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MyD88 adaptor-like (MAL) is a critical protein in innate immunity,
involved in signaling by several Toll-like receptors (TLRs), key
pattern recognition receptors (PRRs). Crystal structures of MAL
revealed a nontypical Toll/interleukin-1 receptor (TIR)-domain fold
stabilized by two disulfide bridges. We therefore undertook a
structural and functional analysis of the role of reactive cysteine
residues in the protein. Under reducing conditions, the cysteines
do not form disulfides, but under oxidizing conditions they are
highly amenable to modification. The solution structure of the
reduced form of the MAL TIR domain, determined by NMR spectroscopy, reveals a remarkable structural rearrangement compared with
the disulfide-bonded structure, which includes the relocation of a
β-strand and repositioning of the functionally important “BB-loop”
region to a location more typical for TIR domains. Redox measurements by NMR further reveal that C91 has the highest redox potential
of all cysteines in MAL. Indeed, mass spectrometry revealed that
C91 undergoes glutathionylation in macrophages activated with the
TLR4 ligand lipopolysaccharide (LPS). The C91A mutation limits MAL
glutathionylation and acts as a dominant negative, blocking the interaction of MAL with its downstream target MyD88. The H92P mutation mimics the dominant-negative effects of the C91A mutation,
presumably by preventing C91 glutathionylation. The MAL C91A and
H92P mutants also display diminished degradation and interaction
with interleukin-1 receptor-associated kinase 4 (IRAK4). We conclude
that in the cell, MAL is not disulfide-bonded and requires glutathionylation of C91 for signaling.
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proline-containing motif (15–17). Furthermore, these crystal
structures contain two disulfide bonds involving residues C89–
C134 and C142–C174, respectively. The presence of disulfides is
unusual for a cytosolic protein and poses an intriguing possibility of
redox control of MAL-mediated signaling.
Posttranslational modifications of MAL have been studied extensively (18–22); however, redox mechanisms affecting MAL have
not been characterized. Glutathione (γ- L-glutamyl- L-cysteinylglycine; GSH), a tripeptide composed of the amino acids glutamic acid, cysteine, and glycine, is the most abundant nonprotein
tripeptide and is used by the cell to maintain redox homeostasis
and prevent overoxidation of cytoplasmic components (23). The
cysteine thiol group (-SH) forms a mixed disulfide with GSH,
which can be spontaneously or enzymatically catalyzed. GSH,
however, does not act solely as an antioxidant. Recent evidence
has identified that GSH can act as both a positive and negative
regulator of proteins, regulating STAT3 phosphorylation (24),
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Toll-like receptor (TLR) signaling pathways are targeted to limit inflammation in immune cells. TLRs use adaptor proteins to drive
inflammatory signaling platforms for effective microbial clearance.
Here we show that MyD88 adaptor-like (MAL), an adaptor protein
in TLR signaling, undergoes glutathionylation in response to LPS,
driving macrophage responses to proinflammatory stimuli. We also
determined the solution structure of MAL in the reduced form
without disulfides, revealing a typical BB loop observed in adaptor
proteins, in contrast to previously reported crystal structures. This
alternate solution structure reveals the inherent flexibility of MAL,
supporting the hypothesis that glutathionylation may reposition
the MAL BB loop for MyD88 interaction to drive inflammation. This
discovery could lead to novel approaches to target MAL glutathionylation in dysregulated TLR signaling, limiting inflammation.
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T

oll-like receptors (TLRs) are an important class of pattern
recognition receptors. Upon recognition of pattern-associated
molecular patterns, TLRs undergo dimerization. The consequent
dimerization of the cytoplasmic Toll/interleukin-1 receptor (IL1R)/resistance protein (TIR) domains leads to the recruitment of
TIR domain-containing adaptor proteins, such as MyD88 and
MyD88 adaptor-like (MAL; or TIRAP). MAL is required to recruit MyD88 to multiple TLRs, including TLR2 (1, 2), TLR4 (3),
and TLR9 (4). The assembly culminates in an oligomeric assembly
of kinases, including IRAK2 and IRAK4 (5, 6), termed the
Myddosome, leading to NF-κB activation and inflammatory
gene expression.
The crystal structures of the TIR domain of MAL (7–10)
showed significant differences from the structures of other TIR
domains, including MyD88 (11), IL-1 receptor accessory proteinlike 1 (IL-1RAPL) (12), TLR1, TLR2 (13), and TLR10 (14). In
particular, the MAL TIR-domain structures lack helix αB and
feature a long AB loop situated between helix αA and β-strand βB,
which includes the conserved and functionally important BB-loop
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Redox States of Cysteines in Escherichia-coli-Expressed MALTIR. The

