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Redox properties of the A-domain of the HMGB1 protein
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Abstract The High Mobility Group B1 (HMGB1) protein
plays important roles in both intracellular (reductive) and extra-
cellular (oxidative) environments. We have carried out quantita-
tive investigations of the redox chemistry involving Cys22 and
Cys44 of the HMGB1 A-domain, which form an intramolecular
disulfide bond. Using NMR spectroscopy, we analyzed the real-
time kinetics of the redox reactions for the A-domain in glutathi-
one and thioredoxin systems, and also determined the standard
redox potential. Thermodynamic experiments showed that the
Cys22–Cys44 disulfide bond stabilizes the folded state of the
protein. These data suggest that the oxidized HMGB1 may
accumulate even in cells under oxidative stress.
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1. Introduction

HMGB1 is a bifunctional protein that has completely dis-

tinct functions in nuclear and extracellular environments. In

the nucleus, this protein binds DNA in a non-specific manner

and induces substantial distortion of DNA, which is involved

in gene regulation [1]. HMGB1 also plays several important

roles as a cytokine; it is passively and actively released into

the extracellular environment and interacts with receptors such

as RAGE, TLR2, TLR4, and TLR9 to induce various cellular

responses [2].

Redox chemistry may be involved in regulation of HMGB1.

This protein contains three cysteine residues: Cys22 and Cys44

in the A-domain, and Cys105 in the B-domain. In the crystal

structure of the HMGB1 A-domain DNA complex [3],

Cys22 and Cys44 are in close proximity with only 4.3 Å be-
Abbreviations: NMR, nuclear magnetic resonance; HSQC, hetero-
nuclear single quantum coherence; DTT, dithiothreitol; GSH, reduced
glutathione; GSSG, oxidized glutathione; Trx, thioredoxin; NADPH,
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tween the two Sc atoms (Fig. 1A), suggesting that a conforma-

tional change may allow them to form an intramolecular

disulfide bond. Indeed, it has been found that Cys22 and

Cys44 can form an intramolecular disulfide bond within the

A-domain, while Cys105 is redox-inactive and remains reduced

[4].

Since the HMGB1 protein plays important roles in both

reductive (nuclear) and oxidative (extracellular) environments,

quantitative characterization of the redox reactions involving

the Cys22–Cys44 pair is essential for understanding the func-

tions of HMGB1. In this study, we analyzed the redox proper-

ties of the Cys22–Cys44 pair in the HMGB1 A-domain in

terms of kinetics and thermodynamics.
2. Materials and methods

2.1. Preparation of the HMGB1 A-domain
The 15N- or 13C/15N-labeled HMGB1 A-domain (human HMGB1

residues 1–84) was expressed in Escherichia coli as described previously
[5]. The protein was purified by ammonium sulfate fractionation and
phenyl-FF hydrophobic chromatography (50 mM Tris Æ HCl [pH
7.5], 1 mM dithiothreitol (DTT), and 2000–0 mM ammonium sulfate).
The protein solution was then dialyzed against a buffer of 20 mM
potassium phosphate (pH 6.0), and 100 mM NaCl. The intramolecular
Cys22–Cys44 disulfide bond was spontaneously formed at this step.
The oxidized A-domain was further purified by Mono-S cation ex-
change chromatography using 100–650 mM NaCl gradient in 20 mM
potassium phosphate (pH 6.0), and Superdex-75 gel-filtration with a
buffer of 20 mM Tris Æ HCl (pH 8.0) and 200 mM NaCl. The com-
pletely reduced form of the protein was obtained by adding 10 mM
DTT.

2.2. NMR assignment
1H/13C/15N resonances for oxidized and reduced HMGB1 A-

domains were assigned with 3D HNCA, HN(CO)CA, HNCO,
HNCACB, CBCA(CO)NH, C(CO)NH spectra [6] recorded at 20 �C
on 1.0 mM 13C/15N-lableled proteins in a buffer containing 20 mM
potassium phosphate (pH 5.5), 100 mM KCl, and 7% D2O. For the
reduced protein, 10 mM DTT was also present in the solution. The
nuclear magnetic resonance (NMR) data was processed and analyzed
with NMRPipe and NMRView software.

