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The accumulation of amyloid fibrils in tissue is character-
istic of a range of pathological conditions including type II 
diabetes, Alzheimer’s disease and the transmissible spongiform
encephalopathies1,2. The amyloid fibrils formed in such diseases
are derived from normally soluble proteins that have undergone
structural transitions to form insoluble and potentially patho-
genic material3. A recently discovered human amyloidotic disease
is associated with one of the best characterized of all proteins:
lysozyme4. The reported cases of this non-neuropathic systemic
amyloidosis result from single point mutations in the lysozyme
gene, giving rise to one or the other of  two variant proteins: I56T
and D67H. In their native states, these variants are structurally
similar to the wild type protein5. The D67H variant of human
lysozyme is incorporated into the disease-associated amyloid fib-
rils in its full-length, disulfide-bonded form; this is probably also
the case for the I56T variant5. Moreover, the wild type lysozymes
from both human and hen sources have recently been shown to
be converted in vitro to fibrils that seem to be closely similar to
amyloid fibrils formed in vivo by the variant proteins6–8. The
mechanism by which the soluble monomeric form of lysozyme,
whose native structure includes a substantial proportion of 
α-helical structure, is transformed into multimeric fibrillar
assemblies that are rich in β-sheet structure is not yet understood
in detail. It has been proposed, however, that partially unfolded
states of the protein must be populated to permit aggregation
and, ultimately, fibril formation5; similar arguments have been
advanced for other proteins, such as transthyretin9, that are asso-
ciated with amyloid diseases. To probe the nature of such species,
we describe here the results of experiments designed to establish
the conformational properties of one of the lysozyme variants,
D67H, over a range of different solution conditions.

Partially folded states of globular proteins are usually popul-
ated only marginally under physiological conditions and, there-

fore, are difficult to study by the majority of biophysical tech-
niques. Measurement of hydrogen exchange behavior, however,
has been used extensively to study aspects of protein structure
and dynamics in such circumstances10. The method represents
an exquisitely sensitive approach for detecting the properties of
species present at low levels relative to the fully folded states of
protein molecules. This approach is effective because any pro-
tein molecule that has converted, even on a single occasion, to an
unfolded or partially folded state can, under appropriate condi-
tions, be labeled irreversibly by specific isotopes present in the
solvent molecules11,12. Here, we use NMR in conjunction with
hydrogen exchange methods at pH 5.0 and 37 °C to probe the
structure of the D67H variant of lysozyme and compare the data
with that of the wild type protein. We then probe the hydrogen
exchange properties of wild type lysozyme and the D67H variant
by mass spectrometry (MS) over a range of pH values between
6.0 and 10.0. These experiments have allowed us to measure
kinetic parameters describing the equilibrium between the
native state and a partly folded state of the variant protein, and
to describe the properties of the latter species at the level of indi-
vidual residues. The results enable us to propose a specific mech-
anism for a structural transition by which the soluble form of
this protein begins its conversion into amyloid fibrils.

NMR reveals dynamical effects of the D67H mutation
A series of 2D NMR experiments was carried out to monitor in a
site-specific manner the hydrogen exchange behavior of wild
type human lysozyme and the D67H variant. The experiments
were carried out in D2O at pH 5.0 using 15N-labeled proteins.
This pH value was chosen because the intrinsic exchange rates of
amide hydrogens are close to their minimum values. Therefore,
it should allow the maximum number of amide hydrogens to be
observed in a series of 15N-1H HSQC NMR spectra recorded
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while hydrogen exchange is taking place. Representative spectra
are shown for the two proteins immediately after exposure to
D2O and then after 3.5 h of exchange at pH 5.0 and 37 °C (Fig. 1).
At the earliest acquisition time, crosspeaks from 79 and 66 amide
hydrogens are visible in the HSQC spectra from the wild type
protein and the D67H variant, respectively. The spectra recorded
after 3.5 h illustrate qualitatively the differences in the hydrogen
exchange behavior of the two proteins; the wild type protein has
∼ 50 amide hydrogens that have not exchanged significantly after
this length of time, whereas the D67H variant has only ∼ 27.

