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bstract

Characterization of protein folding and unfolding is an important issue for basic biological science, for understanding the devastating amyloid
iseases, and for the manufacture and use of biological therapeutics. Unlike nuclear magnetic resonance spectroscopy, the use of mass spectrometry
o monitor amide hydrogen (1H/2H) exchange kinetics (HX-MS) allows characterization of structural dynamics even when only limited amounts
f protein is available. As an adjunct technique, requiring even less material and very well suited for serial monitoring of folding phenomena in
single solution under native conditions capillary electrophoresis may also be very informative. These approaches are here used to examine the

mall (99 amino acid residues) protein �2-microglobulin (�2m) which is prone to amyloidogenic unfolding especially after cleavage at its lysine-58
esidue. The propensity for unfolding of native, non-cleaved �2m and lysine-58 cleaved �2m variants as well as the effect of acetonitrile on the
onformational equilibria could be addressed by these approaches. At physiological conditions, intact �2m and the lysine-58 cleaved variants
ndergo a transient unfolding that exhibit an EX1 type hydrogen exchange behaviour. We have measured the unfolding rate constants for the
leaved variant where Lys-58 is removed (�K58-�2m) and the cleaved variant where this residue is preserved (cK58-�2m) at various temperatures.

◦
elow 37 C, the variant devoid of Lys-58 (�K58-�2m) has a higher unfolding rate than cK58-�2m and this correlates with the observation that
K58-�2m has a higher propensity to aggregate. The results of our studies provide valuable insight into the early conformational perturbations

nvolved in rendering this protein insoluble and amyloidogenic. The approaches used in this study should be useful also for the characterization of
ther conformationally unstable proteins.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Protein aggregation and misfolding have profound impli-
ations for human disease and for the use and safety of
rotein-based biological drugs. Protein conformation is also
f interest for understanding protein function in the normal
rganism. In the amyloidoses, a specific subgroup of protein con-

ormational diseases, the aggregated proteins or peptides attain
nsoluble cross �-sheet structures called amyloid. Such struc-
ures are formed, e.g., in central nervous system-amyloidoses

Abbreviations: �2m, �2-microglobulin; cK58-�2m, �2m cleaved after K58;
K58-�2m, �2m cleaved after and devoid of its K58-residue; CE, capillary elec-

rophoresis; DRA, dialysis-related amyloidosis; wt, wild-type; HX-MS, amide
ydrogen (1H/2H) monitored by mass spectrometry
∗ Corresponding author. Tel.: +45 6550 2414; fax: +45 6550 2467.
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y the amyloid �-peptides in Alzheimer’s disease and by
ynuclein in Parkinson’s disease. In the group of systemic amy-
oidoses the malfolding culprits are, e.g., acute-phase protein
nd immunoglobulin fragments [1]. In dialysis-related amy-
oidosis (DRA), the aggregating protein is �2-microglobulin
�2m). �2m-Amyloidosis is observed in patients with kidney
isease and long-term hemodialysis treatment [2,3]. It involves
he deposition of this normally well-soluble small serum pro-
ein as amyloid fibrils in osteoarticular structures leading to
omplications including carpal tunnel syndrome, bone cysts,
nd arthropathies [4]. Native �2m is rich in �-strands [5] and
s very soluble in striking contrast to the extreme insolubil-
ty of �2m aggregated as amyloid. Most of the aggregated

2m appears to be intact with respect to primary structure [6]
lthough a subfraction of cleaved molecules may be extracted
rom the fibril material [7–10] and although a significant num-
er of dialysis patients have cleaved �2m (�K58-�2m) where

mailto:tjdj@bmb.sdu.dk
dx.doi.org/10.1016/j.ijms.2007.07.020
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Fig. 1. Crystal structure of intact �2m. The ribbon diagram was drawn with
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ebLab ViewerPro (PDB number 1LDS) [50]. The red lines indicate the cleav-
ges of the polypeptide chain for the cleaved variant of �2m where Lys58 is
emoved from the loop-connecting strands D and E (�K58-�2m).