2.3. Redox analysis of the A-domain in the glutathione system
All real-time kinetic experiments were carried out using a Varian

750-MHz NMR system. The reaction kinetics between 15N-labeled
HMGB1 A-domain and glutathione (reduced, GSH; oxidized, GSSG)
were analyzed as follows. Initially, all of the A-domain was in the oxi-
dized form and dissolved in a buffer of 40 mM Tris Æ HCl (pH 7.4),
2 mM GSSG, 100 mM KCl, and 7% D2O. The reaction was initiated
by mixing a solution of 100 mM GSH dissolved in the same buffer
(pH was carefully adjusted) with the protein solution. The initial con-
centrations of GSH, GSSG and 15N-lableled A-domain in the reaction
mixture (450 ll) were 20 mM, 2 mM and 0.2 mM, respectively. The
reaction at 25 �C in an NMR tube was monitored with 1H-15N heter-
onuclear single quantum coherence (HSQC) spectra. The buffer was
blished by Elsevier B.V. All rights reserved.
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Fig. 1. (A) Location of Cys22 and Cys44 in the crystal structure of the
HMGB1 A-domain (PDB code 1CKT). (B) 1H-15N HSQC spectra
recorded on oxidized and reduced forms of the HMGB1 A-domain at
pH 5.5 and 20 �C. (C) Strips of CBCA(CO)NH spectra showing
13Cb/13Ca resonances for Cys22 and Cys44. The observed 13Cb
chemical shifts confirm the redox states of these cysteine residues [17].
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saturated with argon gas, which was also sealed in the NMR tube. Se-
ven pairs of HSQC signals from backbone amides of K28, K29, K49,
G57, and F59 and the side-chain NH2 of N36, which are well isolated
in spectra for both states, were used to determine populations of the
oxidized and reduced forms. This kinetic experiment was performed
four times. Kinetic rate constants and the standard redox potential
for the A-domain (E0

A) were determined as described in a later section.
The standard redox potential E0

G ¼ �264 mV for glutathione at pH 7.4
and 25 �C [7] was used as a reference. The value of E0

A was also ob-
tained from the equilibrium populations of the oxidized and reduced
A-domain at six different [GSH]2/[GSSG] ratios using the Nernst equa-
tion.

2.4. Kinetic analysis of the reaction between A-domain and thioredoxin
The kinetics of the reaction between the HMGB1 A-domain and thi-

oredoxin was analyzed at 25 �C using 500-ll solutions containing
0.2 mM 15N-lableled A-domain, 50 mM Tris Æ HCl (pH 7.4), 100 mM
KCl, 7% D2O, 0.19 lM rat thioredoxin reductase (Sigma–Aldrich),
0.5 mM reduced nicotinamide adenine dinucleotide phosphate
(NADPH), and human thioredoxin (Sigma–Aldrich) at four different
concentrations (2.8, 5.7, 11.4 and 14.3 lM) under argon gas. A control
experiment was also carried out in the absence of thioredoxin. Starting
from the 100% oxidized state for the A-domain, the reactions were
monitored with 1H-15N HSQC spectra until the reduced form predom-
inated. Populations of reduced and oxidized A-domains at each time
point were calculated as described above. Kinetic rate constants were
obtained by non-linear least-squares fitting.

2.5. CD analysis of thermal stability
Circular dichroism (CD) experiments were performed on the oxi-

dized and reduced A-domain with a JASCO J-720 spectropolarimeter.
CD at 222 nm were measured at temperatures from 10 to 90 �C, chang-
ing at a rate of 1 �C/min. Measured samples were 10 lM proteins in
40 mM potassium phosphate (pH 7.4) and 100 mM KCl. For the
reduced form, 2 mM DTT was also present in the solution. Melting
temperatures (Tm) and other thermodynamic parameters were
calculated as described in literature [8].
3. Results

3.1. NMR of reduced and oxidized HMGB1 A-domain

The reduced and oxidized forms of the HMGB1 A-domain

exhibited quite different 1H-15N HSQC spectra, as shown in

Fig. 1B. The redox reactions of the Cys22–Cys44 pair were

reversible, and the oxidized A-domain could be completely

reduced with 10 mM DTT. Using 1H/13C/15N triple resonance

NMR spectroscopy, we assigned HSQC signals for both the

reduced and oxidized forms individually. Formation of the

intramolecular Cys22–Cys44 disulfide bond in the oxidized

form was confirmed by mass spectrometry (data not shown)

and 13Cb chemical shifts of the two Cys residues (Fig. 1C).