To obtain quantitative information on the exchange rates of
specific amide hydrogens in the two proteins, we have analyzed
the heights of individual crosspeaks in the spectra as a function
of the time of exchange. The rates resulting from this analysis
were then used to obtain protection factors (Fig. 2), parameters
that describe the extent to which hydrogen exchange of individ-
ual amide groups is slowed relative to that expected for the same
residue in an unstructured protein13 (see Methods). The ratios of
the protection factors of the wild type protein to those of the
D67H variant permit a comparison of the hydrogen exchange
behavior in the two proteins. The results confirm that the effects
of the D67H mutation on hydrogen exchange behavior are pre-
dominantly on amides from residues in the β-domain (defined
as containing residues 41–82). For example, the exchange rates
of four residues in this region increase by more than a factor of
1,000 in the D67H variant relative to the wild type protein, and
four others, including residues in both main strands of the
antiparallel β-sheet, increase by factors of 100 or more. In con-
trast, none of the amides in α-helices A, B and D show any sig-
nificant difference in exchange rate between the two proteins.
The exchange rates of amides in helix C are, however, signifi-
cantly increased in the variant relative to the wild type protein.
The exchange rate of one residue, Ala 96, is ~1,000× greater in

the variant protein, and the rates of up to five amides are
increased by more than a factor of 10. Helix C forms part of the
α-domain but is located at the interface of the β-domain and
linked to the latter by the (77-95) disulfide bond. The changes in
exchange rates resulting from the D67H mutation are illustrated
with respect to their position in the structure of the native pro-
tein (Fig. 3).

Unfolding of the D67H variant involves local cooperativity
To investigate the effect of the D67H mutation on the stability of
the protein in greater detail, MS was used to analyze a series of
samples of wild type lysozyme and the D67H variant. The labile
hydrogens of both proteins were allowed to exchange with sol-
vent in aqueous solution at 37 °C for a series of time intervals.
The exchange process was investigated at four different pH val-
ues between 6.0 and 10.0, and also compared with data obtained
previously at pH 5.0 (ref. 5). The structural properties of wild
type lysozyme and the D67H variant under these pH conditions
were found by CD spectroscopy to be similar (unpublished
data). The samples were initially exposed to D2O to replace all
labile hydrogens with deuterium atoms; the subsequent
exchange process involves the replacement of these deuterium
atoms with hydrogen atoms from the solvent H2O. The exchange
reaction was then quenched after the desired time intervals by
reducing the pH and temperature of the solution. Because
experiments of this type are highly sensitive to small changes in
the solution conditions, the D67H variant and the wild type
protein were allowed to exchange simultaneously in the same
solution14. By using isotopically 15N-labeled wild type protein,
the molecular weights of the two species are sufficiently distinct
to resolve in mass spectra15; the data obtained for a solution of
the proteins at pH 8.2 are shown as an example (Fig. 4). Samples
pulse labeled for lengths of time, ranging from t = 0.4 to 45 s, are
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Fig. 1 15N-1H HSQC NMR spectra of the
wild type and D67H variant lysozymes.
Spectra are recorded for the a, wild
type and b, variant protein immedi-
ately after exposure to D2O, and the 
c, wild type and d, variant protein
after 3.5 h of exchange. Amide peaks
visible immediately after exposure to
D2O are labeled in (a) and (b). Amide
peaks that have not exchanged after
3.5 h are labeled in (c) and (d). The
amides that have exchanged in the
D67H variant but not in wild type
lysozyme can be seen from the assign-
ments to be located largely in the 
β-domain and the associated C-helix of
the α-domain.
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shown along with the spectra of a sample not exposed to
exchange conditions and one of a fully exchanged sample (defin-
ing the isotope labeling pattern at t = 0 and t = ∞, respectively).