he K58-residue has been removed [11] present in the circula-
ion. The loop connecting strands D and E where K58 resides is a
avourite site for limited proteolysis of �2m, especially in condi-
ions where an activated complement system is encountered [12]
Fig. 1). It is unknown how native, wild-type (wt) �2m is trans-
ormed into �2m-amyloid, but it is assumed that some, possibly
mall, conformational change is responsible for early events on
he pathway to amyloid aggregation [13]. We and others have
evised analytical methods, particularly capillary electrophore-
is (CE) for assessing �2m conformational variants under native
onditions [13,14]. It was found that a well-defined alternative
onformation is significantly populated by �2m-variants cleaved
t lysine-58, i.e., �K58 and cK58-�2m, [15]. It was also found
y CE that the presence of organic solvent tends to induce an
ncreased conformational heterogeneity of wt-�2m to a degree
hat it resembles the conformer profile of �K58-�2m [16].
mide hydrogen (1H/2H) exchange monitored by mass spec-

rometry subsequently revealed that in fact both wt and cleaved
2m undergo transient unfolding, and that the cleaved molecule
�K58-�2m) is considerably more prone to unfold than intact
2m molecules. Thus, unfolding rates at physiological temper-

tures are almost 10 times higher for cleaved than for intact
t-�2m [17]. The previously published results further showed

n increased aggregation tendency of the cleaved �K58-�2m
nd indicated a pronounced influence of temperature on aggre-
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ation and unfolding rates for both wild-type and cleaved �2m
18]. Regions and residues involved in refolding from partially
enatured states of �2m were previously partially characterized
y NMR spectroscopy [19–28]. The characterization of unfold-
ng from the native state has been less accessible by NMR, since
onformational states other than the fully folded in wild-type
2m are sparsely populated under physiological conditions and
re in equilibrium with the native conformation, and since rather
igh protein concentrations – where the cleaved variants aggre-
ate and precipitate – are required for these measurements [18].
t is therefore not readily possible to investigate the quantitative
ynamics of �2m and cleaved �2m unfolding using ensemble
pectroscopic techniques such as NMR spectroscopy.

We here report the utility of capillary electrophoresis and
ass spectrometry-monitored isotopic exchange reactions to

ssess the influence of temperature and organic solvent on
he conformational equilibria of wt and the two cleaved vari-
nts. The increased aggregability of K58-cleaved �2m appears
o be directly dependent on the increased unfolding kinetics
f the cleaved variants which could be readily quantitated by
he techniques used in this study. The pronounced influence
f temperature on the unfolding kinetics was also illustrated
y the results and it could be shown that an almost complete
cetonitrile-induced unfolding required 25 ◦C while at 0 ◦C the
xtent of unfolding was indistinguishable from the unfolding in
he absence of organic solvent. Finally, the experiments allowed
uantitative estimate of the activation energy for unfolding of
leaved �2m (cK58-�2m).

. Materials and methods

.1. Chemicals and biological materials

Human �2m and �2m cleaved at lysine-58, and cleaved �2m
ith lysine-58 deleted (cf. Fig. 1) were purified and produced

rom human nephropathy patient urine as previously detailed
29]. Specific reagents for the hydrogen (1H/2H) exchange
xperiments were deuterium oxide (D2O, 99.9% D) from Cam-
ridge Isotope Laboratories (Andover, MA, USA) and otherwise
s specified in Ref. [17]. Isotopic exchange of �2m took place
n deuterated phosphate-buffered saline (10 mM phosphate, pH
.4 containing 2.7 mM potassium chloride and 137 mM sodium
hloride). The protiated buffer was deuterated by redissolving it
n D2O after lyophilization. This process was repeated twice.

.2. Capillary electrophoresis

CE analyses were performed in Beckman P/ACE 2050
r 5010 instruments with sample temperature control. Detec-
ion took place at 200 nm, capillary cooling at 15 or 20 ◦C,
nd a 57 cm long (50 cm to the detector), 50 �m diameter
ncoated fused silica capillary was used unless otherwise spec-
fied. Injection volumes and separation modes are specified

n the figure texts. The marker molecule was a synthetic N-
cetylated tetrapeptide of the sequence Ac-PSKD-OH. Samples
20–30 �L) were protected against evaporation by a 20 �L over-
ayed volume of light mineral oil [14].
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sis under nondenaturing conditions (Fig. 2), a mixture of the
two molecules is well separated, first of all because �K58-�2m,
which is lacking a lysine residue, is more negatively charged than
intact �2m. In addition, the individual molecules both fractionate

Fig. 2. Increased heterogeneity of the separation profile of cleaved �2m in
capillary electrophoresis (CE) analysis. An approximately equimolar (15 �M)
T.J.D. Jørgensen et al. / International Jour

.3. Amide hydrogen (1H/2H) exchange and the set-up for
apid desalting

Incubation in deuterated buffer was performed in an Eppen-
orf Thermomixer at the temperatures indicated. Isotopic
xchange was initiated by a 50-fold dilution of a �2m solution
1–2 mg/mL) into deuterated PBS (e.g., 10 �L �2m solu-
ion + 490 �L PBS buffer). Aliquots were secured at defined
imes and amide hydrogen exchange was quenched by lower-
ng the pH to ∼2.2 by adding 2.5% trifluoroacetic acid to a final
oncentration of 0.1% and flash freezing the solution in liquid
2. The aliquots were stored in liquid N2 until MS analysis.
The equipment for rapid desalting was previously described

