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Abstract

We use mass spectrometry in conjunction with hydrogen-deuterium exchange and NMR to characterize the con-
formational dynamics of the 62-residue IgG binding domain of protein L under conditions in which the native
state is marginally stable. Mass spectra of protein L after short incubations in D,O reveal the presence of two dis-
tinct populations containing different numbers of protected protons. NMR experiments indicate that protons in
the hydrophobic core are protected in one population, whereas all protons are exchanged for deuterons in the other.
As the exchange period is increased, molecules are transferred from the former population to the latter. The ab-
sence of molecules with a subset of the core protons protected suggests that exchange occurs in part via a highly
concerted transition to an excited state in which all protons exchange rapidly with deuterons. A steady increase
in the molecular weight of the population with protected protons, and variation in the exchange rates of the indi-
vidual protected protons indicates the presence of an additional exchange mechanism. A simple model in which
exchange results from rapid (>10°/s) local fluctuations around the native state superimposed upon transitions to
an unfolded excited state at ~0.06/s is supported by qualitative agreement between the observed mass spectra and
the mass spectra simulated according to the model using NMR-derived estimates of the proton exchange rates.
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model

The folding reactions of small globular proteins are often mod-
eled as two-state transitions (Segawa & Sugihara, 1984; Chen
et al., 1989; Kuwajima et al., 1989; Jackson & Fersht, 1991; Al-
exander et al., 1992a, 1992b; Schmid, 1992; Serrano et al., 1992;
Chen & Matthews, 1994). Both thermodynamic and kinetic data
on a number of these proteins are very well fit by models in
which the signal S(x) (detected using a variety of spectroscopic
methods) is the sum of signals from folded and unfolded forms:

S(X) = Su'Fu(x) + Sn'Fn(X)y

where x is the experimental variable (time, denaturant concen-
tration, temperature, etc.), S, and S, are the signals from un-
folded and folded states, and F, (x) and F, (x) are the fraction
of molecules in unfolded and folded states. F, and F,, are not
observed directly; only the ensemble average value S(x) is mea-
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Abbreviations: H-D exchange, hydrogen-deuterium exchange. ESI-MS,
electrospray ionization mass spectrometry; HSQC, heteronuclear sin-
gle quantum coherence.

sured. More direct evidence for a two-state transition requires
methods that can measure F, and F; directly.

As illustrated by previous work on lysozyme (Miranker et al.,
1993), mass spectrometry in conjunction with amide H-D ex-
change is potentially such a method. Different conformational
states of proteins can be resolved provided that different num-
bers of protons are protected from exchange in the different
states. Electrospray mass spectrometry can resolve mass differ-
ences as small as a single proton, and thus states with different
numbers of deuterons can be distinguished readily. Here we use
H-D exchange, mass spectrometry, and NMR to probe the con-
formational dynamics of the small IgG binding domain of the
62-residue peptostreptococcal protein L (Wikstrom et al., 1993,
1994) under conditions in which the native state is marginally
stable.

Results and discussion

H-D exchange

Amide H-D exchange in proteins is often described using the fol-
lowing simple mechanism (Roder et al., 1985; Bai et al., 1994):
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The closed to open transition exposes the proton to solvent;
the opening reaction can range from a local perturbation of the
structure in the vicinity of the proton to global unfolding of the
molecule. The observed steady state exchange rate k,, that fol-
lows from these mechanism is

koo = kikep/ (ki + k_y + k). 2

If k_, is much larger than k| and k., k.. = Kk, Ky, Where k,,
is the equilibrium constant for the opening reaction (k,/k_,).
This is the EX2 limit, and most H-D exchange work in proteins
has been conducted under such conditions (Roder et al., 1985;

Bai et al., 1994, 1995). The exchange rate in this limit depends
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on the free energy difference (—RT In k,,) between the closed
state and the relevant open state, and thus hydrogen exchange
experiments can probe the energetics of localized changes in a
manner analogous to that of conventional spectroscopic meth-
ods such as CD and fluorescence for global unfolding.