3.2. Redox reactions of HMGB1 A-domain with glutathiones

Reduced (GSH) and oxidized (GSSG) glutathione molecules

are the major contributors to the redox environment in cells

[7]. Redox reactions between the HMGB1 A-domain and

glutathione are represented by:

Aoxi þ 2GSH �
k1

k2

Ared þGSSG ð1Þ

where k1 and k2 are the kinetic rate constants for the forward

and backward reactions, respectively. The time-courses of the

reactions are given by:

d
dt
½Aoxi� ¼ �k1½Aoxi�½GSH�2 þ k2½Ared�½GSSG� ð2Þ

d
dt
½Ared� ¼ k1½Aoxi�½GSH�2 � k2½Ared�½GSSG� ð3Þ

Under conditions where [GSH] and [GSSG] are much greater

than [A] and virtually constant throughout the reactions, a

pseudo-first-order approximation can be applied to the rate

equations above, so their solutions for the reaction starting

from 100% oxidized state become:

½Aoxi�ðtÞ ¼ ½Aoxi�ð0Þ
k01

k01 þ k02
expf�ðk01 þ k02Þtg þ

k02
k01 þ k02

� �
ð4Þ

½Ared�ðtÞ ¼ ½Aoxi�ð0Þ
k01

k01 þ k02
1� expf�ðk01 þ k02Þtg
� �

ð5Þ

where k01 and k02 are pseudo-first-order rate constants given by

k1[GSH]2 and k2[GSSG], respectively. Non-linear least-squares

fitting against experimental time-course data provides the

kinetic rate constants k1 and k2. Based on the Nernst equation,

the ratio of k2 to k1 is related to the standard redox potentials

of the protein and glutathione:

k2

k1

¼ exp �ðE0
A � E0

GÞ
2F
RT

� �
ð6Þ
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in which E0
A and E0

G are standard redox potentials for the

HMGB1 A-domain and glutathione, respectively; F, the Fara-

day constant; R, gas constant; and T is temperature.

Using NMR, we analyzed kinetics of a reaction with the ini-

tial conditions of [Aoxi] = 0.20 mM, [Ared] = 0.00 mM,

[GSH] = 20 mM, and [GSSG] = 2 mM, for which the pseudo-

first-order approximation is reasonably valid. 1H-15N HSQC

spectra were recorded as a function of reaction time. Signals

from the oxidized form of 15N-labeled A-domain decreased

and those from the reduced form increased, which represents

the redox reactions occurring in the NMR sample (Fig. 2A).

The reaction reached equilibrium in 8 h (Fig. 2B). Strictly

speaking, the reaction represented by Eq. (1) can involve inter-
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Fig. 2. (A) Changes of 1H-15N HSQC signals due to the reaction
between the 15N-labeled HMGB1 A-domain and glutathiones. Shown
signals are from the F59 amide group in the oxidized (Oxi) and
reduced (Red) HMGB1 proteins. (B) The reaction time-course
obtained from HSQC spectra recorded on the reaction mixture of
20 mM GSH, 2 mM GSSG, and 0.2 mM A-domain dissolved in a
buffer of 40 mM Tris Æ HCl (pH 7.4), 100 mM KCl, and 7% D2O.
Average values of k1, k2, and E0

A determined from four independent
experiments are shown together with their standard deviations. (C)
Determination of the standard redox potential E0

A from the equilibrium
populations of the oxidized and reduced HMGB1 proteins at six
different [GSH]2/[GSSG] ratios.
mediates corresponding to the S-glutathionylated proteins.

However, the NMR spectra monitoring the reaction showed

two distinct sets of signals from the oxidized and reduced

forms of the protein (Fig. 2A), whereas signals that may arise

from the intermediate were not clearly observed. This means

that the population of the intermediate is too low at least un-

der the present experimental conditions, which justifies the

analysis with the two-state model. The kinetic rate constants

k1 and k2 were determined to be 0.51 ± 0.18 M�2 s�1 and

0.06 ± 0.01 M�1 s�1, respectively.

Interestingly, the final population of the oxidized A-domain

in this experiment was as high as 40% despite the presence of

20 mM GSH, which indicates that the standard redox poten-

tial for the Cys22–Cys44 pair is relatively low. Indeed, the va-

lue of E0
A was determined to be �237 ± 7 mV from k1 and k2

together with Eq. (6). An independent measurement of E0
A

from the equilibrium populations at six different [GSH]2/

[GSSG] ratios gave a virtually identical value (�237 ± 2 mV)

as shown in Fig. 2C.