The mass spectra show that the wild type protein is visible as a
single peak whose mass decreases with the length of time that
exchange was allowed to take place. This behavior is qualitatively
similar at all the pH values studied (Fig. 5). The observation of a
single peak with a gradual loss of mass over time reflects the
exchange of labile hydrogens in the native wild type protein16.
This process is usually described as hydrogen exchange under
EX2 conditions, where the rate at which the unfolded structure
returns to its protected state is much higher than the intrinsic
exchange rate10. The observed exchange rate under these condi-
tions can be interpreted using the relationship:

kobs = ko / kc × kex (1)

where ko is the opening and kc the closing rate for a fluctuation
permitting exchange, and kex is the intrinsic exchange rate of a
labile hydrogen in the exposed form of the protein structure. To
further test the validity of the EX2 description of hydrogen
exchange for the wild type protein, the results of the whole series
of experiments carried out during this investigation are plotted
(Fig. 5) after scaling of the data sets by a factor of 10 for each unit
of pH at which the exchange takes place17. The latter factor is
required by the assumption of ideal EX2 kinetics as a result of
base catalysis of the exchange reaction13. The close overlap of the
data obtained at the different pH values indicates that this
assumption is broadly consistent with the experimental mea-
surements.

The data corresponding to the D67H variant, in contrast to
those of the wild type protein, show a clear bimodal distribu-
tion of masses as the exchange process takes place (Fig. 4). Such
a distribution is indicative of the limiting case of EX1 hydrogen
exchange behavior16,18, in which the closing rate of a fluctuation
enabling hydrogen exchange to take place (kc) is much lower
than the intrinsic exchange rate — that is, kc << kex. Hence, 
kobs = ko (refs 16,18) and is usually observed only at high pH,
where the intrinsic exchange rates are high. Under these condi-
tions, effectively all of the labile hydrogens that are exposed will
undergo exchange each time a fluctuation occurs. Such behav-
ior is usually associated with the complete global unfolding of

the protein structure. If, however, a fluctuation results in the
cooperative unfolding of a region of the protein molecule, a
well-resolved multimodal distribution of masses could result.
In the present case, although the mass difference between the
peaks is too small to correspond to complete global unfolding,
the clear bimodal distribution observed at pH values between
8.2 and 10.0 indicates that a cooperative local fluctuation of a
significant region of the protein takes place. At the lower pH
values of 5.0 and 6.1, only a single broad peak can be observed,
indicating that the intrinsic exchange rate at these lower pH
values is not fast enough to compete with the closing rate, and
the process ultimately obeys EX2 kinetics. The exchange data
measured at the higher pH values, however, reveal a high
degree of cooperativity in the fluctuations leading to exchange
of the labile hydrogens in a well-defined substructure of the
D67H variant.

To characterize further the specific process giving rise to this
locally cooperative hydrogen exchange behavior, the areas under
the two peaks in the mass spectra observed at high pH values
were integrated and the fraction of the lower mass species calcu-
lated as a function of time. The time dependence of the intensity
change of this peak provides a direct measure of the opening rate
of the cooperative fluctuation, giving rise to exchange. The
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Fig. 2 Comparison of the protection factors for the D67H variant and
wild type lysozyme. Protection factors are measured for a, the variant
and b, wild type proteins. c, The ratio of the protection factors of the
wild type protein to those of the D67H variant. For those residues that
did not show significant exchange during the time course of the experi-
ment, we have used data recorded previously over a longer time scale
for the wild type protein31. Amides whose exchange rates are accele-
rated by >10-fold relative to the wild type protein are located within
residues 39–100 of the sequence.