If k., is much larger than &, and £_,, the overall exchange
rate becomes a function of the opening rate rather than the
opening equilibrium constant: k,, = k,. This is the EX1 limit,
and experiments under this regime probe the kinetics rather than
the thermodynamics of protein conformational changes (Bai
et al., 1994, 1995).

MS analysis of H-D exchange in protein L

We began by investigating the H-D exchange of protein L using
ESI-MS as a function of temperature and pH. As the pH (Fig. 1A)
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Fig. 1. pH and temperature dependence of exchange. A: MS spectra of protein L following H-D exchange at different pHs at
60 °C. B: MS spectra of protein L following H-D exchange at different temperatures at pH 11.0. The exchange time for these

experiments is about 4 s.
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and temperature (Fig. 1B) are increased, the mass spectra change
considerably. The mass of the protein increases as more protons
are replaced by deuterons due to the increase in intrinsic ex-
change rate (k. in Equation 1) with temperature and pH
(Roder et al., 1985). Interestingly, the peak becomes increasingly
broad with increasing temperature and pH, finally splitting into
two distinct peaks at 60 °C and pH 11.0. The mass of the higher
molecular weight peak at pH 11.0 and 60 °C is very close to that
of a sample boiled in D,0 (Fig. 1B, 100% D), suggesting that
all protons in the molecules contributing to the peak have under-
gone exchange.

Such broadening and eventual splitting is expected for a two-
state transition as the exchange mechanism approaches the EX1
limit starting from EX2 conditions. Under EX1 conditions,
where the rate of exchange is much faster than the rate of the
closing reaction, a single opening reaction will lead to the ex-
change of nearly all the newly exposed protons. Thus, there will
be two classes of molecules in solution after a brief exchange pe-
riod: those molecules that have undergone an opening reaction
and hence have all of the relevant protons exchanged for deu-
terons, and those that have never opened, and hence have all of
the sites still protonated. Under EX2 conditions, in contrast,
many opening and closing reactions will occur prior to the ex-
change of any particular proton, and thus there will be little cor-
relation between the occupancies of protons/deuterons at
different sites on a given molecule. Instead, each molecule will
have, on average, the same number of protons exchanged, and
the population will appear as a single peak on a mass spectrum.
In between the EX1 and EX2 extremes at intermediate intrin-
sic exchange rates, there will be some correlation between the
protons exchanged on individual molecules, and thus different
molecules will have different masses and the peak will become
increasingly broad.

The absence of peaks intermediate between the protected and
fully exchanged peaks in the mass spectrum at pH 11.0 and 60 °C
suggests that the exchange of the core protons is likely to involve
a single cooperative unfolding reaction and clearly suggests a
two-state model of unfolding. The concerted nature of the H-D
exchange of protein L under these conditions may be in part due
to the extreme nature of the conditions. The melting tempera-
ture of protein L at pH 11.0 was found to be ~68 °C using CD
spectroscopy (data not shown; a fit to a two-state model sug-
gests that 85-90% of molecules are folded at 60 °C). The inter-
pretation of the temperature and denaturant dependence of H-D
exchange data for proteins such as cytochrome ¢ and RNAse
(Mayo & Baldwin, 1993; Bai et al., 1995; Kiefhaber & Baldwin,
1995) has suggested that global unfolding becomes an increas-
ingly important exchange mechanism at increasing temperatures
and concentrations of denaturant; this conclusion is supported
by the spectra in Figure 1.

Kinetics of exchange probed by mass
spectrometry and NMR

To further characterize the conformational dynamics of protein L
at pH 11 and 60 °C, the protein was incubated in D,O for in-
creasing lengths of time and then analyzed by mass spectrome-
try. To determine which amide protons are protected in the
lower molecular weight peak in the mass spectra (Fig. 1), NMR
'H-*N HSQC experiments were performed on the same sam-
ples. The methods are complementary: MS reports on the pop-
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ulation distribution, whereas NMR experiments determine the
proton occupancy at individual sites averaged over all species
in solution.

