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Equilibrium Unfolding Thermodynamics of b2-Microglobulin
Analyzed through Native-State H/D Exchange

Enrico Rennella,†* Alessandra Corazza,† Federico Fogolari,† Paolo Viglino,† Sofia Giorgetti,‡ Monica Stoppini,‡

Vittorio Bellotti,‡§ and Gennaro Esposito†

†Department of Biomedical Science and Technology, University of Udine, Udine, Italy, and Istituto Nazionale Biostrutture e Biosistemi, Rome,
Italy; ‡Department of Biochemistry, University of Pavia, Pavia, Italy; and §Laboratori di Biotecnologie, Istituto di Ricovero e Cura a Carattere
Scientifico Policlinico, Pavia, Italy

ABSTRACT The exchange rates for the amide hydrogens of b2-microglobulin, the protein responsible for dialysis-related
amyloidosis, were measured under native conditions at different temperatures ranging from 301 to 315 K. The pattern of protec-
tion factors within different regions of the protein correlates well with the hydrogen-bonding pattern of the deposited structures.
Analysis of the exchange rates indicates the presence of mixed EX1- and EX2-limit mechanisms. The measured parameters are
consistent with a two-process model in which two competing pathways, i.e., global unfolding in the core region and partial
openings of the native state, determine the observed exchange rates. These findings are analyzed with respect to the amyloido-
genic properties of the protein.
INTRODUCTION

Amide hydrogen exchange is to date one of the most powerful

techniques used to gain insight into macromolecule dynamics

and thermodynamics (1–3). In general, under the so-called

EX2 limit, exchange experiments carried out under native

conditions permit the measurement of the equilibrium concen-

trations of protein conformations with the lowest free-energy

levels. These conformations include not only the native state,

but also partially or substantially unfolded forms that exist at

very low concentrations. Thus, the definition of the protein en-

ergetic landscape is even more essential for those proteins

whose unfolded forms have a functional or a dysfunctional

role. This may be the case with amyloidogenic proteins,

whose fibril-competent species are usually other than the na-

tive state. According to the simplest reasonable mechanism,

unfolding of amyloidogenic proteins leads to the exposure

of sticky assembly-prone regions that result in fibril extension

even under mild conditions. One of these proteins is b2-micro-

globulin (b2m), whose deposition in amyloid plaques is

responsible for dialysis-related amyloidosis (DRA), which

occurs in patients subjected to long-term hemodialysis (4).

Its native fold consists of seven b-strands organized into

two b-sheets linked by a single disulphide bridge between po-

sitions 25 and 80 to form the classical b-sandwich motif

(Fig. 1).

The basic theory of hydrogen exchange chemistry in pro-

teins was developed in Linderstrom-Lang’s laboratory (5).

The general pathway of the chemical reactions governing

amide hydrogen exchange is

N $ O / O�; (1)
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where N is the exchange-incompetent native state, O stands

for a whatever exchange-competent open state, and the aster-

isk indicates that deuterium has been incorporated into the

exchanging position. For each amide hydrogen, the observed

rate of isotope exchange is given by

kobs ¼
kop � krc

kop þ kcl þ krc

; (2)

where kop and kcl are the rates for the opening and closure re-

actions governing the equilibrium between the N and O spe-

cies, and krc is the corresponding intrinsic (random coil)

hydrogen exchange rate that applies to the exchange-compe-

tent state O. The values of krc are known, since they have been

accurately redetermined in short unstructured peptides (6).

Depending on the value of the different rate constants, two

limiting regimes can be achieved, either with a double (EX2)

or with a single (EX1) rate-determining step (5), whereby

Eq. 2 becomes

k EX2
obs ¼

kop � krc

kcl

for kop; krc << kcl; (3)

or

k EX1
obs ¼ kop for kop; kcl << krc: (4)

Most commonly, exchange in proteins occurs through an

EX2 limit, although EX1 has been observed also (7–9).

The EX1 limit generally holds under conditions in which

the denatured state is the most populated exchange-compe-

tent state and the rate of refolding is much lower than the

rate of exchange from the denatured state. In this case, the

exchange rates of different hydrogens are correlated, since

the limiting step is the unfolding reaction. However, we can-

not exclude the possibility that uncorrelated EX1 exchange,

arising from local opening reactions, occurs above pH 9

toward alkaline denaturation (7).

doi: 10.1529/biophysj.108.142448

mailto:enrico.rennella@uniud.it


We present here the results obtained for b2m. Through na-

tive-state H/D exchange, we determined the contributions of

EX1 and EX2 regimes to the observed exchange rates. In ad-

dition, we found 1), a significantly limited occurrence of

local opening processes in the inner core of the protein, espe-

cially in proximity to the disulphide bridge; 2), a fast

exchange in the edge strand, D, that undergoes local opening

processes; and 3), residual structure in the unfolded state

close to the disulphide bridge.

MATERIALS AND METHODS

Proteins

Expression and purification of b2m was carried out as previously reported

(10) by ASLA Biotech (Riga, Latvia), with additional 15N uniform labeling.

A methionine residue was always present at the N-terminal position of all

recombinant products. All the recombinant proteins gave a single species

when assayed by electrospray-ionization mass spectrometry.