a

b

c

Fig. 3 Acceleration of hydrogen exchange rates in a substructure of the
lysozyme variant. Backbone amides that exchanged sufficiently slowly
and could be studied by NMR at pH 5.0 and 37 °C are shown in a space-
filling representation. Those shown in red denote backbone amides
whose exchange is accelerated by more than a factor of 15 relative to
the wild type protein under these conditions. The lysozyme structure
was generated from the X-ray coordinates (PDB entry 1REX) and 
produced using MOLMOL35.
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kinetic data at the three pH values where bimodal distributions
are evident (Fig. 5b) were fit to exponential functions, yielding
an average time constant for the unfolding process of 5.8 ± 3.2 s.
The mass differences between the two peaks were also measured
as a function of time (Fig. 5b). As the exchange reaction pro-
gresses, the observed mass difference gradually becomes smaller.
This observation reflects the existence of additional highly local-
ized fluctuations in the structure that can give rise to hydrogen
exchange. Such events may be more prevalent in the less stable
D67H variant than in the wild type protein5. As these exchange
processes reduce the total number of protected amides, the
cooperative unfolding process will seem to involve a smaller
number of residues as time increases. To obtain a value for the
total number of hydrogens protected initially and involved in the
cooperative unfolding process, the hydrogen exchange data at
each pH value were extrapolated to zero time (Fig. 5b). The
results from this procedure show that over the pH range
8.2–10.0, the average number of hydrogens involved in the coop-
erative fluctuation is 34.5 ± 1.7.

Local unfolding of the domain interface in the variant 
To locate the regions of the structure of the D67H variant
involved in the cooperative unfolding processes, a sample of the

protein was exposed to hydrogen exchange conditions to gener-
ate two populations of approximately equal intensity. This sam-
ple was then subjected to peptic digestion and mass
spectrometric analysis. The rationale behind this experiment is
to generate a number of peptide fragments from the protein
sample. From an analysis of the H/D distribution in a sufficient
number of fragments, identifying regions of the protein that
have undergone exchange as a result of partial unfolding should
be possible19. Before these experiments, a reference sample of the
variant protein not exposed to D2O was subjected to peptic
digestion. In the mass spectra, 19 peptides were identified that
give complete sequence coverage of the protein. The assignment
of these fragments was achieved by using a combination of accu-
rate mass measurement and fragmentation strategies20. The
results of this approach were then verified by carrying out peptic
digestion of uniformly 15N-labeled D67H lysozyme; the increase
in mass resulting from the change in isotopic content enabled
the number of nitrogen atoms in each peptide fragment to be
defined15. The principal proteolytic fragments evident during
the earliest time points of the digestion were assigned to three
major regions of the protein (Fig. 6). Two of these peptide frag-
ments are linked by native disulfide bonds that remain intact
during digestion.

After identification of the peptide fragments resulting from
digestion, the partially exchanged protein sample was sub-
sequently digested and examined. From the masses that were
measured, the average number of protected sites within each
peptic fragment was calculated. For some peptides, two popula-
tions are clearly visible. For these peptides, the experimental iso-
topic distributions have been compared with simulations on the
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basis of an EX1 exchange mechanism and the measured number
of protected sites. The bimodal isotope distribution correspond-
ing to peptide 58–108, which includes the C helix (residues
89–100) as well as residues 58–64 from the β-domain, closely
matches a simulation in which 10 labile hydrogens from this
region are involved in the EX1 unfolding event. However, the
isotope distribution in the shorter fragment from this region
(58–84)–(93–108) (peptides 58–84 and 93–108 linked by a disul-
fide bond) is best described by a simulation for an EX1 exchange
process involving eight labile hydrogens. Thus, removal of the
residues 85–92, which includes four residues from the C-helix,
involves a reduction of two in the number of protected hydro-
gens involved in the EX1 unfolding event. Previous hydrogen
exchange studies of human lysozyme have shown that only
residues 85 and 92 are highly protected in this region of the
sequence21. The present results of the MS analysis, therefore,
indicate that these two residues, located in the C-helix and the
loop preceding it, are involved in the cooperative unfolding tran-
sition detected by hydrogen exchange.