17]. It consists of two HPLC pumps (Applied Biosystems
odel 140B), an injection valve (Rheodyne Model 7725i), and
computer controlled 10-port two-position HPLC valve (Valco
odel C2-1000A) equipped with a self-packed reversed phase

18 microcolumn [30]. All components that were in contact
ith the samples were immersed in a ice-water slurry at 0 ◦C

o minimize the deuterium loss caused by back-exchange with
he protiated HPLC solvents. The quenched samples that were
ecured from the isotopic exchange experiments were thawed
ndividually before injection. Injection took place by an ice-cold
PLC syringe into a stainless steel loop mounted on the injec-

ion valve. The total time for desalting and elution was 2 min.
ack-exchange control experiments were carried out to quan-

ify the inevitable deuterium loss that occurs during desalting
nd elution at quench conditions where the exchange kinetics of
ain-chain amide hydrogens is slow. Intact �2m contains a total

f 93 main-chain amide hydrogens. Aliquots of fully deuterated
ntact �2m were subjected to rapid desalting and MS-analysis.

maximum content of 84 ± 3 deuterons atoms was observed,
.e., approximately 10 deuterons are back-exchanged with pro-
ons during quench conditions. No adjustment for this artifactual
euterium loss has been made, as our main focus is the correlated
xchange kinetics which is not affected by this loss.

.4. Mass spectrometry and data analysis

Positive ion ESI mass spectra were acquired on a Micromass
Manchester, UK) quadrupole time-of-flight mass spectrometer
Q-TOF 1) equipped with an electrospray ion source. Ion source
ettings were: capillary voltage 3.0–3.5 kV, cone voltage 55 V,
on source block temperature 80 ◦C, nebulizer gas flow 20 L/h
25 ◦C), desolvation gas flow 400 L/h (200 ◦C). Nitrogen was
sed for nebulization and desolvation. The instrument was cali-
rated using apomyoglobin. Mass spectra were acquired for the
ass range m/z 500–2000.
Mass spectra were processed using Masslynx software (v.

.5) and deconvolution was carried out with the maximum
ntropy algorithm (MaxEnt 1) included in this software. Unfold-
ng rate constants were obtained by fitting a bi-exponential

quation to the abundance ratios, [Ilow/(Ilow + Ihigh)], that were
etermined from mass spectrometric peak areas [17]. The fit-
ing process was performed with the constraint ku = ku,Ox. The
nfolding rate constants, ku, and corresponding half-lives, t1/2,
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or the cleaved variants of �2m (i.e., �K58-�2m and cK58-
2m) were determined from exchange experiments where the
roteins were incubated together in deuterated buffer. The exper-
mental conditions (exchange time, temperature, pH, etc.) are
hus completely identical for the two proteins. This means that
he experimental uncertainty for the relative difference in their
nfolding rates at a given temperature is small compared to the
xperimental uncertainty of the measurement of absolute unfold-
ng rate constants. In the present experiments, a coefficient of
ariation (CV) of 12% was obtained for a triplicate determina-
ion of ku for wt-�2m. The activation energy, Ea, for unfolding
as determined from an Arrhenius plot, where the slope of ln k
ersus 1/T corresponds to −Ea/R. Note that Ea and the activa-
ion enthalpy for unfolding, �H◦, only differ by the term RT
∼2.5 kJ/mol) [31]. This difference is within our experimental
ncertainty.

. Results and discussion

Previous studies of intact and lysine-58 cleaved �2m (�K58-
2m) (Fig. 1) by NMR spectroscopy and circular dichroism
ielded some information about the content of structural ele-
ents and overall conformation of the two species. NMR

howed no major differences with respect to overall con-
ormation but revealed signs of increased conformational
eterogeneity in the cleaved forms of �2m [18]. Circular dichro-
sm studies showed some differences between intact and cleaved
pecies of �2m [15] compatible with partial loss of �-structures
nd/or increased conformational heterogeneity. However, no
etailed and quantitative information on the conformational
tructures involved in these differences could be extracted from
hese experiments. When analyzed by capillary electrophore-
ixture of intact �2m and the cleaved form �K58-�2m was analyzed in solution
sing 0.1 M phosphate, pH 7.4 as electrophoresis buffer using a constant current
f 80 �A for the electrophoresis. The capillary was thermostatted at 20 ◦C. The
- and s-peaks are indicated and it is readily apparent that the s-peak and the
ntermediate plateau are significantly increased in cleaved �2m (�K).