H/D exchange measured by NMR

Hydrogen-deuterium exchange experiments were acquired at various tem-

peratures, ranging from 301 to 315 K. At each temperature, the time depen-

dence of the amide hydrogen signals was followed by monitoring the volume

changes in a time series of 15N-1H single quantum correlation experiments

FIGURE 1 MOLMOL (49) ribbon representation of b2m solution struc-

ture (first model of PDB 1JNJ (42)). The two residues involved in the disul-

phide bridge are shown as sticks.
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(11). Samples were prepared with the lyophilized protein dissolved in

D2O buffer containing 70 mM phosphate and 100 mM NaCl, to reach protein

concentrations of ~0.5 mM. The apparent pH measured after dissolving the

protein was 6.6. Data acquisition started ~10 min after dissolution and kept

going for 30–96 h, depending on the temperature used. For each heteronu-

clear single quantum correlation experiment, 50 increments were acquired

in the indirect dimension and 2048 points in the direct dimension; nitrogen

decoupling was achieved by the use of a GARP train (12), whereas the echo-

antiecho scheme was employed for sign discrimination with respect to the

nitrogen carrier frequency (13). For some temperatures, we used an ERETIC

signal (14,15) that was set to occur at the carrier frequency in F1 and at 11

ppm in F2. The ERETIC signal was to ensure an internal amplitude reference

against possible scaling artifacts introduced by the processing and/or analy-

sis softwares. The experiments were acquired and processed with Topspin

(Bruker BioSpin, Karlsruhe, Germany). In F1, the original data set was ex-

tended by linear prediction (50 points) and zero-filled to 256 points; then

a Lorentz-to-Gauss function was employed, with exponential and Gaussian

broadening factors of 1 and 0.2 Hz, respectively. In F2, a squared sinebell

function with a shift of p/2.2 was employed, before zero-filling to 2048

points. Following 2D Fourier transform, a fifth-order polynomial baseline

correction was applied. Processed spectra were imported in Felix2K (Ac-

celrys, San Diego, CA) for subsequent analysis to evaluate peak integrals.

Data analysis

Residue-specific values of krc were calculated using the spreadsheet available

on the Web (6,16). Fitting the time dependence of the integrals gave exponen-

tial decays, in which the constant of decay is the observed exchange rate, kobs

(Table S1 in Supplementary Material). In general, no peaks with>20% over-

lap were considered, except that from Phe-70. The Phe-70 HN-N resonance

overlap with the corresponding Lys-91 connectivity was ignored, because the

fast exchange of the latter leaves the Phe-70 signal free of extra contribution

and suitable for the fit after the initial phase of the decay.

The values of observed exchange rates obtained at 10 different tempera-

tures within the range 310–315 K were converted into �[lnðk i
obs=TÞ and

½R� T � lnðk i
rc=k i

obsÞ�. A subset of 17 amide hydrogens without any signif-

icant peak overlap, whose exchange could be measured at more than six

temperatures, and for which the ½R� T � lnðk i
rc=k i

obsÞ� values versus temper-

ature exhibit a square correlation coefficient >0.9 is referred to as the ‘‘most

precise subset’’ of data. All the details concerning statistical analysis and

errors are reported in the Supplementary Material.

RESULTS AND DISCUSSION

Partial openings and global unfolding: EX1 and
EX2 contributions

Equation 2, in the Introduction, is derived for a hypothetical

system with a single opening process. However, in protein

exchange, several different opening reactions are possible,

ranging from local single-residue or multiple-residue-corre-

lated fluctuations to cooperative global or subglobal unfold-

ing processes. According to one of the simplest models, the

two-process model (17), the following structural openings

can occur from the native state:

1. Global unfolding, which is expected to promote the

exchange of all hydrogens and has a marked thermal de-

pendence.

2. Partial openings, ranging from local fluctuations to subglo-

bal unfoldings. Under typical experimental conditions, the

rates for the closure reactions are fast enough to achieve the

EX2 limit regime. Local fluctuations are noncooperative
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H/D Exchange of b2-Microglobulin 171
openings leading to the exposure of individual amide hy-

drogens, with little entropy variation; different models of

the structural nature of local fluctuations have been pro-

posed, such as diffusion of water molecules in the protein

matrix (17) or distortional motions leading to NH exposure

(18). Subglobal openings are cooperative events leading

to the exposure of a group of amide hydrogens simulta-

neously, with a significant entropy variation (19).

All amide protons that are significantly exposed and ex-

change rapidly without the need of any structural opening

are not considered here.

The possible opening pathways are summarized in the fol-

lowing scheme:

N5

�
P/P�
D/D�

�
; (5)

where P and D are, respectively, the partially opened and

globally unfolded exchange-competent species.

In principle, if only one opening reaction were present, it

would be possible to determine whether a set of amide

hydrogens exchanges under the EX1 or EX2 mechanism.

In fact, Eqs. 3 and 4 show how a plot of kobs against krc would

be linear for hydrogens exchanging in the EX2 limit but

would show no correlation in the EX1 limit. However, in

our case, more than one opening reaction is involved, and the

behavior of kobs versus krc depends also on the specific prob-

ability of each opening reaction. According to the two-

process model (17,20–22), the observed rate of exchange

for a residue i can be written as

k i
obs ¼

kND � k i
rc

kDN þ k i
rc

þ kNP � k i
rc

kPN

; (6)

assuming that ki
NP << ki

PN, kND << kDN, and ki
PN >> ki

rc.