Figure 2 shows a side-by-side comparison of the MS and NMR
results. As the exchange time increases, the fully exchanged pop-
ulation increases and the population protected from exchange
decreases as expected for a two-state transition. The intensities
of the protected 'H-'*N crosspeaks show a corresponding de-
crease with time. The average mass of the lower molecular
weight peak in the mass spectrum slowly increases, indicating
some exchange in the absence of global unfolding (see below).

The exchange rates for all the protected protons were esti-
mated from the NMR data and are summarized in Table 1. Of
the 62 backbone amide protons in protein L, 29 exchange too
rapidly at pH 11 and 60 °C to be detected in our experiments.
These sites are colored yellow in Figure 3 and lie primarily in
solvent-exposed portions of the protein. Fourteen of the remain-
ing protons have -exchange rates close to 0.06 s~!. These are
primarily in the hydrophobic core of the protein (Table 1) and

Table 1. Correlation between the slow H-D exchanging
residues and the structural factors

Exchange
rate H-Bond Secondary Tertiary

Residue s™H? partner structure structure
Ile 4 0.069 Phe 20 Ist 3-Sheet  Hydrophobic core
Lys 5 0.178 Tyr 54 Ist 3-Sheet  Partially buried
Ala 6 0.053 Ala 18 Ist 3-Sheet  Hydrophobic core
Asn 7 0.135 Ist 3-Sheet  Partially buried
Leu 8 0.050 Gln 16 1st 3-Sheet  Hydrophobic core
Ile 9 0.074 Ile 58 1st 3-Sheet Hydrophobic core
Phe 10 0.136 Ist B-Sheet  Hydrophobic core
Ala 18 0.137 Ala 6 2nd 3-Sheet  Partially buried
Phe 20 0.053 Ile 4 2nd B-Sheet  Hydrophobic core
Thr 28 0.230 Glu 25 o-Helix  Partially buried
Ser 29 0.250 Glu 25 «-Helix  Exposed
Glu 30 0.227 Lys 26 o-Helix  Partially exposed
Ala 31 0.055 Ala 27 a-Helix  Partially buried
Tyr 32 0.056 Thr 28 a-Helix  Hydrophobic core
Ala 33 0.074 Ser 29 o-Helix  Exposed
Tyr 34 0.067 Glu 30 a-Helix  Hydrophobic core
Ala 35 0.056 Ala 31 a-Helix  Partially buried
Asp 36 0.058 Ala 33 o-Helix  Partially buried
Thr 37 0.223 Tyr 34 a-Helix  Exposed
Leu 38 0.129 «-Helix  Partially buried
Lys 39 0.201 Turn Partially exposed
Tyr 45 0.244 3rd 3-Sheet  Hydrophobic core
Thr 46 0.250 Lys 59 3rd 3-Sheet  Exposed
Asp 48 0.240 Asn 57 3rd 3-Sheet  Partially exposed
Ala 50 0.243 3rd 3-Sheet  Exposed
Tyr 54 0.219 Lys 52 4th 8-Sheet  Hydrophobic core
Thr 55 0.234 4th 3-Sheet  Partially buried
Leu 56 0.067 Lys S 4th 3-Sheet  Hydrophobic core
Asn 57 0.176 4th 3-Sheet  Partially buried
Ile 58 0.045 4th 3-Sheet  Hydrophobic core
Lys 59 0.066 4th 8-Sheet  Partially buried
Phe 60 0.141 Ile 9 4th 3-Sheet  Hydrophobic core
Ala 61 0.219 Glu 44 4th 3-Sheet  Exposed