2 nal of Mass Spectrometry 268 (2007) 207–216

i
(
p
a
i
b
v
i
m
t
W
d
o
i
s
t

a
c
t
a
i
i
e
w
t

c
s
a
i
t
(
t
b
c
h
a
e
g
t
w
I
i
t
p
e
u
s
e

p
c
v
a
s
c

Fig. 3. Electrophoretic separation profile of wt-�2m is greatly influenced by
organic solvent. An aliquot of �2m (0.7 mg/mL) together with a marker peptide
(M) at 0.1 mg/mL in dilute phosphate-buffered saline, pH 7.4 was mixed 1:1
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nto a major peak (the f-peaks) and a slower, minor component
the s-peaks). The s-peak represents less than 10% of the total
eak area of intact �2m but much more in �K58-�2m which, in
ddition, displays a clearly elevated intermediary plateau join-
ng the f- and s-peaks. Since no contaminating molecules can
e detected by other techniques we conclude that these obser-
ations are due to the existence of more than one conformation
n the �2m solutions with the intermediary plateau representing
olecules that attain more than one conformation during the

ime it takes for the analytes to arrive at the detector window [32].
e found that the plateau height and s-peak area were highly

ependent on the sample temperature and also that combinations
f physiological temperature and high protein concentrations
nevitably lead to a time-dependent formation of oligomeric
pecies, and aggregation and precipitation of cleaved in contrast
o intact �2m [17,18].

CE analyses also showed that treatment with organics such as
cetonitrile, ethanol, and trifluoroethanol induces an increased
onformational heterogeneity of intact �2m [16]. This is illus-
rated in Fig. 3 where the same preparation of intact �2m in the
bsence or presence of 50% acetonitrile in the sample solution
s analyzed. It is readily apparent that while the total peak area
s approximately constant, the formation of the s-peak is greatly
nhanced in organic solvent. The experiments of Figs. 2 and 3
ere performed under different separation conditions explaining

he differences in peak appearance times.
Increasing conformational instability as a consequence of

leavage at K58 and as a consequence of exposure to organic
olvent was clearly evidenced by the CE analyses. However,

more detailed understanding of the extent of the unfold-
ng required the application of other analytical methods. For
his purpose mass spectrometric monitoring of amide hydrogen
1H/2H) exchange (HX-MS) was applied. This approach has
he advantage that the number of solvent-exposed non-protected
ack-bone amide hydrogens are directly measured from mass
hanges over time [33]. In a natively folded protein, amide
ydrogens that participate in stable hydrogen-bonded structures
re protected against isotopic exchange with the solvent. For
xchange to occur, the catalyst ion (i.e., deuteroxide: OD−) must
ain direct access to the amide hydrogen to facilitate its abstrac-
ion. This yields an amidate anion, which in turn rapidly reacts
ith D2O, whereby the exchange reaction is completed [34].

n the deuterium exchange-in experiment, isotopic exchange is
nitiated by incubating the protein in deuterated buffer. The pro-
ein mass increases gradually with time as transient unfolding
rocesses break protecting hydrogen bonds and allow isotopic
xchange to proceed. Unstructured or very dynamical regions
ndergo rapid exchange on a sub-second time scale, while more
table hydrogen-bonded regions may require several days to
xchange.

Since it appeared from the CE experiments that an increased
opulation of an alternative conformation (the s-peak, Fig. 3)
ould be induced in intact �2m by treatment with organic sol-

ent, we used HX-MS to probe the effect of organic solvent
nd temperature on the opening of the intact molecule. Fig. 4(a)
hows the mass spectrometric peak corresponding to the +10
harge state, [M + 10]10+, of nondeuterated �2m wt. Note the

�
i
a
t

ith either water (A) or acetonitrile (B). The temperature of the mixtures at
njection was 25 ◦C. The CE analyses were carried out as described in Fig. 2
sing a constant voltage of 16 kV and capillary thermostatting at 15 ◦C.

resence of a minor +16 Da peak (labeled Ox) that represents
xidized �2m. The C-terminal amino acid of �2m is a methio-
ine which is prone to oxidation [35,36]. A short incubation
eriod (25 s) of �2m wt in deuterated buffer at 25 ◦C causes
ncorporation of ∼51 deuterium atoms (Fig. 4(b)). When wt-