The first two assumptions are implied by the higher stability

of the native state in comparison to the open states. The ra-

tionale behind the third assumption is that relaxation to the

native state from a partially open conformation should be

very fast, because only a single residue or at most small re-

gions of the protein are involved. The first and second terms

of Eq. 6 represent the contributions to the exchange process

of global unfolding and partial opening, respectively.

Introducing the term Ai as the ratio ðki
NP � kDNÞ=

ðki
PN � kNDÞ; Eq. 6 becomes

ki
obs ¼

kND � ki
rc

kDN þ ki
rc

þ Ai � kND � ki
rc

kDN

: (7)

The Ai parameters encode the contribution of partial open-

ings to the exchange, i.e., the relative concentration of

each partially open conformation with respect to the globally

unfolded species. The partial opening events, represented by

the second term in the equation, contribute to the exchange

only if Ai is not zero. This condition is broken, in fact, in

the presence of a global unfolding process that overrides local
fluctuations and subglobal processes, and highlights an estab-

lished hierarchical distance between classes of local and

global opening events (21). Since for b2m (23)—and for pro-

teins with similar unfolding DG—the rate of relaxation to the

native state from the globally unfolded state is on the order of

the experimental ki
rc values, we expect that at high values of

the intrinsic constant, the contribution of global unfolding

to the exchange process will approach the EX1 limit. This

means that beyond a threshold value of the intrinsic exchange

rate, the contribution of the first term on the right-hand side of

Eq. 7 should become almost constant, and should be dominant

when Ai ~ 0 at the same time. Indeed, Fig. 2 a shows that

among the most precise data subsets (see Materials and

Methods), the amide hydrogens of Cys-25, Arg-81, Tyr-26,

Asn-24, Asn-83, and Ser-28 (pink squares), characterized

by the highest ki
rc values, exhibit almost constant values of

ki
obs, independent of ki

rc. This group of amides will be hence-

forth referred to as EX1-like hydrogens. These residues be-

long to the disulphide-linked strands, in the most stable region

of the protein, and therefore partial opening processes should

be irrelevant. Thus, ki
obs is determined only by the first term of

Eq. 7, because the opening event hierarchy imposes a globally

driven process, i.e., Ai ~ 0. The lower points in the ki
obs versus

ki
rc plot describe the theoretical curve in the absence of partial-

opening contributions (Fig. 2 a, inset). A rough fit of these

data (Leu-40, Asp-38, Val-82, Arg-81, and Cys-25) with

the theoretical curve would give kDN ¼ 2.9 s�1 and kND ¼
4.9 � 10�4 s�1, i.e., a value of 5.4 kcal/mol for the DG of

unfolding, in reasonable agreement with previously reported

experimental values (23,24).

Conversely, the other data points in Fig. 2 a (blue triangles)

show a linear correlation between ki
obs and ki

rc. A linear behav-

ior is well explained by Eq. 7 only if the set of exchanging pro-

tons has similar values of Ai in the partial-opening term and ki
rc

linearity in the global-unfolding term. This is expected to be

the case when, besides a global opening process, much larger

or comparable contributions from partial openings exist that

depend on the same opening event, or on a few events with

similar kinetic or thermodynamic parameters. Since the line-

arity in ki
rc is the hallmark of the EX2 regime (Eq. 3), by anal-

ogy to the two-process-driven exchange described by Eq. 7,

the group of amides exhibiting a linear ki
obs versus ki

rc plot

will be referred to as EX2-like hydrogens.

From the above considerations, we conclude that partial

openings appear to be less effective for those amide hydro-

gens close to the disulphide bridge, most of which are in

fact EX1-like hydrogens.

Similar insights come also from recasting Eq. 7 as

ki
rc

ki
obs

¼
kDN �

�
kDN þ ki

rc

�
�
1 þ Ai

�
� kDN � kND þ Ai � kND � ki

rc

: (8)

The quantity described by Eq. 8 is the familiar protection fac-

tor commonly used to compare the so normalized exchange

rates when the EX2 limit is dominant. Only when exchange
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proceeds under a pure EX2 limit with respect to any process

involved, i.e., when ki
rc << kDN, and

ki
rc

ki
obs

¼ kDN�
1 þ Ai

�
� kND

; (9)

will there be no correlation between ki
rc=ki

obs and ki
rc.

Under a pure EX1 limit for exchange under global unfold-

ing ðki
rc >> kDNÞ; Eq. 8 becomes

ki
rc

ki
obs

¼ kDN � ki
rc

kDN � kND þ Ai � kND � ki
rc

: (10)

If Ai ~ 0, i.e., there is no contribution from partial-opening

processes, a linear correlation will be observed with slope

FIGURE 2 EX1- and EX2-limit contributions to the measured parameters. (a) Plot of the observed versus the unstructured values of exchange rates at 315 K; data

for EX2-like hydrogens have a Pearson product-moment correlation coefficient of 0.80 and a Spearman rank order correlation of 0.86. (Inset) Expected trends for

globally-driven and two-process-driven exchange. Analogous patterns were observed using lower-temperature data. (b) Plot of krc/kobs versus krc at 315 K. (Inset 1)

Magnification of EX2-like hydrogen dat., (Inset 2) Expected trends for globally-driven and two-process-driven exchange. (c and d) Plot of�ln(kobs/T) values versus

1/T for EX1- and EX2-like hydrogens, respectively. (e and f) Plots of ½R� T � lnðki
rc=ki

obsÞ� values versus T for EX1- and EX2-like hydrogens, respectively.
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172 Rennella et al.