a The exchange rate was estimated by fitting the relative "H-15N peak
volume versus exchange time with a single first-order exponential.
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Fig. 2. Time course of exchange. MS and NMR HSQC spectra of protein L after exchange with D,0 at pH 11.0 and 60 °C for
different lengths of time. The exchange time is (A) Os; (B) 4 s; (C) 7 s; (D) 10 s; and (E) 10 min, respectively.
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are colored red in Figure 3. The 19 remaining protons have ex-
change rates ranging from 0.14 to 0.23 s~! and are primarily
associated with the ends of the secondary structural elements and
with the outer 3 strands. Overall, the distribution of slow and
fast exchanging sites is similar to that observed previously in pro-
tein L (Wikstrom, 1995), and the related IgG binding domain
of protein G (Orban et al., 1994) at neutral pH.

Conformational dynamics of protein L
at high pH and temperature

An important feature of our experiments is that the combina-
tion of NMR and MS data put strong constraints on possible
H-D exchange mechanisms. In this section, we investigate dif-
ferent models for exchange by comparing the observed mass
spectra with spectra simulated using NMR-derived estimates of
the individual proton exchange rates.

The two separated peaks in the mass spectra suggest that the
core protons exchange via a highly concerted global unfolding
transition that exposes all protons in the protein to solvent. Ex-
change following global unfolding under these conditions is well
into the EX1 limit. The unfolding rate can be estimated from
both the NMR data (the exchange rate of the core protons) and
the MS data (the rate of conversion of the lower molecular
weight population into the higher molecular weight population);
both estimates are close to 0.06/s. A rough estimate of 0.3/s for
the rate of folding can be obtained from the rate of unfolding
and the folding equilibrium constant. In contrast, estimates of
the amide proton exchange rates in a random coil with the pro-
tein L sequence at 60 °C and pH 11 (Bai et al., 1993) range from
8 x 10% to 4 x 10%/s, at least five orders of magnitude greater
than the global folding and unfolding rates, and exchange fol-
lowing global unfolding is thus certainly in the EX1 limit (see
Equation 2).

The increased rate of H-D exchange of protons outside of the
central hydrophobic core (Table 1) could result either from lo-
cal fluctuations around the native state, or from transitions to
partially folded excited states. We use the intrinsic rate of ex-
change (~10%/s) to resolve the somewhat semantic issues in-
volving the definition of the native state and the distinction
between local fluctuations around the native state and transi-
tions to intermediate or excited states: configurations of the

Fig. 3. Ribbon diagram of protein L with the exchange rates represented
with different colors. The backbone of protein L is depicted in yellow,
the red regions represent residues with an exchange rate of ~0.06 s™!,
and the blue regions represent residues with exchange rates ranging from

~0.14 to ~0.23 s~ ! at pH 11.0 and 60 °C.
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chain that interconvert with the native configuration at rates
greater than 10°/s are considered to belong to the native state,
whereas configurations that interconvert with the native config-
uration at lesser rates are considered to belong to distinct excited
states.

To distinguish between the possibilities, mass spectra were
simulated using the individual proton H-D exchange rates from
the NMR data (Table 1) and two different models. In both models,
the rate of global unfolding was taken to be the average of the H-D
exchange rates of the slowly exchanging core protons (0.06/s). In
the first model, theincrease in the exchange rates at the more rap-
idly exchanging sites was assumed to result from rapid (>10°/s)
fluctuations around the native state. In the second model, the in-
crease was assumed to result from transitions to discrete excited
states at rates less than 10°/s (Fig. 4, upper panel and legend).
The distinguishing feature of the two models with regard to the
mass spectra is that the additional exchange isin the EX2 regime
in model I and in the EX1 regime in model 2.

Comparison of the simulated spectra to the observed mass
spectra strongly supports the first model (Fig. 4). There is strik-
ing qualitative agreement between the amplitude, position, and
breadth of the peaks in the simulated and observed mass spectra
for model 1, but little resemblance for model 2. The success of
model 1 in reproducing the steady increase in the mass and the
breadth of the lower molecular weight population supports the
assumption that the variations in the exchange rates among
the different amide protons result from very rapid local fluctu-
ations in the EX2 regime. We note that EX2 exchange behav-
ior in proteins at high pH and temperature has been observed
previously (Roder et al., 1985).