2m is preincubated in 1:1 PBS/CH3CN at 25 ◦C prior to

sotopic exchange at 25 ◦C, however, ∼84 deuterium atoms
re incorporated (Fig. 4(c)). This deuterium level corresponds
o fully deuterated �2m (cf. Section 2). Thus, the addition of
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Fig. 4. The effect of organic solvent and temperature on the conformational
equilibrium of wt-�2m. Amide 1H/2H exchange on wt-�2m after 60 min prein-
cubation in PBS buffer in the presence (c and d) or absence (b and e) of 50%
acetonitrile at (b and c) 25 ◦C and (d and e) 0 ◦C. Shown are ESI mass spec-
tra of [wt-�2m + 10H]10+ obtained after deuteration for 25 s at 0 ◦C. Spectrum
(a) shows the peaks corresponding to the nondeuterated protein and the oxi-
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can be utilized by HX-MS to separately investigate the occur-
rence of large-scale motions of the polypeptide chain in global
unfolding processes (i.e., correlated exchange) and the local
ized (+16 Da) species. The average mass differences are indicated by dotted
ines and illustrate that in the presence of 50% acetonitrile at 25 ◦C, wt-�2m
redominantly populates the unfolded state.

cetonitrile induces a dramatic shift in conformer equilibrium
oward unfolded states at 25 ◦C. In contrast, preincubation under
he same conditions but at a lower temperature (0 ◦C) does not
ause unfolding of wt-�2m as only ∼51 deuterium atoms are
ncorporated (Fig. 4(d)). The native conformation appears to be
reserved at these conditions since the same deuterium level is
bserved in the absence of acetonitrile. Thus, folded intact �2m,
ven in 50% acetonitrile at 0 ◦C, contains ∼33 protected amide
ydrogens. When the temperature is increased to 25 ◦C in the
resence of acetonitrile, the protein structure is thermally desta-
ilized and the unfolded state is predominantly populated. The
rganic solvent conditions at 25 ◦C render all available amide
ydrogens accessible to the solvent suggesting that no protect-
ng hydrogen bonds remain under these conditions. In apparent
ontrast, the results obtained by CE show that the folded state
f-peak) is more populated than the unfolded state (s-peak) at
hese conditions (Fig. 3B). This apparent discrepancy between
X-MS and CE results is, however, primarily due to differ-

nces in the time-scale between these two techniques. In the
X-MS experiments at 25 ◦C, the unfolded proteins in 50%

cetonitrile will begin to refold when they are diluted into deuter-
ted buffer. The refolding of �2-microglobulin is, however, a
low process (as evidenced by the EX1 kinetics, see below) and
ll back-bone amide groups are therefore completely deuter-
ted before the protein has refolded. In the CE experiments, the
rotein also begins refolding upon injection, but it takes approx-

mately 10 min for the protein to reach the detector. Within this
eriod, the majority of the protein molecules has refolded and
his results in the appearance of two peaks (i.e., the f- and s-peaks
n Fig. 3B).

p
(
f
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.1. Unfolding kinetics for cleaved β2m variants

Deuteration of a natively folded protein typically yields
single mass spectrometric peak that gradually increases in
ass with a nearly constant peak width. This type of exchange

ehaviour is termed EX2 [33,37,38], and it reflects that the
ife-time of the exchange-competent open state of the protein
s short relative to the time-scale for the chemical exchange
eaction. For �2m, however, we encountered a different type of
xchange behaviour as short deuteration periods yielded a single
eak, whereas prolonged deuteration lead to the appearance of
bimodal peak pattern1 [17]. Such a pattern is a mass spectro-
etric signature of the more rare EX1 type of exchange [39,40].

n this case, the life-time of the transiently unfolded state is suf-
ciently long to allow simultaneous exchange of the group of
olvent-exposed amide hydrogens within a single opening event.
his means that the rate of the transient unfolding reaction can
e obtained directly from the rate of the appearance of the higher
ass peak in the bimodal peak pattern. This peak represents the

opulation of molecules that have undergone unfolding, while
he lower mass peak represents molecules that have not yet been
nfolded in the deuterated buffer. Fig. 5 exemplifies these peaks
s well as the populations of deuterated species for �K58-�2m
nd �2m wt. Fig. 6(a) illustrates schematically the correlated
xchange mechanism involving all amide hydrogens in an tran-
iently fully unfolded �-helix. Also shown is the appearance
f a bimodal peak pattern when this type of unfolding is ana-
yzed by HX-MS. Fig. 6(b) shows a non-correlated exchange

echanism in an �-helix. The mass difference of a bimodal
eak gives direct information about the number of amide hydro-
ens that becomes exposed to the solvent during the unfolding
rocess. It should be noted, however, that this mass difference
oes not remain constant throughout the exchange experiment.
o illustrate this, consider the two aforementioned molecular
opulations and assume that the unfolding is global and causes
omplete deuteration of the protein. For this protein, the lower
ass population contain a number of nondeuterated protected

