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Electrospray ionization mass spectrometry (ESI MS)!? can
monitor the formation of persistent structure during protein
folding through the increase in mass associated with the trapping
of deuterons in hydrogen exchange experiments.>~> Here, we
demonstrate that differences in the cooperativity of folding
events can be detected directly by mass analysis. The differ-
ences studied in this work result from sequence changes in
variant lysozymes and are detected for pairs of proteins mixed
and refolded simultaneously. The attributes of the technique
include the rapidity of the method, the small quantities of protein
required for analysis, and the certainty that, by monitoring
mixtures of proteins simultaneously, each protein experiences
identical folding conditions.

We have previously demonstrated that a partially folded state
of lysozyme, protected only in one of its two domains (the
a-domain), can be readily detected by this technique.® Fur-
thermore, the evolution of a state protected in both domains
and the loss of the fully unprotected protein can also be
measured. These data, together with results from pulse-labeling
experiments monitored by NMR and a variety of stopped-flow
optical techniques, have allowed us to propose a detailed model
for the folding pathway of lysozyme which involves multiple
pathways, distinct folding domains, and partially folded inter-
mediate states.5” Thus, hen lysozyme represents an excellent
model protein for studying the effects of variants on the
cooperativity of folding events.

Figure 1 shows three charge states of the ESI mass spectrum
of hen lysozyme, initially denatured and deuterated in its labile
hydrogens, and then refolded and pulse labeled®® with protons
38 ms after the initiation of folding. The protein contains two
isotopic states, one where N is in natural abundance (0.1%),
referred to as “N-hen lysozyme, and the other in which N
was incorporated uniformly to >98%,'0 referred to as '*N-hen
lysozyme. The two isotopically distinct proteins can be readily
resolved by ESI MS as a result of the mass difference arising
from their differing '“N/'°N content. Furthermore, additional
peaks are observed as a consequence of the selective trapping
of 2H in place of 'H atoms into the proteins during the folding
experiment.
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Figure 1. The ESI mass spectrum of approximately equimolar amounts
of "“N-hen lysozyme and 'N-hen lysozyme pulse labeled 38 ms after
initiation of folding. The measured masses for the *N-hen lysozyme
U, 1, and N states are 14313.1 + 1.1, 14342.0 £ 0.5, and 14368.03 &
3.6, respectively, and those for the 'N-hen lysozyme U, I, and N states
are 14506.0 = 0.2, 14534.7 £ 1.3, and 14560 =+ 2.6, respectively. All
spectra were recorded on a VG BioQ quadrupole mass spectrometer
equipped with an ABI dual syringe pump delivering 10 #L/min of 20%
acetonitrile and 80% water at pH 3.8. The samples for analysis were
diluted into the same solution as the delivery solvent at a protein
concentration of 25 pmol/uL. Samples were pulse labeled as described
previously.!? The spectrum is the sum of 10 scans and represents the
raw data with minimal smoothing.

The cooperative nature of the folding process is immediately
apparent since three distinct populations of molecules are
observed for each of the charge states of both “N-hen lysozyme
and *N-hen lysozyme.!! The lowest molecular weight species
in each charge state (U) correspond to molecules which have
not refolded sufficiently to trap any deuterons prior to the
labeling pulse. The species N correspond to those molecules
which have folded to trap the number of deuterons found to be
protected in the native state, resulting in a mass increase of 55
+ 2 Da over that of the unprotected state.> The species labeled
I represent the population of molecules with a mass intermediate
between the masses of N and U resulting from the incorporation
of 28 & 1 deuterons at the time of the labeling pulse, in structure
able to protect against exchange. Previous work, involving
measurement of the deuterium occupancy at specific sites by
NMR, has shown that the latter arises from the existence of a
well-defined intermediate resulting from the folding of one of
the two domains of the lysozyme structure (the a-domain) in
the absence of persistent structure in the other (the S-domain).'?
“N- and !N-hen lysozymes clearly demonstrate identical
folding behavior since the profile of peaks in the ESI mass
spectrum was found to be identical in both charge state series
not only at this time point but also throughout the time course
of folding (3.5 ms to 2 s).

Comparison of the folding behavior of lysozymes from three
different sources is shown in Figure 2. Each spectrum contains
peaks from two proteins, one of which is always the hen
lysozyme. The pairs of proteins have been refolded and pulse
labeled simultaneously, and subsequently analyzed in the
mixture by ESI MS. The proteins are from Lady Amhurst
pheasant (LAP)'? (a), Japanese quail (JQ)'* (b), and human'’