There has been a considerable amount of discussion in the lit-
erature about the nature of the opening reaction in the first step
of Equation 1. The temperature and denaturant dependence of
exchange rates, and the number and location of protons with
similar exchange rates in the EX2 limit have been used to make
inferences about the structural changes and energetics of the
opening reactions (Mayo & Baldwin, 1993; Bai et al., 1994,
1995; Kiefhaber & Baldwin, 1995); a particularly elegant exam-
ple is the probing of excited states of cytochrome c (Bai et al.,
1995). The qualitative agreement between the MS and NMR re-
sults in our experiments provides direct support for the distinc-
tion between exchange via local fluctuations and exchange via
global unfolding implicit in current treatments of H-D exchange
in proteins. Although the MS experiments performed here do
not provide residue-specific information, the comparisons in
Figure 4 illustrate that MS data can provide strong constraints
for distinguishing between alternate models for H-D exchange
in proteins.

By working in the EX1 limit, our approach potentially allows
access to the kinetics of transitions to excited states and hence
AG* rather than AG. For example, here we obtain the rate of
global unfolding under conditions in which the native state is
stable, a quantity not readily accessible through direct measure-
ment and instead usually inferred from extrapolation. The ex-
periments do not carry information on the equilibrium unfolding
transition; the conclusion from the two distinct populations ob-
served in the mass spectra is that the breaking of hydrogen bonds
during kinetic unfolding is a two-state process. Other probes of
structure could potentially indicate a more complex process; for
example, NMR chemical shift (Kiefhaber et al., 1995) and H-D
exchange data (Kiefhaber & Baldwin, 1995) on RNAse A un-
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Fig. 4. Comparison of observed and simulated mass spectra. Mass spec-
tra were reconstructed from the NMR data using the exchange rates for
the individual protons given in Table 1 and one of two models. Top:
Models for exchange. N indicates the native state, and X1, X2, and X3,
higher energy excited states. In the model on the left, exchange can oc-
cur from either N or X1. Transitions from N to X1 occur at the aver-
age of the rates of the slowest exchanging protons (0.06/s) and cause
exchange of all protons for deuterons (EX1 limit). Exchange from N
is in the EX2 limit and occurs with a rate of (k,;(i) — 0.06), where
ks (i) is the observed rate constant for exchange of the /th proton es-
timated from the NMR data. In the model on the right, exchange oc-
curs from any of the three excited states, but not from N. The exchange
rates in Table 1 fall roughly into three groups with average values of 0.06,
0.15, and 0.23/s. Protons with exchange rates of ~0.06/s are assumed
to only exchange in state X1, protons with exchange rates of ~0.15/s,

. in states X1 and X2, and protons with exchange rates of ~0.23/s, in
states X1, X2, and X3. Lower three panels: Comparison of simulated
and observed mass spectra. Simulated distributions were calculated from
a total of 30,000 molecules using either model I (left) or model I (right).
Differences between the simulated and observed spectra for model I are
of the same order of magnitude as those resulting from changes of ~ 10%
in the values of the input exchange rates. A: 4s. B: 7s. C: 10 s. Solid
lines, observed spectra; dashed lines, simulated spectra.

folding suggest the accumulation of an intermediate state prior
to the highly cooperative breaking of the hydrogen bonding
network.

The observed mass spectra and the strong agreement between
these spectra and the simulated spectra suggest strongly that H-D
exchange in protein L at high pH and temperature occurs from
either the native state or a largely unfolded excited state. How-
ever, the extent to which different states can be resolved depends
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on the resolution of the measurements. Thus, the unfolded state
could include configurations with protection factors of up to
1,000, because, with an intrinsic exchange rate of 10°/s, all pro-
tons would be exchanged from these configurations prior to the
first time point. Similarly, rapid transitions to discrete excited
configurations may be responsible for the H-D exchange from
the native state, but such transitions would have to occur at rates
greater than 10°/s.

