Additional support for the proposed three-state mechanism (1.3 4= 0.1) s%. It is realized that our data do not provide
is provided by intensity-time profiles of the individual ionic ~ direct proof of the on-pathway nature Bff, because the
signals. The intensity of thefscharge state, when integrated kinetic model proposed in Figure 4 is kinetically equivalent
over its entire mass distribution, reflects the formatio-of  to a mechanism where the positiondbéndD* are reversed
as well as the depletion @* (D is not expected to affect (8, 9, 36).
this charge state to a large extent). The compensating nature As mentioned earlier, NMR studies have led to a structural
of the D* and F contributions leads to an overall signal model of acid/methanol-denatured ubiquitin that involves
change that is quite small, from 0.66 to 1.0 (pink trace in three distinct elements, namely, an N-termjfiaheet, a short
Figure 5). A much larger change, from 0.26 to 1.0, is central helix, and a long helical segment in the C-terminal
observed when monitoring only the low mass portion of the region. According to Figure 5 in the work of Brutscher et
5+ charge state (red), which exclusively reflects the forma- al. (32), these three elements preferentially adopt a largely
tion of F. Also shown in Figure 5 is the profile of thet9 extended arrangement. Given the very dynamic nature of the
charge state, integrated over its entire mass distributiondenatured protein, it is easy to imagine fluctuations between
(blue), which reports on the depletion Bf The profiles in this extended structure and more compact arrangements
Figure 5, as well as those of the other charge states (notwhere the three elements are in closer contact with each
shown), exhibit single-exponential behavior wikh,s = other. Changes of a few torsional angles in the highly flexible
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Ficure 4: Schematic depiction of a three-state mechanism for
ubiquitin folding. Kinetic effects because of X-Pro cis/trans
isomerization are not considered.
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Ficure 5. Kinetic ESFMS profiles measured during ubiquitin
folding with pulsed HDX. Solid lines are exponential fits to the
data. See the text for details.

linker regions (residues &2 and 35-38) would be
sufficient to bring about structural transitions of this kind.
We hypothesize that fluctuations of this type might provide
the basis of the rapi® < D* interconversion observed in
the current work. According to the CSDs of the two species,
D corresponds to more extended structures, whei¥as
comprises more compact conformations. Notably, a three-
state folding mechanism like that found in this work has also
been proposed for GuHCI-denatured ubiquit86)( This
finding is interesting, because the structural features of the
denatured protein under those conditions are expected to b
quite different from those encountered in this work (unlike
methanol, GuHCI does not induce non-natiwehelical
structures).

The persistence of a significant population of unfolded
proteins toward the end of the experimental time window
(parts D and G of Figure 3 and Figure 5) indicates the
presence of a subpopulation of slow-folding polypeptide
chains. Previous work has ascribed this behavior to the
occurrence of non-native cis proline isomers in these protein
molecules42). Native ubiquitin contains three trans prolines
in positions 19, 37, and 38. Denaturation of the protein
significantly relaxes existing steric constraints, such that a

e
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Ficure 6: Close-up view of the ubiquitin-® ionic signal after
pulsed HDX, obtained for refolding times of= 40 ms, 240 ms,
and 3.3 s. As for all experiments in this work, the duration of the
labeling pulse was kept constant at 25 ms. Vertical dotted lines
indicate the centroids of the three signals, 79, 82, and 86 Da,
respectively. The mass shifts measuredtfer 40 ms and 3.3 s
differ by ~10%. (Inset) Isotope distributions of the internal standard
bradykinin after pulsed HDX, obtained for refolding timestcf
40 ms (upper) antl= 3.3 s (lower). The two spectra of the doubly
charged ion are virtually indistinguishable. The bradykinin spectrum
for t = 40 ms is well-described by a modeled isotope distribution,
assuming an HDX probability of 0.712 (upper, red circles). The
distribution modeled in the lower inset (red squares) assumes an
HDX probability of 0.780, corresponding to a 10% increase in the
labeling level. This distribution doesot match the measured
spectrum of the internal standard. This control experiment confirms
that the~10% difference in mass shift observed for the ubiquitin
9+ ions for labeling times of 40 ms and 3.3 s is not an experimental
artifact.

certain percentage of these residues can undergo isomeriza-
tion. When placing the protein under refolding conditions,
only those polypeptide chains that have all prolines in the
correct orientation fold rapidly, in the present case with an
overall rate constant of1.3 s (62, 63). This scenario
implies that the relative proportion of denatured proteins
containing cis prolines should increase during the first few
seconds of the reaction. Such a view is consistent with a
notable increase of the HDX level observed for highly
charged ubiquitin ions with increasing refolding time (Figure
6). Although all three Pro residues are located in the linker
regions of the model proposed by Brutscher et 32),(it
appears that the higher labeling levels detected toward the
end of the experimental time window are due to structural
perturbations in the denatured protein, caused by the presence
of cis prolines. In the present case, the average HDX level
incurred by the denatured protein after pulse labeling
increases from 79 to 86 Da during the experimental time
window. The labeling behavior of the internal standard
bradykinin clearly confirms that this10% increase isiot
attributable to an experimental artifact, e.g., a potential
change in HDX conditions for different time points (inset
of Figure 6).

CONCLUSIONS

The experiments described in this study show that a
process exhibiting many of the hallmarks of two-state folding
(single-exponential kinetics, bimodal charge, and HDX
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distributions) can still involve a clearly observable intermedi-

19

ate. Here, the existence of such a species was uncovered by

employing HDX and CSD as complementary structural

probesD andD* are indistinguishable based on their HDX

behaviors, whereas the measured CSDs do not allow a 21.

differentiation ofD* and F. Thus, the intermediate would

20.

have gone undetected in kinetic experiments relying on only ,,

one of these probes. These results are in line with the notion
that the occurrence of folding intermediates is more wide-
spread than commonly thought, especially in cases where a

cursory analysis indicates a two-state behaviir{24). It

will be interesting to see if results similar to those described

in this work will be found when applying time-resolved ESI

MS with on-line pulsed HDX to other apparent two-state

folders.
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