The peptide fragment (26–57)–(109–123), which includes the
residues forming the B- and D-helices (26–34 and 109–115,
respectively) of the α-domain and residues 41–57 of the 
β-domain, also shows a distinct bimodal distribution, corre-
sponding to two hydrogen exchange populations involving 10
backbone amides (data not shown). The isotope distribution in
an additional peptide (26–40)–(109–123), which differs by the
absence of residues 41–57 in the β-domain, is also bimodal and
correlates well with a simulation involving five backbone amide
hydrogens. For a yet shorter peptide fragment derived from 
this region, (26–31)–(109–123), in which residues 32–40 are
removed, the isotope distribution shows no evidence of EX1
exchange (Fig. 6). The distribution is well described by a single
hydrogen exchange population having an average of four pro-
tected hydrogens that exchange via an EX2 mechanism. Thus,
comparison of the exchange properties of a series of peptides
generated from the sequence (26–57)–(109–123) indicates that
the amide hydrogens undergoing EX1 exchange in this region
are located within the sequence 31–57, corresponding to the four

C-terminal residues of the B-helix and encompassing the
antiparallel β-sheet of the β-domain. In contrast, the peptide
fragments containing the sequence 26–40, which includes the
residues forming helix B, are consistent with a single hydrogen
exchange population with an average of eight protected amides.
Overall, the MS analysis of these peptide fragments indicates
that the regions involved in the cooperative unfolding process
are all located within the sequence 31–104. This segment of the
protein includes all the residues forming the β-domain and the
C-helix of the α-domain.

Intermediate resembles species detected during folding
The hydrogen exchange experiments allow the comparison of
the fluctuations in the structure of the D67H variant protein of
human lysozyme with those characteristic of the wild type pro-
tein. The NMR spectra detailed above were recorded under con-
ditions (pH 5.0 and 37 °C) where the variant protein has been
found to form amyloid fibrils in vitro over longer periods of
time5. Therefore, these experiments probe the species present in
solution before the aggregation event. The results show that the
rate of hydrogen exchange is accelerated >10-fold for 18 amide
hydrogens located in the sequence between residues 39 and 100.
In a second series of experiments, in which the pH of the solu-
tion was increased, the localized unfolding of a region of the
variant protein was found by MS analysis to be highly coopera-
tive. Of the 80 amide hydrogens that are substantially protected
in the native structure, ∼ 35 are located in the specific region of
the protein undergoing the cooperative unfolding process. The
region of the structure involved in this transition was found to
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BC

DFig. 6 Electrospray mass spectra of the partially exchanged peptide frag-
ments of the D67H variant. The multiply-charged peptides are assigned
as a, (58–108)+6; b, ((26–40)–(109–123))+5; c, ((1–25)–(124–130))+4; 
d, ((58–84)–(93–108))+5; e, ((26–31)–(109–123))+4; and f, ((1–19)–
(124–130))+4. Before digestion, the protein was exposed to hydrogen
exchange at pH 10 for a few seconds. The location of the principal peptic
digestion products is shown within the native structure of lysozyme in
the upper panel. Similarly, the smaller peptide fragments, derived from
three regions (d), (e) and (f), are indicated in the lysozyme structure in
the lower panel. The lysozyme structure was generated from the X-ray
structure (1REX) and produced using MOLMOL35. The peaks in the spec-
tra are compared with simulations of the isotope patterns color-coded
for each peptide fragment. For two populations undergoing EX1
exchange, two binomial distributions of isotopes were calculated using
isotope-modeling software (Masslynx, Micromass). One distribution cor-
responds to the natural abundance isotopes and the other to the natur-
al abundance isotope plus the number of deuterium atoms calculated
from the average mass difference between the two peaks. Addition of
the two isotope distributions was then carried out using Sigmaplot v4.01
(SPSS). For EX2 exchange, only one isotope distribution was calculated,
which corresponded to the isotopic abundance with the average num-
ber of deuterium atoms calculated from the m / z value of the peak. No
attempt was made to model the gradual loss of hydrogen exchange pro-
tection that leads to broadening of the isotope pattern because of par-
tial occupancy of amide sites34. The peptide fragments (a), (b) and (d) fit
well to an exchange model in which the total number of protected sites
undergo exchange exclusively via an EX1 mechanism to give two distinct
hydrogen exchange populations. The peptide fragments (c), (e) and (f)
show a single hydrogen exchange population that undergoes exchange
via an EX2 mechanism.