crystal structures of the TIR domain of MAL (7–10) revealed two
disulfide bonds involving residues C89–C134 and C142–C174, respectively. To analyze the redox states of cysteine residues under
different redox conditions, we expressed the protein corresponding
to its TIR domain (residues 79–221; MALTIR) in three different
Escherichia coli (E. coli) cell types (BL-21, SHuffle, and Origami).
BL-21 cells contain a reducing cytosolic environment, similar to
eukaryotic cells. On the other hand, SHuffle and Origami are
strains that have been engineered so that cytoplasmic reductive
pathways are impaired, resulting in an oxidative cytosolic environment that promotes the formation of cytoplasmic disulfide bonds
(28). MALTIR produced in all three bacterial strains yielded a
similar elution profile by size-exclusion chromatography (SI Appendix, Fig. S1). Ellman’s reagent was used to estimate the average
percentage of reduced cysteine residues in MALTIR (SI Appendix,
Table S1). These results indicate that the cysteine residues in
MALTIR are in the reduced form under reducing conditions, but
are sensitive to redox modifications. The intact mass of MALTIRexpressed E. coli BL-21 cells was further analyzed using mass
spectrometry, revealing the possible presence of one disulfide bond.
To analyze the role of individual cysteine residues in MALTIR,
single-cysteine mutants were produced in both BL-21 and
SHuffle cells (SI Appendix, Fig. S1). The results show that some
cysteine residues are more prone to oxidation than others (SI
Appendix, Table S2). Exposure of MALTIR to 5 mM oxidized
glutathione (GSSG) resulted in a number of modifications including S-glutathionylation, dioxidation and dehydroalanine
formation (SI Appendix, Table S3 and Fig. S2). Taken together,
our results show that the cysteine residues of MAL are susceptible to modifications in solution.
NMR Solution Structure of MALTIRC116A Reveals Remarkable Structural
Differences from the Crystal Structures. We used NMR spectroscopy

to characterize MALTIR structurally. To identify the best experimental conditions for such studies, the effects of temperature and
protein concentration on the stability of MALTIR and its singlecysteine mutants were examined. The protein was less prone to
precipitation at lower temperatures and lower concentrations. Remarkably, precipitated protein could be resolubilized by incubation
on ice. The cysteine mutations had varying effects on the MALTIR
structure, with several mutants including C91A showing very few
differences and the C157A mutant showing the highest differences
from the wild-type protein (SI Appendix, Tables S4 and S5 and Fig.
S3). The C116A mutant protein (designated here as MALTIRC116A)
was chosen for further structural studies due to high protein expression levels and as it remained monomeric for ∼12 h in solution
at high concentrations. The NMR data were acquired as multiple
Hughes et al.

MALTIR Is Sensitive to Redox Change. Exposure of the wild-type
MALTIR to redox conditions that ranged from “fully reducing”
(GSH only) to “fully oxidizing” (GSSG only) and included three
physiological conditions (31) of −225 mV, −199 mV, and ,190 mV,
indicated that cysteines varied in reactivity. Major changes in
chemical shifts were observed for the fully oxidizing condition
containing only GSSG, especially for cysteine residues 89, 91, and
157 (SI Appendix, Fig. S8). Cysteine residue 91 was the most reactive, with 45% signal loss at −190 mV, compared with −225 mV,
indicating that this residue had undergone oxidation to a large
extent. The data suggest that the redox potential of C91 is close
to −190 mV, whereas cysteines C89, 134, 142, and 172 have a
redox potential <−190 mV and that C116 and C157 have redox
potentials <<−190 mV. Cysteines are prone to modifications in an
oxidative environment induced by inflammatory stimuli and the
modifications have been shown to act as signals, for example in
peroxiredoxin secretion from exosomes (32).
MAL Is Glutathionylated Endogenously. Bioinformatic analyses of
MAL identified conservation of cysteine residues across most
species, including human, mouse, and rabbit, except for C174,
which is variable in these species (Fig. 2A). Given the reactive
cysteines in MAL, we wished to test if it was glutathionylated endogenously. MAL was indeed glutathionylated basally and glutathionylation increased after 5 and 15 min of LPS treatment, and
PNAS | Published online July 24, 2017 | E6481
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Results