Materials and methods

Protein

Protein L was purified in a (His)s-tag form from Escherichia
coli strain BL21 (DE3/plys S) as described previously (Gu et al.,
1995). '’N-labeled protein was purified from cells grown in M9
minimal media (Sambrook et al., 1989) using '*NH,Cl as a sole
source of nitrogen. The (His)¢-tag in the N-terminal was re-
moved by CNBr digestion with 50-fold excess of CNBr relative
to methionine in 0.1 N HCl at 22 °C for 16 h. The cleavage prod-
ucts were separated by SP-sepharose (Phamacia Biotech) ion ex-
change chromatography; roughly 50% of the input protein L
was recovered after cleavage. The mass of the final purified pro-
tein was determined by MS and matched that expected for pro-
tein with complete >N isotope incorporation after cleavage at
the methionine residue. The protein was greater than 99% pure.

H-D exchange

The H-D exchange reaction was conducted as follows: 4 mg/ml
ISN-labeled protein L in H,O, and D,O adjusted to the desired
pH with saturated ammonia were preequilibrated at the desired
temperature. H-D exchange was initiated by manually injecting
protein L in H,O into an Amicon concentrator containing 10
volumes of D,O with constant stirring. Control experiments
with a chymotrypsin and benzoyl tyrosine ethyl ester (Sigma) test
reaction showed that the mixing dead time is less than 2 s un-
der these conditions. The exchange reaction was allowed to pro-
ceed for a variable length of time (45, 7 s, 10 s, and 10 min).
At the end of the exchange period, ice cold D,0 at pH 3.0 (ad-
justed by formic acid) was added directly into the exchange mix-
ture at a 4:1 volume ratio to quench further exchange. The final
pH of the mixture was 3.2. One portion of the sample was an-
alyzed directly by ESI-MS; for NMR analysis, the remainder was
washed and concentrated in 50 mM potassium phosphate in
D,O at pH 3.2 using an Amicon concentrator with a YM3 mem-
brane. Samples were sometimes frozen and stored at —80 °C prior
to MS or NMR analysis. In a control experiment, the same amount
of protein L stock solution was added directly into pre-mixed and
pre-cooled exchange and quench solutions in the same ratios as
described above. Subsequent manipulations were the same as
above; data from this sample was used as the zero time point of
exchange. The pH measurements were not corrected for isotope
effects.

ESI-MS

All the ESI-MS spectra were recorded using a Perkin Elmer
Sciex API 111 instrument under standard ESI-MS conditions, ex-
cept that 150 L of D,0 was injected prior to each sample to re-
duce exchange of protons for deuterons within the instrument.
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The mass of each sample was determined to within a standard
deviation of +1.1 amu. The observed masses were corrected for
the residual water in the experiments; with this correction, the
mass of a fully deuterated protein control was within a mass unit
of that calculated from the sequence. This indicates that very
few deuterons exchange with protons within the instrument.

NMR

The sensitivity enhanced HSQC experiment (Palmer et al., 1991;
Kay et al., 1992) was used to monitor the exchange reactions.
The NMR experiments were performed using a Bruker 500 MHz
DMX instrument; 256 increments with 1,024 data points and
eight scans for each increment were collected in each HSQC ex-
periment. NMR data were processed using FELIX 2.30 (Biosym
Technologies, San Diego, California). The intensities of 'H-'*N
cross peaks in the HSQC spectra were estimated from the vol-
umes of the peaks and corrected for variations of protein con-
centration in each sample using the intensities of three
nonexchangeable upfield methyl resonances in the proton 1D-
NMR spectra.

Molecular graphics

Molecular images were generated using MidasPlus (UCSF). The
coordinates of the protein L IgG binding domain were gener-
ously provided by Drs. Lars Bjorck and Mats Wikstrom.
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