a b c

d e f
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be between residues 31 and 104 by using selective proteolytic
digestion procedures and then exploiting the unique power of
MS to detect coherent exchange behavior16. This finding is con-
sistent with the conclusion from the results of the NMR experi-
ments; the same regions of the protein where accelerated rates of
hydrogen exchange are observed at pH 5.0 are those found to be
involved in the locally cooperative unfolding process. Moreover,
the present results are supported by earlier observations in
which an intermediate population was generated during unfold-
ing of the variant protein and subsequently detected by CD mea-
surements5. Taken together, these results indicate that a partially
structured intermediate, in which the β-domain residues
(41–82) and the adjacent C-helix (89–100) are substantially
destabilized relative to the rest of the protein structure, is tran-
siently populated under fibril-forming conditions.

The molecular detail we have been able to gain in this study
indicates that the hydrogen bonded β-sheet structure of the
native protein is substantially disrupted in the partially folded
state formed by the D67H variant. The major hydrophobic core
of the protein, located in the α-domain of the structure, retains
its ability to protect amide hydrogens, except those in the 
N-terminus of the C-helix. The destabilization of the C-helix is
probably associated with the existence of the disulfide bond 
77-95 linking this helix to the β-domain. The unfolding process
that results in formation of this transient species, therefore,
involves disruption of the interface or hinge region between the
two structural domains of the protein; this process is effectively
the reverse of that observed to be the final step in the folding of
the protein22. Indeed, the partially folded species characterized
here, which results from this unfolding behavior, seems to be
closely similar to the major intermediate that accumulates dur-
ing the folding of lysozyme from its chemically denatured state23.
For the D76H variant at pH 5.0 and 37 °C, approximately one
molecule in 1,500 is in this partially folded state5. Even though
the existence of a similar partially folded state for the wild type
protein cannot be ruled out, we estimate from the hydrogen
exchange data reported here that under similar conditions, fewer
than one molecule in 100,000 is in an analogous state.

Origin of the amyloidogenic behavior of D67H
One of the most important observations in the present work is
that the MS data show that fluctuations associated with local-
ized unfolding of the β-domain and the adjacent C-helix are
highly cooperative. In other words, although the fluctuations
detected by the hydrogen exchange measurements are only
transient, the regions of the structure that are affected by them
are simultaneously exposed to the solvent. In the resulting par-
tially folded species, however, the remainder of the protein is
highly structured. This result provides an important clue to the
possible significance of such a species in amyloidogenesis. It is
clear from a range of studies that the formation of amyloid
structures involves the aggregation of peptides or proteins in
states that are completely or partially unfolded9,24. In the case of
peptide fragments of proteins, such as the 40- or 42-residue Aβ
peptide that is cleaved from the amyloid precursor protein,
their inability to fold to a globular state in the absence of the
other regions of the precursor protein results in a substantial
population of species that are able to aggregate through inter-
molecular hydrogen bonding involving the polypeptide main
chain. In the case of intact globular proteins that form amyloid
structures, the most aggregation prone states are probably
those that simultaneously expose significant lengths of
polypeptide chain in extended structures to the solvent,

enabling several interactions to occur within similar exposed
regions in other molecules.