H/D Exchange of b2-Microglobulin 173
equal to the reciprocal of the opening rate and zero intercept.

Instead, if partial openings contribute to the observed ex-

change rates, the values of ki
rc=ki

obs will reach an asymptotic

value of kDN/(Ai � kND) as ki
rc increases. The result of this

analysis (Fig. 2 b) highlights the high values of ki
rc=ki

obs for

the amide hydrogen of residues Tyr-66 and Tyr-26 that

reflect a persistent protection in exchange-competent states.

Thus, a nucleus of residual structure involves the two

b-strands B and E paired in proximity to the cysteine at

position 25.

The distinction within our data between EX1- and EX2-

like hydrogens is confirmed by the examination of the ther-

mal behavior expressed by �½lnðki
obs=TÞ� and ½R� T�

lnðki
rc=ki

obsÞ� values (Fig. 2, c–f). The former quantity, under

a pure EX1 limit and no contribution from partial openings,

gives indications about the activation parameters for the

global unfolding reaction, since Eq. 4 can be combined

with reaction-rate theories (25–27) to give

�ln

�
ki

obs

T

�
¼ �ln

�
kND

T

�
¼ �ln

�n

T

	
� DSzND

R
þ DHzND

R � T
;

(11)

where DHzND and DSzND are the activation enthalpy and en-

tropy for the unfolding process, and n is a prefactor that could

be alternatively expressed according to gas-phase transition-

state theory (25,26) or condensed-phase Kramers’ theory

(27). Fig. 2 c shows that EX1-like hydrogens converge to-

ward similar values at 315 K, with the exception of Tyr-26

because of the presence of the above-mentioned residual

structure in the unfolded state. The convergence observed

in Fig. 2 c as the temperature is raised suggests a progressive

thermal approach to general EX1 limit conditions, i.e., corre-

lated exchange. Instead, as expected, EX2-like amides con-

serve a relative dispersion of ki
obs values in the whole thermal

range (Fig. 2 d), reflecting a lack of correlation in partial

opening processes.

Also, the trends of the ½R� T � lnðki
rc=ki

obsÞ� values can

provide suggestive insights. Equation 9 applies under EX2-

limiting conditions, and thus,

R � T � ln

�
ki

rc

ki
obs

�
¼ R � T � ln

�
kDN�

1 þ Ai
�
� kND

�

¼ �R � T � ln
�
e �ðGD �GNÞ=R� T

þ e �ðGP �GNÞ=R� T
�

¼ DGEX2: ð12Þ

Equation 12 is the basis for two-process models (17) and the

so-called thermodynamic hierarchy (21). In fact, since partial

openings and global unfolding have different entropies, the

driving process for the chemical exchange of a hydrogen de-

pends on temperature. As a general rule, the wider the open-
ing reaction, the higher the thermal dependence of its

free-energy change for commonly observed protein thermo-

dynamic parameters. It is possible to define, for each hydrogen

i, a value Ti
c corresponding to the temperature of convergence

between DG for a partial opening process and DG for the ob-

served global unfolding, i.e., when Ai¼ 1. According to tem-

perature conditions, we make the following observations.

1. When T << Ti
c, partial opening is most likely achieved

and the exchange is locally driven:

DGEX2 ¼ GP � GN ¼ DGpartial
op : (13)

2. For T z Ti
c, both partial and global unfolding pathways

drive the exchange reactions, because the free energy los-

ses upon partial opening or global unfolding are compa-

rable. In particular, when T ¼ Ti
c:

DGEX2 ¼ GD � GN � R � T � ln2: (14)

3. At T >> Ti
c, global unfolding has the lowest free-energy

change:

DGEX2 ¼ GD � GN ¼ DGglobal
op : (15)

Taking Eqs. 13–15 into consideration, it is interesting to

note the converging trend of the ½R� T � lnðki
rc=ki

obsÞ�
values at 312–315 K (Fig. 2 f). This convergence leads to al-

most equal values of ½R� T � lnðki
rc=ki

obsÞ� at high tempera-

tures, in agreement with a transition from partial-opening- to

global-unfolding-driven exchange that occurs close to the

range of the experimental temperatures. A rough fit of the

½R� T � lnðki
rc=ki

obsÞ� values at 312–315 K for the converg-

ing amide hydrogens of Tyr-10, Glu-36, Asp-38, Leu-40,

Glu-44, Thr-68, Phe-70, Val-82, and Trp-95 gives enthalpy

and entropy values of ~49 kcal/mol and ~140 cal/(K �
mol), in agreement with reported thermodynamic values

for global unfolding (28).