(11) The mass of each species was calculated from the three charge states
+10, +11, and +12, shown in Figure 1. Masses quoted represent the
centroid value which takes into account the asymmetry of the peak, arising
from the natural isotopic distribution, together with the distribution of
deuterons in the partially labeled species.
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Figure 2. ESI mass spectra of (a) LAP and '*N-hen lysozyme pulse
labeled after 38 ms of refolding, (b) JQ and '*N-hen lysozyme after 38
ms of refolding, and (c) human and “N-hen lysozyme after 38 ms of
refolding and (d) after 3.5 ms of refolding. The +11 charge state is
shown in each case, and samples were prepared and spectra recorded
as described above. The measured masses of the species are LAP U, I,
and N 14 312.8 + 0.4, 14 343.1 £ 2, and 14 365.0 + 1.6 Da, '*N-hen
lysozyme U, I, and N 14 505.7 + 1.1, 14 5352 £ 1.1, and 14 559.1 +
1.1Da, JQU, I and N 14 365.4 £ 0.3, 14 393.7 £ 0.5, and 14 418.1
+ 0.6 Da, “N-hen U, I, and N 14 318.33 £ 1.1, 14 345.5 & 1.7, and
14 367.8 £+ 1.1 Da, human lysozyme I, and N 14 729.8 + 1.1 and
14 761.9 + 1.8 Da, and human I* 14 721.9 & 2 Da. Small differences
in the population of I in the *N-hen lysozyme (£20%) arise from
inherent errors in the pulse-labeling technique. For example, this method
is exquisitely sensitive to small differences in temperature and pH
between experiments. LAP and JQ lysozymes were prepared from egg
white using repeated ion exchange chromatography, and human
lysozyme was prepared as described previously.'®

(c) sources, and the numbers of substitutions in the sequence
of 129 residues from hen lysozyme are 6, 6, and 52, respectively.
In experiments with LAP and JQ lysozymes, SN-hen lysozyme
(14 498 Da) was used instead of the natural abundance “N-
hen lysozyme as the control to enable complete mass resolution
of the peaks from the two protein samples throughout the time
course of folding.

The folding behavior of the four variant lysozymes is
qualitatively similar since all demonstrate the formation of a
well-defined intermediate (I) with protection of 28 + 1
deuterons. The fact that the same number of amide deuterons
is protected in the intermediate in each variant, despite their
sequence differences, strongly suggests that the a-domain folds
in a highly cooperative manner prior to the stabilized 8-domain
in each case. These data show, however, clear differences in
the rate of formation of both the intermediate and the fully folded
structures as demonstrated by their relative populations at this
refolding time; for example, the cooperative formation of the
o-domain in JQ lysozyme is considerably slower, relative to
the S-domain, than that observed for the hen protein or indeed
the LAP protein. It is interesting that all the amino acid
substitutions in the JQ protein relative to the hen protein occur
within the o-domain,!¢ while in the LAP protein substitutions
occur within both domains.!” Given the high sensitivity in the
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(16) JQ lysozyme has the following differences from the hen sequence
F3Y, N19K, R21Q, G102V, N103H, and QI121IN.

(17) LAP lysozyme has the following differences from the hen se-
quence: F3Y, HI5L, Q41H, N77H, Q121IN, and 1124T.
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pulse-labeling technique to the precise experimental conditions,
the presence of the hen protein in each of these experiments
allows detailed comparisons to be made conclusively. Thus,
even the small differences between the hen and LAP protein
cannot be attributed to variations in experimental conditions
since the proteins were folded in the same solution. This
approach, of folding mixtures of proteins, is therefore of great
value in comparative studies of protein folding.

The most substantive differences in the spectra occur in the
comparison of the hen and the human lysozymes. After a
folding time of 3.5 ms, Figure 2d, for human lysozyme a distinct
population is observed with a mass 17 &= 1 Da larger than that
of the mass measured for the unprotected protein in the control
sample. After 38 ms, Figure 2c, the species with 17 £ 1
protected amides is no longer apparent, but a species which
protects 28 + 1 amides is observed, indicating that the formation
of the a-domain is now complete. The detection of a well-
defined species with fewer than 28 deuterons protected from
exchange provides direct evidence for the formation of a smaller
cooperative unit prior to the formation of the complete
o-domain. NMR experiments have indicated that amide
hydrogens in two of the a-helices (A and B), along with a short
region of 31 helix, are faster than the kinetics of protection of
the remaining two helices (C and D)'® in the a-domain. The
A and B helices together with the 30 helix are packed together
in the native structure of human lysozyme, suggesting that this
unit is a well-defined subdomain of the native protein that is
formed cooperatively during folding.

In hen lysozyme, stopped-flow optical experiments have
indicated that a collapsed state containing extensive secondary
structure forms within a few milliseconds of the initiation of
refolding.'> That high levels of hydrogen exchange protection
occur only at later stages of folding has been associated, at least
in part, with the need to reorganize incorrectly folded species
prior to the formation of persistent structural units.®’ The
present results indicate that the time required for such reorga-
nizational processes can differ significantly even for closely
related proteins. Furthermore, the finding that for human
lysozyme, virtually no unprotected protein is observed even after
a folding time of 3.5 ms suggests that for this protein any
misfolding events in the subdomain containing the A/B and 3'°
helices are less probable or, if they occur, can be resolved much
more readily than in the C/D helical region.

The changes in amino acid sequence between the four proteins
examined here have little effect on the overall fold of the native
states.'® It is intriguing, therefore, that such changes can have
a profound effect on the formation of structure during folding.
Examination of the sequence differences between natural
variants having different folding properties can therefore give
insight as to key residues affecting protein folding.'® The ability
of the ESI MS method to probe differences rapidly and
effectively with small quantities of protein suggests that it will
be a particularly powerful technique in studies to elucidate the
role of specific residues in protein-folding mechanisms.
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