In the native state of a globular protein, the high coopera-
tivity of the overall fold buries the polypeptide main chain
within the structure and generally prevents the development of
intermolecular interactions involving this region of the 
protein25. Fluctuations in the native structure that can give rise
to hydrogen exchange but expose only very local regions of the
polypeptide chain to solvent are unlikely to generate, even tran-
siently, conformations of the protein able to form strong inter-
molecular interactions. In accord with this conclusion,
conditions that readily stimulate formation of amyloid fibrils
are generally those that partially denature the protein and
expose a large section of the polypeptide backbone to solvent24.
For D67H lysozyme, the amyloidogenic protein studied here,
not only is the population of a partially folded intermediate
much greater than that of the wild type protein under similar
conditions, but the cooperativity of the local unfolding process
results in most of the β-domain and the C-helix being unfolded
simultaneously, albeit transiently, due to occasional fluctua-
tions in the otherwise native structure. This combination of 
factors could give rise to a sufficient concentration of soluble,
partially folded species capable of forming strong inter-
molecular interactions to initiate aggregation under milder
conditions than would be needed to generate a similar concen-
tration of completely unfolded protein molecules.

Conclusions
We believe that the common, perhaps universal, ability of
polypeptides to form amyloid fibrils with similar morphological
properties25,26 indicates that the specific structure of the partially
folded intermediate formed by the amyloidogenic variant is
unlikely to be critical in defining the characteristic cross-β struc-
ture of the fibrillar assembly. Nevertheless, the properties of the
variant are probably crucial for allowing such structures to form
more readily than for the wild type protein under conditions
experienced during the lifetime of an otherwise normally func-
tional biological system27. The properties of the intermediate
are, however, likely to be crucial in determining the regions of
the polypeptide chain in the core cross-β structure and in defin-
ing the detailed manner in which the mature fibrils are assem-
bled. This conclusion reinforces the view that the remarkable
cooperativity of native protein structures is an essential evolu-
tionary development to enable otherwise marginally stable
structures to resist aggregation under conditions in which they
exert their biological function28.

Methods
Protein expression and purification. Wild type human lysozyme
and the D67H mutational variant, including proteins uniformly
labeled in 15N, were expressed in Aspergillus niger and purified as
described29,30. Guanidinium hydrochloride (GuHCl), sodium
deuteroxide and deuterium chloride were obtained from Sigma.
Deuterium oxide (D2O, 99.9%) was from Fluorochem. Acetic acid-d4

(DLM-12, 99.5%) was from Cambridge Isotope Laboratories. GuHCl
was deuterated at exchangeable sites by three cycles of dilution in
D2O followed by lyophilization.

Real time 2D NMR spectroscopy of 15N-labeled proteins.
15N-labeled wild type human lysozyme or the D67H variant protein
(5 mg) was dissolved in 575 µl of a 20 mM acetic acid solution in D2O
at pH* 5.0 (the value uncorrected for isotope effects). The exact pH
values of the samples were determined at the end of each experi-
ment and used in the calculations of protection factors. Series of
gradient-enhanced 15N-1H HSQC spectra were collected at 37 °C in a
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600 MHz NMR spectrometer. Each spectrum took 30 min to record,
with 96 complex t1 increments of eight transients and 1,000 data
points. Sweep widths of 8,000 Hz and 1,825 Hz were used in the F2
and F1 dimensions, respectively. Data were processed with a
Gaussian window function in F2 and a 90° shifted sinebell in F1.
After zero filling, the digital resolution was 3.9 and 3.6 Hz pt–1 in F2
and F1, respectively. Hydrogen exchange rates were monitored by
measuring peak heights in the HSQC spectra as a function of time.
Sigmaplot v4.01 (SPSS) was used to fit exponential functions to the
data. The predicted exchange rates for the same sequence in a ran-
dom coil conformation13 were divided by the measured rates to cal-
culate protection factors. For those residues that did not show
significant exchange during the time course of the experiment in
both the D67H variant and the wild type protein, the rate enhance-
ment factor is plotted as –1 (Fig. 2). For those residues that did not
show significant exchange during the time course of the experi-
ment for the wild type protein but did for the variant, we have used
previous data for the wild type protein recorded at pH 5.5 and 35 °C
for longer time periods31 to calculate the rate enhancement for the
variant protein. Assignments for the wild type protein were based
on published 1H and 15N assignments21,32. Additional 2D COSY and
NOESY spectra were recorded at 20 °C and 37 °C on samples of wild
type and variant proteins prepared in D2O or in H2O to obtain
assignments for the peaks observed in the HSQC spectra.