It is also interesting to note the almost coincident values of

½R� T � lnðki
rc=ki

obsÞ� over the whole thermal range for the

three amides of Glu-36, Glu-44, and Trp-95 and the two

amides of Asp-38 and Val-82, which could point out the

occurrence of correlated subglobal opening events before

reaching the convergence in correspondence of the glob-

ally-driven unfolding.

Exceptions to the general converging trend in Fig. 2 f are

the Tyr-66 and Val-93 amide protons. Although the

½R� T � lnðki
rc=ki

obsÞ� values for these two residues are

very different, it is intriguing that the two protons are both

involved in hydrogen bonds to the cysteine residue joining

positions 25 and 80. In agreement with the previous consid-

erations made in Fig. 2 b, the high values of ½R� T�
lnðki

rc=ki
obsÞ� for Tyr-66 are consistent with the presence of

residual structure in the globally unfolded state. The low

values of ½R� T � lnðki
rc=ki

obsÞ� for Val-93 are probably

due to its having a higher occurrence of partial opening
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processes compared to the other core protons considered in

Fig. 2 f. In the graph in Fig. 2 f, we also note the slight diver-

gence of Thr-68 ½R� T � lnðki
rc=ki

obsÞ� values, which at high

temperatures overcome the ½R� T � lnðki
rc=ki

obsÞ� values of

all the other converging amides. This is consistent with

Thr-68 exhibiting the highest ki
rc values among the set of

converging residues, i.e., higher deviations from the ideal

EX2 limits for the global process.

Lack of convergence of exchange data appears to be the

rule in Fig. 2 e, where nearly parallel curves are observed

for the ½R� T � lnðki
rc=ki

obsÞ� values of EX1-like hydrogens.

This trend appears to be in contrast with the pattern that the

same hydrogens exhibit in Fig. 2 c, but it is just the effect of

the function actually plotted that, according to Eq. 12, high-

lights the EX2 process, by definition simply missing in EX1-

like hydrogens.

Enthalpy-entropy compensation for exchange free
energies

Since possible errors arise because of deviations from the

EX2 limit, the ½R� T � lnðki
rc=ki

obsÞ� values of EX2-like

hydrogens will be referred to as DGi
obs. These quantities, for-

mally corresponding to protection-factor-related DG values,

do not necessarily represent real free-energy differences

between distinct states of the system, but rather indicative

parameters from the exchange observables.

For all EX2-like hydrogens, the plot of DHi
obs against

DSi
obs values gives a nearly perfect correlation (data not

shown). This kind of enthalpy-entropy compensation in pro-

tein exchange thermodynamics has been previously reported

by other groups (29,30). In theory, in the EX2 limit, a perfect

linear correlation between DHi
obs and DSi

obs would mean that

DGi
obs curves of each residue are concurrent lines to the com-

mon point of coordinates (m,q):

DHi
obs ¼ m � DSi

obs þ q; (16)

DGi
obsðTÞ ¼ DHi

obs � T � DSi
obs

¼ ðm� TÞ � DSi
obs þ q; (17)

DGi
obsðT ¼ mÞ ¼ q: (18)

Thus, the enthalpy-entropy correlation suggests that the

opening free energies converge at a single common temper-

ature. The limiting values of the convergence temperature

and free-energy difference are equal, respectively, to the

slope and the intercept of the DHi
obs versus DSi

obs regression

equations.

There is debate in the literature as to whether enthalpy-en-

tropy compensation is just an experimental artifact, due to

the restricted accessible DG(T) windows, or a characteristic

signature of the thermodynamics of macromolecules in water

solutions (31–40). There is no doubt that a kind of compen-

sation for the folding/unfolding processes is consistent with
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the view that the transition from the unfolded state to the

native state is accompanied by a large restriction in the con-

formational freedom, i.e., by a large unfavorable �T � DS
term. Since denaturation DG values are small, to accommo-

date the unique functional flexibility of proteins, the

�T � DS term must be almost completely (up to the result-

ing DG) compensated for by a favorable DH. This ensures

the convergence of denaturation free energies of proteins

to the typical small values within the limited interval of bio-

logically relevant temperatures.

However, the compensation presented here goes beyond

the trivial compensation depicted above and does not regard

a single unfolding process but the DGi
obs values that, accord-

ing to Eq. 12, are the combinations of two opening pro-

cesses. Indeed, a compensation of this kind—if any—could

hide possible clues about the enthalpy-entropy relationships

in partial and global opening processes. Given this possibil-

ity, it is important to assess the statistical validity of the en-

thalpy-entropy compensation and to exclude the possibility

that the observed correlation is fully artifactual. By retaining

only the most precise data subset showing EX2-like behavior

(see Materials and Methods), the best linear regression of

DHi
obs and DSi

obs gives (Fig. 3)

DHi
obs ¼ ð317 5 4KÞ � DSi

obs þ ð5:8 5 0:4kcal=molÞ:
(19)