3.3. Kinetics of reduction of the Cys22–Cys44 disulfide bond by

thioredoxin

Thioredoxin (Trx) is a 12-kDa protein that plays a major

role in redox regulation by attacking and reducing oxidized

proteins in the nucleus and cytoplasm [9]. Thioredoxin is oxi-

dized in the process, but its oxidized form is rapidly reduced by

the enzyme thioredoxin reductase (TrxR) with NADPH as the

cofactor. Although a previous study has shown that thiore-

doxin can reduce HMGB1 [4], those data are qualitative rather

than quantitative. We thus performed a quantitative analysis

of the kinetics of the reaction between thioredoxin and the

HMGB1 A-domain.

Reaction kinetics was investigated for solutions containing

thioredoxin, thioredoxin reductase, NADPH, and 15N-labeled

A-domain (Fig. 3). The reaction occurring in an NMR tube

was monitored by 1H-15N HSQC spectra. In these experi-

ments, thioredoxin indeed reduced the oxidized A-domain,

whereas the redox state of the A-domain remained unchanged

within the experimental timeframe in the same reaction mix-

ture without thioredoxin (Fig. 3A). Since the standard redox

potentials of the HMGB1 A-domain and thioredoxin are com-

parable and disulfide exchange is reversible, time-courses for

the oxidized and reduced A-domains are given by the follow-

ing rate equations:

d
dt
½Aoxi� ¼ �kTrx½Aoxi�½Trxred� þ kback½Ared�½Trxoxi� ð7Þ

d
dt
½Ared� ¼ kTrx½Aoxi�½Trxred� þ kback ½Ared�½Trxoxi� ð8Þ

where kTrx is the second-order rate constant for the reaction

between the oxidized A-domain and the reduced Trx, and kback

is that for the backward reaction. Judging from the enzymatic

constants Km and kcat for rat thioredoxin reductase [10], the

reduction of Trx by thioredoxin reductase is much faster than

the reaction between Trx and the HMGB1 A-domain under

the present experimental conditions. Hence contributions of

the second terms with [Trxoxi] in Eqs (7) and (8) are negligible,

and [Trxred] is virtually constant throughout the reaction. This

leads to the following approximate solutions:

½Aoxi�ðtÞ ¼ ½Aoxi�ð0Þexpð�k0tÞ ð9Þ
½Ared�ðtÞ ¼ ½Aoxi�ð0Þf1� expð�k0tÞg ð10Þ
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in which k 0 is a pseudo-first-order rate constant equal to

kTrx[Trxred]. By using these equations, we obtained values of

k 0 at four different Trx concentrations. As shown in Fig. 3,

k 0 was indeed proportional to the Trx concentration, and kTrx

was determined to be 3.0 ± 0.2 M�1 s�1.
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3.4. Thermal stability of the reduced and oxidized A-domain

We investigated the effect of Cys22–Cys44 disulfide bond for-

mation on the thermal stability of the HMGB1 A-domain by

using CD. Although CD spectra of the reduced and oxidized

A-domains are very similar at 10 �C (Fig. 4A), temperature
Temperature (°C)
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rms of the HMGB1 A-domain. (B) CD at 222 nm as a function of
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scans reveal that their thermodynamic properties are quite dif-

ferent (Fig. 4B). Values of the melting temperature (Tm) for the

reduced and oxidized forms were determined to be 49.1 ± 0.1 �C

and 59.2 ± 1.2 �C, respectively. Thus, formation of the Cys22–

Cys44 disulfide bond stabilizes the protein, increasing the Tm

by 10 �C. We also determined the differences in enthalpy (DHref)

and entropy (DSref) between the folded and unfolded states at

Tm; their values were DHref = 18.8 ± 1.0 kcal mol�1 and DSref =

56 ± 3 cal K�1 mol�1 for the oxidized A-domain and DHref =

49.8 ± 1.0 kcal/mol�1 and DSref = 155 ± 3 cal K�1 mol�1 for

the reduced form. The substantially smaller DSref for the oxi-

dized form can be attributed to conformational restrictions by

the disulfide bond on the unfolded state [11].
4. Discussion

4.1. Populations of the oxidized and reduced HMGB1 proteins in

various environments

Based on obtained k1 and k2 rate constants and standard re-

dox potential E0
A, we can estimate redox reactions of the

HMGB1 proteins in various environments. The HMGB1 pro-

tein is present in nucleus, cytoplasm, and extracellular space

[1,2]. The redox potential for GSH/GSSG in the cytoplasm is

known to be ��240 mV [7]. For this redox environment, the

equilibrium population of the oxidized HMGB1 is estimated

to be as high as �44%, based on the Nernst equation.