Mass spectrometry. The 14N D67H variant and 15N wild type
lysozyme were deuterated at exchangeable sites by unfolding in
deuterated guanidinium hydrochloride (GuDCl) followed by refold-
ing in deuterated buffer (50 mM deuterated acetic acid, pH* 5.0).
The proteins were subsequently concentrated, and the buffer was
exchanged into 10 mM deuterated acetic acid, pH* 5.0, using
Centriprep-10 concentrators (Amicon, Millipore). For the compara-
tive experiments, solutions of the two proteins were mixed in equal
proportions.

The pulse-labeling hydrogen exchange experiments were carried
out using a Bio-Logic QFM5 mixer connected to a circulating water
bath set to 37 °C. The protein solution (1 volume) was mixed with 15
volumes of 100 mM ammonia/formic acid buffer in H2O at a given
pH, and the exchange was allowed to proceed for various times
between 0.4 s and 600 s. The measured pH values of the labeling
pulses in the four sets of experiments were 6.1, 8.2, 9.0 and 10.0.
The resulting solutions were then mixed with 7 volumes of an acetic
acid solution in H2O, whose concentration was adjusted to ∼ 1 M to
generate a pH of 3.5 for the solutions after the quench. The samples
were collected and placed on ice before analysis by MS. Two control
samples were prepared by mixing 1 volume of protein solution with
22 volumes of 20 mM acetic acid/ammonia buffer in H2O at pH 5.0.
One of these samples was left at room temperature for 15 min (ini-
tial protection sample) and subsequently placed on ice, whereas the
other one was incubated at 80 °C for 15 min (fully exchanged sam-
ple) and subsequently placed on ice. We have also incorporated

data obtained in a hydrogen exchange experiment conducted at
pH 5.0 (Fig. 5)5.

Mass spectra of pulse-labeled samples were recorded using a
Micromass LC-ToF spectrometer (Micromass). Samples were intro-
duced using a nanoflow electrospray probe with borosilicate glass
capillaries33 prepared in house. For each experiment, 2 µl of solu-
tion containing 3 µM protein was used. Mass spectra (Fig. 4) repre-
sent the +9 charge state with minimal smoothing, converted to a
mass scale. Data analysis was performed using Grams 32 V5.10
(Galactic Industries). The spectra were fit with a linear baseline
and a combination of Gaussian distributions to determine the 
relative proportions of the different species. The calculated areas
for each peak from the fit were analyzed as a function of time and
used to extract kinetic parameters for the exchange reactions
using Sigmaplot v4.01 (SPSS). No correction was made to the 
number of exchangeable amides for the 6% deuterium present in
the labeling pulse.

For the sequence-specific mass spectrometric analysis, spectra
were recorded on a Micromass Q-ToF mass spectrometer
(Micromass). The variant protein was subjected to peptic digestion
at low pH, and assignment of proteolytic fragments was carried out
on samples not exposed to the labeling pulse. These assignments
were confirmed by carrying out similar experiments with 
15N-labeled protein to determine the number of nitrogen atoms in
the peptide15. Full experimental details of the complete assignment
process are described elsewhere20. Assigning peptides with masses
up to ∼ 600 Da to regions of the protein sequence was possible sim-
ply on the basis of mass measurement. Tandem MS approaches
were used for peptides with masses between ∼ 600 and ∼ 3,000 Da.
Peptides with masses >3,000 Da were isolated by HPLC and sub-
jected to tryptic digestion to enable unambiguous sequence deter-
mination. Individual samples of the D67H variant protein, pulse
labeled at pH 10.0 and 37 °C, were prepared manually in a similar
manner as the samples pulse labeled in the quench-flow experi-
ment. A few seconds of labeling ensured an equal proportion of
the two peaks detected in the mass spectra under these conditions.
Isotope modeling was carried out as described34.
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