mides. If global unfolding was the only structural transition
hat caused exchange at these protected sites then the lower mass
eak would remain at a constant m/z value during the experiment.
ut the protein structure is dynamic and local transient structural
uctuations break protecting hydrogen bonds and causes a grad-
al non-correlated exchange of these protected amides. Thus,
he lower mass population slowly increases in mass as a result
f the local conformational flexibility of the folded state, while
he higher mass population is fully deuterated and thus remains
onstant. Consequently, the mass difference decreases between
he bimodal peaks at prolonged deuteration. This phenomenon
1 A single peak is observed for the nonoxidized protein at short deuteration
eriods. Note, however, that preparations of �2m usually contains oxidized �2m
+16 Da), which must be taken into account in the data analysis. �2m is purified
rom human urine and the amount of oxidized protein varies from batch to batch.
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Fig. 5. Monitoring the transient global unfolding of �2m wt and �K58-�2m at 30 ◦C by amide 1H/2H exchange and mass spectrometry. Shown are electrospray
ionization (ESI) mass spectra of �K58-�2m (left panel) and �2m wt (right panel) obtained after various deuteration periods (given in minutes in the figure). The region
of the spectra with the [M + 7H]7+ charge state is displayed; Ox, Met99-oxidized species. The spectra obtained at t = 0 min (i.e., lowest traces) show the nondeuterated
proteins. P1 indicates the lower mass population which represents partially deuterated nonoxidized molecules that have not undergone global unfolding in the
deuterated buffer. P2 indicates the higher mass population which is comprised of nonoxidized molecules that have undergone global unfolding in deuterated buffer.
P2 also indicates the oxidized molecules that have not yet visited the globally unfolded state. Note that the two populations in peak P2 are close in mass and cannot
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e resolved in this experiment. However, the kinetic equation to determine unfo
ass population which represents oxidized molecules that have undergone glo

or �K58-�2m increases at a faster rate than that of �2m wt. This reflects direc

otions of the chain in natively folded state (i.e., non-correlated
xchange). This is possible as these two distinct structural tran-
itions yield two populations with different masses. Note that
uch a distinction between exchange mechanisms at a fixed
H value is not possible with other spectroscopic techniques
e.g., NMR).

Very recently, we have used HX-MS to probe how the con-
ormational flexibility of the folded state is affected by cleavage
f the polypeptide chain at Lys58 which resides in a loop con-
ecting strand E and D (Fig. 1) [18]. In this study we determined
he non-correlated exchange kinetics for�K58-�2m, cK58-�2m
nd �2m wt to investigate whether they display similar confor-
ations in their folded state. It was also of interest to ascertain
hether the local transient structural fluctuations of the most

rotected amides were different in these three proteins. It should
e noted that prior to this investigation, we reported that the
nfolding kinetics of �K58-�2m is almost an order of magni-
ude greater than that of �2m wt [17]. Thus, cleavage of the

r
g
s
t

rate constants take both populations into account [17]. P3 indicates the highest
folding in deuterated buffer. It is clearly seen that the intensity of the P2 peak
accelerated unfolding of �K58-�2m.

olypeptide chain and removal of Lys58 destabilizes the folded
tate as evidenced by the accelerated rate for transient global
nfolding. In contrast, we observed only a very small difference
n the magnitude of local fluctuations of the protected amides
etween, on the one side, the cleaved variants of �2m and on
he other side the wild-type [18]. This result shows that cleav-
ge at Lys58 has only minor effects on protecting hydrogen
onds in the protein. In other words, the loop cleavage predom-
nantly increases the motility of the polypeptide chain locally
round the cleavage site but leaves the rest of the protein struc-
ure unperturbed. A somewhat similar effect was observed by

aity et al. [41] when a replacement of a lysine residue with
lycine in cytochrome c caused a local increase in the flexibility
f the polypeptide chain around the Gly residue, whereas most

esidues located elsewhere in the protein were not affected. The
lobal stability of the protein was, however, decreased by the
ubstitution, i.e., the folding–unfolding equilibrium was shifted
oward the unfolded state.
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Fig. 6. Correlated vs. non-correlated exchange of amide hydrogens. This figure schematically illustrates the difference between correlated and non-correlated exchange
for transient unfolding processes of an �-helix. Correlated exchange (left panel) occurs when the �-helix unfolds and all exposed amide hydrogens simultaneously
undergo isotopic exchange before the �-helix refolds. This type of exchange is termed EX1, and the mass spectrometric signature for EX1 exchange is the appearance
of a bimodal peak pattern (also depicted). Non-correlated exchange (EX2) occurs when local structural fluctuations expose a single amide hydrogen to the solvent
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for unfolding. Using Arrhenius plots, the half-life for cK58-
�2m and �K58-�2m at 35 ◦C was estimated to 12 and 10 min,
respectively. The higher unfolding rate of �K58-�2m relative
to that of cK58-�2m at temperatures below 37 ◦C correlates