Although the GSH concentration in nucleus is known to be

�8 mM and slightly higher than in cytoplasm [12], the GSH/

GSSG redox potential in the nucleus is not available in litera-

ture as far as we know. Even though the potential is as low as

�260 mV, the population of the oxidized HMGB1 is estimated

to be �14%. But the actual population of the oxidized form is

likely to be much lower than this estimate because reduction of

the A-domain by thioredoxin is considerably faster than the

oxidation by GSSG under physiological conditions, as men-

tioned in the next section. In fact, previous studies have found

that the nuclear HMGB1 molecules are mostly in the reduced

form [4,13].

The redox potential in the endoplasmic reticulum (ER),

where most extracellular proteins become oxidized before

secretion, is �180 mV [7]. If HMGB1 is secreted through the

ER, 99% of the released HMGB1 should be in the oxidized

form in equilibrium. However, it has been demonstrated that

the HMGB1 protein bypasses ER and is secreted to the extra-

cellular environment primarily via a non-classical, vesicle-med-

iated secretory pathway [14,15]. Unless the vesicle provides an

environment as oxidative as the ER, both reduced and oxi-

dized forms may exist when HMGB1 molecules are released

to the extracellular space. The released HMGB1 in the reduced

form should be a short-lived species because of the oxidative

environment. These two forms of HMGB1 might have differ-

ent roles in extracellular signaling.

It should be mentioned that post-transcriptional modifica-

tions such as acetylation of lysine residues could affect the re-

dox properties of the protein, while the recombinant HMGB1

A-domain without the modifications was used in the present

study. It is known that the acetylation of HMGB1 determines

its relocation to the cytoplasm in cells [14]. The lysine acetyla-

tion can change the electrostatic potential and affect pKa for

each thiol group of the Cys22–Cys44 pair, and therefore, the
redox properties of HMGB1. However, we think that the im-

pact is probably marginal, because no lysine amino group is

present within 8 Å from the thiol groups in the three-dimen-

sional structure of the HMGB1 A-domain.

4.2. Thioredoxin�s role to maintain the reduced form of HMGB1

The concentration of thioredoxin in eukaryotic cells is

believed to be 1–20 lM [9]. Our observed value of kTrx

(3.0 M�1 s�1) for the Cys22–Cys44 disulfide bond suggests that

it takes as long as 6 h for 10 lM thioredoxin to reduce 50% of

the oxidized HMGB1. This reduction is far slower than other

reducing reactions by thioredoxin. For example, the

corresponding kTrx value for the reaction between insulin

and thioredoxin is 1.0 · 105 M�1 s�1 [16], giving a half-life time

of only 0.7 s at the same Trx concentration (10 lM).

However, it seems that the slow reaction between HMGB1

and thioredoxin is still meaningful to keep HMGB1 reduced

in cells, because the oxidation of the HMGB1 by GSSG is also

slow as shown above. Under physiological conditions with

10 lM thioredoxin and 100 lM GSSG, the pseudo-first-order

rate constants kTrx[Trx] and k2[GSSG] are calculated to be

3.0 · 10�5 s�1 and 0.60 · 10�5 s�1, respectively, and thus,

reduction by thioredoxin is five times faster. But when the

GSSG concentration is over 500 lM due to oxidative stress,

the oxidation of HMGB1 by GSSG can be faster than the

reduction of HMGB1 by thioredoxin. Thus, the oxidized

HMGB1 may accumulate even in cells under oxidative stress

(The higher protein stability of the oxidized HMGB1 as dem-

onstrated by the CD experiment might contribute to the accu-

mulation). The increase of the oxidized form could cause

perturbations in various gene-regulations, if the oxidation al-

ters DNA-binding properties of HMGB1.
5. Concluding remarks

We have quantitatively characterized the Cys22–Cys44 pair

in the HMGB1 A-domain. These two cysteine residues can

rapidly form an intramolecular disulfide bond with the stan-

dard redox potential as low as �237 mV, which suggests that

the cellular glutathione system alone is not enough to keep

HMGB1 completely reduced in the cells. Our kinetic data indi-

cate that the reduction of the oxidized HMGB1 by thioredoxin

is efficient enough to maintain the high population of the re-

duced HMGB1, while the reaction is far slower than other

reducing reactions by thioredoxin. The low efficiency of the

thioredoxin-HMGB1 reaction together with the protein stabil-

ization by the Cys22–Cys44 disulfide bond might lead to accu-

mulation of the oxidized form of the HMGB1 protein in cells

under oxidative stress.
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