According to Krug et al. (33), the robustness of the enthalpy-

entropy compensation can be proved by the regression anal-

ysis of enthalpy versus free energy evaluated at the harmonic

mean of the experimental temperatures (307 K). A plot of this

kind for our data shows that the DGobs values at 307 K for

FIGURE 3 Plot of the observed enthalpy of opening against the observed

entropy of opening; (solid line) linear fit of experimental values; (dashed

line) expected random linear fit. (Inset 1) Plot of the observed enthalpy of

opening against the observed free energy of opening at 307 K; (solid line)

linear fit of experimental values, except outlier data of Val-93 and Tyr-66,

with a Pearson product-moment correlation coefficient of 0.94 and a Spear-

man rank order correlation of 0.83. The slope of the solid line is significantly

different from the random value of 1 (P ¼ 2.3 � 10�4, according to Stu-

dent’s t-test) (33). (Inset 2) Hypothetical distribution of enthalpy and entropy

values for different kinds of opening reactions.
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EX2-like hydrogens have a satisfactory linear correlation

with the corresponding DHobs values (Fig. 3, inset 1),

excluding the outliers Tyr-66 and Val-93 (Supplementary

Material).

Parametric and nonparametric statistical tests were per-

formed on these data, and the relative outcomes are reported

in the Supplementary Material. The accurate statistical anal-

ysis does not challenge the occurrence of an enthalpy-en-

tropy compensation in the data for EX2-like hydrogens,

which is also evident in the observed convergence of the

½R� T � lnðki
rc=ki

obsÞ� values within similar temperatures

(Fig. 2 f). This inference is quite valuable, since it points

out that the transition from partial-opening-driven exchange

to global-unfolding-driven exchange (Eqs. 13–15 and

Appendix) occurs within a limited range of temperatures

for the considered residues. In other words, the coordinated

convergence of observed free energies takes place because

the Ti
c values are similar. This is especially true for all the

considered EX2-like hydrogens, except Tyr-66 and Val-93.

In fact, Tyr-66 and Val-93 are not converging at all and

were considered as outliers in the above analysis.

As defined above, the Ti
c value for the proton i represents

the temperature of convergence between the DG values of

two opening processes, a partial opening involving proton

i and the global unfolding. Using the reverse of the procedure

adopted for Eqs. 16–18, we can write

DGglobal
op

�
T ¼ Ti

c

�
¼ DGpartial

op

�
T ¼ Ti

c

�
; (20)

DHglobal
op � Ti

c � DSglobal
op ¼ DHpartial

op � Ti
c � DSpartial

op ; (21)

Ti
c ¼

DHglobal
op � DHpartial

op

DSglobal
op � DSpartial

op

: (22)

The last equation shows that Ti
c can also be defined as the

slope of the straight line connecting the coordinates of the

partial opening with those of the global unfolding in an en-

thalpy-entropy plot for the opening processes (Fig. 3, inset
2). This kind of plot regards the opening processes, and so

should not be confused with the entropy-enthalpy plot for

the exchange process, reported in the body of Fig. 3. In the

entropy-enthalpy plot for opening processes, the limiting

values of the convergence temperature and free-energy dif-

ference for the two opening processes are equal to the slope

and the intercept of DHop versus DSop regression, respec-

tively. It follows that the similarity of the Ti
c values for

some protons of the core could be explained by a model in

which the opening enthalpy and entropy values are very sim-

ilar for the partial openings (Fig. 3, inset 2). The coordinates

of the points ½DSpartial
op ; DHpartial

op �, for partial openings around

these hydrogens should cluster in a limited region of the

whole DHop(DSop) plot; thus, the slopes of the lines connect-

ing global- to partial-opening points, i.e., Ti
c values, would be

very similar (Fig. 3, inset 2).

H/D Exchange of b2-Microglobulin
A related interesting observation is that the values of

global unfolding free energy are not zero at Ti
c (Fig. 3). A

convergence value of zero would be found if, on a per-resi-

due basis, enthalpy and entropy values for opening were

equally balanced between global unfolding and partial open-

ings. Evidently, partial openings are characterized by a re-

duced entropic gain over enthalpic penalty when compared

with global unfolding, and so are more difficult to achieve

on a per-residue basis.

H/D exchange compared to structural properties
of b2m

On the basis of previous results that showed a temperature-

dependent formation of fibrils on poly-L-lysine-coated

mica, it could be proposed that a structural transition of

b2-microglobulin, occurring in the presence of temperature

alterations in the physiological range, is correlated with

enhanced amyloidogenic potential (41). The data presented

here do not show any thermal discontinuity in the exchange

rates or free energies, which suggests that the effect of tem-

perature on amyloid, if any, is to increase the concentration

of unfolded species, which can exploit the enhanced diffu-

sion and the decrease in kinetic barriers to trigger nucleation.

For all b2m slow-exchanging amide protons, we can find

the H-bonded partner in the NMR structure (42) or in the

x-ray structure (43–45) of the isolated protein. The protec-

tion pattern is shown in Fig. 4, and the hydrogen bonds in-

volved are listed in Table 1. Two slow-exchanging amide

hydrogens, namely those of His-84 and Leu-39, form hydro-

gen bonds with water molecules in the x-ray structure

(Fig. 5). In particular, the water bound to the amide proton

of His-84 is also held by the hydrogen bonds to the carbonyl

oxygens of His-84 and Leu-87, and to the side chain of

Asn-83. The water bound to the amide proton of Leu-39 is

held even more tightly by the hydrogen bonds to the car-

bonyl oxygen of Ile-46, the carboxylic oxygen of Asp-38,

and the hydroxyl group of Tyr-66. In solution, the Leu-39

amide hydrogen is detectable even at 315 K, whereas the

His-84 amide hydrogen is visible only below 303 K.