Table 1
Half-lives for transient global unfolding of �K58-�2m and cK58-�2m in deuter-
ated PBS at various temperatures

Temp. (◦C) t1/2 (min)

cK58-�2m �K58-�2m
hereby it undergoes exchange. Note that non-correlated exchange is also obs
o the intrinsic chemical exchange kinetics. Mass spectrometric analysis of EX2
ime (also depicted).

The cleaved variants of �2m are much more prone to aggre-
ate than �2m wt [18]. We attribute the increased aggregation
ropensity of the cleaved �K58-�2m variant to its increased
nfolding rate as the unfolded state in general has been impli-
ated as a key intermediate in the aggregation process for other
roteins [42–44]. Interestingly, NMR and CE analyses have
hown that �K58-�2m is somewhat more prone to aggregate
han cK58-�2m [18]. For example, aggregation of �K58-�2m
as observed with one-dimensional 1H NMR spectroscopy at
5 ◦C, but not for cK58-�2m at this temperature. However,
ncreasing the temperature to 37 ◦C also caused cK58-�2m to
ggregate. To investigate whether this difference reflects that the
nfolding rate of �K58-�2m is greater than that of cK58-�2m,
e have now determined the unfolding rate of cK58-�2m in the

emperature range 25–37 ◦C. Fig. 7 shows mass spectra obtained
rom a mixture of �K58-�2m and cK58-�2m after deuteration in
BS for various periods at 32 ◦C. In this experiment, the unfold-

ng rate constants (ku) for both cleaved variants can be measured
imultaneously because the nondeuterated proteins differ by
28 Da in mass and are thus well separated in the mass spectra.
nfolding rate constants of 5.2 × 10−2 min−1 for �K58-�2m

nd 3.3 × 10−2 min−1 for cK58-�2m were determined at 32 ◦C
y fitting the abundance of the low and high mass populations
o a bi-exponential equation (Fig. 8). The corresponding half-
ives are listed in Table 1. Interestingly, �K58-�2m unfolds 1.6
imes faster than cK58-�2m at 32 ◦C. This finding prompted us to
etermine the temperature dependence of the unfolding rate con-
tant for cK58-�2m. Table 1 shows the half-lives for cK58-�2m

nd �K58-�2m at various temperatures. At temperatures below
7 ◦C �K58-�2m unfolds faster than cK58-�2m. Thus, at 25 ◦C
he half-lives for unfolding are 116 and 161 min, respectively.
hese values reflect that the cleaved �2m proteins have a very

3
3
2
2

upon unfolding of larger chain segments when the refolding is fast compared
exchange yields a single peak that gradually increases in mass with exchange

ow kinetic stability compared to other globular protein. As an
xample, the half-life for unfolding of thioredoxin wt, which is
kinetically stable globular protein, is approximately 4 months
t 25 ◦C [45]. Evolution appears to have ensured that most pro-
eins have a high kinetic stability as unfolding in a crowded
ellular environment may lead to the formation of toxic protein
ggregates and eventually cell death. �2m wt is of intermedi-
te kinetic stability, i.e., it is more stable than the two cleaved
orms (as shown in Fig. 5). Surprisingly, at 37 ◦C the unfold-
ng rates of �K58-�2m and cK58-�2m are identical within
xperimental error. To further investigate this phenomenon, the
ctivation energy for unfolding of cK58-�2m, Ea, was obtained
rom the slope of an Arrhenius plot of the temperature depen-
ence of the unfolding rate constant (Fig. 9). This plot yields
value of Ea = 2.0 × 102 kJ/mol, which is ∼30 kJ/mol higher

han the corresponding value for �K58-�2m (1.7 × 102 kJ/mol)
17]. Thus, removal of Lys58 slightly decreases the barrier
7 8 8
2 21 13
7 105 63
5 161 116
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Fig. 7. Monitoring the transient global unfolding of �K58-�2m and cK58-�2m at 32 ◦C by amide 1H/2H exchange and mass spectrometry. Shown are electrospray
ionization (ESI) mass spectra of a mixture of �K58-�2m and cK58-�2m obtained af
the region of the spectra with the [M + 7H]7+ charge state is displayed; Ox, Met99-ox
obtained at t = 0 min (i.e., lowest traces) show the nondeuterated proteins. See legend