There are some exchangeable amide hydrogens,

H-bonded in the NMR and/or the x-ray structure, whose ex-

change is not slow enough to be measured. In particular,

Arg-12, Gly-18, Lys-19, Asn-21, Val-49, Glu-50, Ser-52,

Ser-55, Thr-73, Asp-76, and Val-85 backbone amides donate

hydrogen bonds in>60% of the conformers within the NMR

structure ensemble, but do not show exchange protection.

Among those hydrogen-bonded amide protons, it is not pos-

sible to decide whether Arg-12 NH has some low degree of

protection because of overlap with the corresponding Asp-38

resonance. The fast exchange of these protons means that the

local dynamics around those locations permit frequent con-

tacts between the amide hydrogens and the catalyst OD�.

This observation is rather consistent, because the majority

of these amide hydrogens belong to loop regions (Gly-18,
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Lys-19, Asn-21, Thr-73, and Asp-76), two are located at the

terminal of a strand (Arg-12 and Val-85), while the others re-

side on strand D (Val-49, Glu-50, Ser-52, and Ser-55).

The highly dynamic character of strand D is consistent

with the poor ordering of this strand, evident by visual inspec-

tion of the NMR ensemble of structures (42). Actually, a reg-

ular strand D occurs only in the isolated b2m crystal structure

(43–45), whereas in MHC-I crystal, strand D is bisected by

a bulge at residues 53 and 54 (46). The higher solvent acces-

sibility of the isolated b2m in comparison with the HLA com-

plex could explain the weaker packing forces within strands

D and E and the intervening DE loop (42). The dynamicity

of strand D is also evident from the apparent local correlation

times (45), which point out the occurrence of microsecond-

to-millisecond conformational exchange phenomena.

In apparent contrast with the absence of the sheet-partner

D strand in solution, the amide hydrogens of strand E,

Tyr-63, Leu-65, and Tyr-67, are instead exchanging slowly

TABLE 1 H-bonds involving the observed hydrogens in x-ray and NMR structures

Donor

Acceptor

Donor

Acceptor

Donor

Acceptor

X-ray NMR X-ray NMR X-ray NMR

6 28 28 (20) 38 81 38sc (2) 70 21 68 (10)

8 26 26 (20) 39 water — 79 40 40 (18)

10 24 24 (20) 40 79 79 (20) 80 93 93 (19)

22 12 21sc (12) 41 44 44 (20) 41sc (1) 81 38 38 (20)

23 68 68 (20) 42 77 42sc (9) 82 91 91 (16) 80 (1)

24 10 10 (20) 44 41 — 83 36 36 (20)

25 66 66 (18) 46 39 39 (19) 84 water —

26 8 8 (7) 24 (10) 63 55 55 (1) 86 84Nsc 84Nsc (19) 84 (1)

27 64 64 (3) 64 27 27 (8) 87 84 84 (20)

28 6 6 (20) 65 53 52 (8) 91 82 82 (20)

30 62 28 (9) 62 (1) 66 25 25 (11) 93 80 80 (12) 91 (8)

35 — 33 (10) 67 51 50 (14) 95 78 78 (16)

36 83 83 (20) 68 23 23 (20)

The x-ray structure is from PDB file 1LDS (43), and the NMR structure is from PDB file 1JNJ (42). A hydrogen bond is considered to be formed when the

distance between the proton on the donor atom and the heavy atom acceptor is <2.5 Å; in addition, the angle formed by the proton-donor atom vector with the

proton-acceptor atom vector must be>120�. Where not specified, the acceptor atom is the backbone carboxylic oxygen of the residue indicated by the number;

the superscript ‘‘sc’’ indicates that the acceptor atom belongs to the side chain of the residue. For NMR structures, the number shown in parentheses indicates

the occurrences of hydrogen bonds over the 20 structures.

FIGURE 4 Amide hydrogens observed in this study in the MOLMOL (49) ribbon representation of b2m (first model of PDB 1JNJ (42)) (left) and in a sche-

matic representation of the secondary structure (right). The color scale is related to log10(krc/kobs) values at 301 K, where red and green indicate fast and slow

exchangers, respectively. Residues in white on the left picture and in black on the right picture have an overlap of >20% with other peaks.
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FIGURE 5 Localization of the two

water molecules, bound to the amide

hydrogens of Leu-39 (left) and His-84

(right). The images have been made us-

ing the PDB file 1LDS (43).
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enough to be measured in our experimental conditions. A

possible explanation for the discrepancy between strand D

and strand E exchange rates is that the amide hydrogens of

strand E are efficiently buried, even though they are poorly

H-bonded, and hence, their direct contacts with the solvent

are less frequent. This would hold true especially for Tyr-

63 and Leu-65, which show low protection factors. An

alternative is that the occurrence of even a poor b-sheet

H-bonding pattern for strand E may be invoked in support

of a transient b-sheet conformation in solution, as proposed

earlier (43). Indeed, a mechanism of transient b-strand slid-

ing for strand D would explain the asymmetric exchange

behavior for strands D and E, but also the NMR relaxation

assessments that appear consistent with conformational

exchange processes along fragment 53–65 of b2m (45).

The mathematical analysis of the exchange rates and free

energies for the most accurate set of data, reported in the pre-

vious paragraphs, revealed the presence of four subsets of

hydrogens:

1. amide hydrogens with no or very few contributions from

partial opening events;

2. amide hydrogens with significant contributions from both

partial and global opening events;

3. amide hydrogens with very high contributions from par-

tial opening events;

4. amide hydrogens with residual structure in the globally

unfolded state.

The above analysis can be extended to include those hy-

drogens that do not belong to the most accurate set, though

still discarding data with significant peak overlap. Some of

these amide hydrogens have ½R� T � lnðki
rc=ki

obsÞ� values

that prove low and quite independent of temperature, sug-

gesting the presence of very local fluctuations. The location

of these additional amides in the protein structure is consis-

tent with the last inference, since they are found at terminals

of strands (Lys-6, Phe-22, Phe-30, and Ile-35), in strand E

facing the labile strand D (Tyr-63 and Leu-65), and in the

FG loop (Thr-86, Leu-87), or they form hydrogen bonds

with water molecules in the x-ray structure (Leu-39). An-

other low value (5.5 kcal/mol) for ½R� T � lnðki
rc=ki

obsÞ� is
observed for Lys-91 at 315 K, the only temperature at which

this cross-peak is free from overlaps. However, the exchange

free energy of Lys-91 is more likely correlated, through a co-

operative subglobal unfolding, with that of the neighboring

Val-93, which shows a thermal dependence too high to be

accounted for by only small local fluctuations. Furthermore,

three hydrogens—from Leu-23, Val-27, and Ile-46—are af-

fected by peak overlap at the same temperatures, whereas at

the other temperatures they show ½R� T � lnðki
rc=ki

obsÞ�
values very similar to the set of converging hydrogens.

Additional analysis suggests that in addition to their pres-

ence near Tyr-26 and Tyr-66, residual structured regions could

still be present in the observed globally unfolded state near

Tyr-67 and Cys-80, not surprising for residues that are in prox-

imity to the disulphide bridge and the aromatic cluster of

strand E. Residual structure in unfolded states has also been

found previously in acid-denatured b2m, especially around

the aromatic residues of the native strand E, and its presence

is highly dependent upon the presence of a disulphide bridge

between Cys-25 and Cys-80 (47). The presence of residual

structure in unfolded states could be relevant to fibrillogenesis,

since reduced b2m, in which the intrachain disulfide bond is

reduced, loses the ability to form rigid fibrils at pH 2.5 (48).

APPENDIX

The statistical validity of enthalpy-entropy compensation for the exchange

process (Fig. 3 and Supplementary Material) is quite valuable despite possi-

ble deviations affecting the data due to simultaneous non-EX2-limit pro-

cesses. To rationalize this issue, we can define Bi as ki
rc=kDN and consider

how Ai and Bi values—parameters that express the occurrence of partial

openings and the deviations from the EX2 limit for global unfolding, respec-

tively—affect the observed exchange free energy changes. Starting from

Eq. 8, the observed values of ½R� T � lnðki
rc=ki

obsÞ� are given by

R � T � ln

�
ki

rc

ki
obs

�
¼ R � T �

�
ln

�
kDN

kND

�
þ ln

�
1 þ Bi

�

� ln
�
1 þ Ai þ Ai � Bi

��
: ð23Þ

The DGobs values calculated for different hydrogens would be similar if the

quantity
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Di ¼ R � T �


ln
�
1 þ Bi

�
� ln

�
1 þ Ai þ Ai � Bi

��
;

(24)

corresponding to the differences between the observed and global unfolding

DG values, is small or similar for all considered hydrogens. Let us first con-

sider the case of a pure global-unfolding EX2 limit, i.e., Bi ¼ 0. Since Ai

values, given by

Ai ¼ e
GD�Gi

P
R�T ; (25)

range between 0 and 1 when the temperatures are> Ti
c, the corresponding Di

values range between 0 and�0.4 kcal/mol. Thus, in the EX2 limit for global

unfolding and at temperatures higher than any Ti
c values, all observed free

energy values would be similar. It follows that below the EX2 limit, the

coordinated convergence of observed free energies toward globally-driven

exchange would take place if the Ti
c values of the involved partial openings

are similar.

When the EX2 limit for global unfolding does not hold, at temperatures

higher than Ti
c, Di falls between [ln(1 þ Bi) � ln(2 þ Bi)], for Ai ¼ 1, and

[ln(1þ Bi)] for Ai¼ 0; this interval may not be sufficiently small, depending

on the range of Bi values. However, Di values are less sensitive to Bi values

when Ai is around unity: the significant presence of partial openings must be

invoked to explain the similarity of observed free energies. Similar to the

pure EX2 limit for global unfolding, a correlated convergence between ob-

served free energy differences can be reached provided that the involved par-

tial openings have similar Ti
c values.

SUPPLEMENTARY MATERIAL

Six tables are available at www.biophys.org/biophysj/supplemental/S0006-

3495(08)00037-4.
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