Fig. 8. Determination of rate constants for the transient global unfolding of
�K58-�2m and cK58-�2m at 32 ◦C from the experiment shown in Fig. 7.
Ratio of peak areas (Ilow/(Ihigh + Ilow)) for �K58-�2m (circles) and cK58-�2m
(triangles) were plotted as a function of exchange time. The lines show the
fits to the experimental data using our previously described approach [17]
and the constraint ku = ku,Ox. The fits yielded the unfolding rate constants,
ku, 5.2 × 10−2 min−1 and 3.3 × 10−2 min−1 for �K58-�2m and cK58-�2m,
respectively.

w
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e
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ter various deuteration periods (given in minutes in the figure). In the left panel
idized species. Right panel shows the deconvoluted mass spectra. The spectra
to Fig. 5 for explanation of P1 and P2.

ith the increased propensity of �K58-�2m to aggregate at
5 ◦C and 35 ◦C as measured by 1H NMR spectroscopy and
E analyses, respectively [18]. It is important to note, how-
ver, that other factors may also be important for the difference

n aggregation kinetics between the two cleaved variants. For
xample the unfolded state of �K58-�2m may have different
hysicochemical properties that increases its ability to form
ggregates [46].

ig. 9. Determination of activation energy for the transient global unfolding
f cK58-�2m. Arrhenius plot of ln (ku) as a function of 1/T from which an
ctivation energy, Ea, of 2.0 × 102 kJ/mol for unfolding was obtained from the
lope (−Ea/R). The correlation coefficient, R2, was 0.988.



nal o

4

t
e
t
t
d
m
t
h
p
t
c
o
f
t
f
d
a

p
r
i
u
m
c
o
r
m
fi
c
i
t
a
o
i
m
d
o
e
a
i
t
i
n
s
t
b
f
i
o

A

n

t
h
t

b

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

T.J.D. Jørgensen et al. / International Jour

. Conclusions

CE rapidly provides information about the equilibrium dis-
ribution of conformers and allows for rapid screening of the
ffect of variations in physico-chemical parameters such as
emperature, ionic strength, pH, metal ions, and protein concen-
ration on conformer state and aggregation reactions. A more
etailed qualitative and quantitative understanding of confor-
ational dynamics, however, is particularly dependent on other

echniques such as mass spectrometric monitoring of amide
ydrogen (1H/2H) exchange rates as illustrated for �2m in the
resent study. The combined results have allowed us to conclude
hat a similar global conformation and a similar unfolding pro-
ess occur in both the intact and the lysine-58 cleaved forms
f this molecule. The unfolding, however, occurs significantly
aster in cleaved �2m. The organic solvent-inducible alterna-
ive conformer which is electrophoretically indistinguishable
rom the variant conformer occurring under physiological con-
itions clearly corresponds to a much more open form of �2m
s evidenced by the isotopic exchange experiments.

The experiments together with previously reported results
rovide evidence that the formation of an unstructured species,
esulting from a cooperative unfolding, is a critical event that
s likely to trigger an aggregation process for �2m. When the
nfolding rate is accelerated the probability increases for a
olecular encounter between two unfolded molecules. This pro-

ess will lead to the formation of dimers and eventually higher
rder oligomers. Note that oligomeric species of wt-�2m have
ecently been observed by noncovalent electrospray ionization
ass spectrometry [47]. Our results strongly suggest that the
rst step in the molecular mechanism for fibril formation is a
ooperative unfolding. The HX-MS experiments provide this
nformation readily through analysis of the temporal evolu-
ion of mass changes in the analyte molecules. The HX-MS
pproach provides an analytical separation of species depending
n their conformational experience, and is also more sensitive
n the sense that it requires less material than NMR experi-

ents where the signal from opened molecules is diluted and
istorted by the reversibility of the reaction and the presence
f unopened species. As a drawback, in the mass spectrometric
xperiments no information on the site of unfolding is readily
vailable. However, localization within a few residues of the
ncorporated deuterons may be achieved by pepsin digestion of
he labeled protein at conditions where the isotopic exchange
s quenched. The resolution of this method will depend on the
umber and size of pepsin-generated peptides with overlapping
equences. Alternatively, gas phase fragmentation may lead to
he desired site-specific information if hydrogen atom scram-
ling can be avoided [48,49]. This work is in progress and will
urther advance our understanding of pro-amyloidogenic unfold-
ng reactions and aggregate formation and thus advance studies
f ways to inhibit such events.
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