parts that were coassembled for processing [details reported elsewhere (29)]. For the MALTIRC116A protein, 72% of all atoms could
be assigned; the unassigned 28% were mostly in the disordered
regions of the proteins. The calculations yielded an ensemble of
20 structures with a heavy-atom amide-backbone (NH, Cα, C′) rmsd
of 1.28 Å (SI Appendix, Table S6 and Fig. S4).
Typical TIR-domain structures feature a central five-stranded
parallel β-sheet (strands βA–βE) surrounded by five α-helices
(αA–αE) on both sides of the sheet (30). By contrast, the crystal
structures of MALTIR (7–10) revealed an absence of helix αB;
the sequence corresponding to strand βB in typical TIR domain
structures is instead located in the long and flexible AB loop.
The solution structure of the reduced form of MALTIRC116A
reveals that the secondary-structure arrangement is more consistent with a typical TIR-domain fold than with the crystal
structures of MALTIR (Fig. 1, SI Appendix, Figs. S4 and S5, and
Movie S1). The AB loop connecting αA and βB is short, comprising only 7 residues (109–115). This loop is followed by the
strand βB (residues 116‒119), as supported by a large number of
short- to medium-range interresidue NOEs (SI Appendix, Fig.
S6). Because resonance assignments of the backbone residues of
wild-type MALTIR could be made in this region, we were able to
confirm that the secondary structures of these residues (116–
119) in both the MALTIRC116A and the wild-type MALTIR protein were consistent with the formation of a β-strand. This arrangement allows for the formation of a long flexible BB loop
between the strand βB and the helix αB; the loop corresponds to
residues 120‒134. This loop contains many unassigned atoms,
and those assigned show few long-range NOEs, suggesting inherent flexibility. The helix αB is short (comprising 5 residues),
similar to MyD88TIR; for comparison, it comprises 11 residues in
TLR1TIR and 9 residues in TcpBTIR, a bacterial MAL mimetic
which disrupts TLR signaling.
The chemical shifts of the Cβ atoms of the six cysteine residues
in MALTIRC116A range from 25.8 to 31.4 ppm, which indicates they
are all reduced. The solution structure contains one pair of cysteine residues (C142 and C174) in close-enough proximity (5.4–6.9
Å) for possible disulfide-bond formation; however, chemical shifts
of cysteine Cβ atoms indicate that they are both reduced. The
comparison of NMR spectra of MALTIRC116A at pH values 7.5,
8.0, or 8.6 (SI Appendix, Table S7 and Fig. S7) suggests that the
structure remains unchanged over the tested pH conditions.

IMMUNOLOGY AND
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caspase-1 activity (25), and the anion carrier proteins mitochondrial uncoupling proteins 2 and 3 (UCP2 and UCP3) (26).
GSH has also been linked to stabilization of hypoxia-inducible
factor 1-α (HIF1α) under ischemic conditions (27).
Here, we present the structural and functional characterization of
the role of reactive cysteine residues in MAL. We determined the
solution structure of the C116A mutant of TIR domain of MAL,
observing remarkable structural differences compared with the
disulfide-bonded structure, including the relocation of a β-strand
and repositioning of the BB-loop region to a location more typical
for TIR domains. C91 is found to be the most reactive cysteine in
the protein, and indeed is shown to undergo glutathionylation in
macrophages. This glutathionylation is required for the interaction
of MAL with MyD88 and subsequent phosphorylation and degradation by IRAK4. Jointly, our data show that the disulfide-bonded
form of MAL is unlikely to be the signaling-competent form in the
cell, but that modification of reactive cysteines is functionally important, in particular glutathionylation of C91 during signaling.

Fig. 1. Comparison of the solution and crystal structures of MALTIR. (A) Overlay of 1H-15N-HSQC spectra from MALTIRC116A (blue) and wild-type MALTIR (cyan).
Most chemical shifts of 1H and 15N are conserved between the spectra, with large shifts detected only for the mutated C116 residue, the neighboring residue
R115, and additionally, residue D87. (B) Solution structure of MALTIRC116A, shown in cartoon representation. (C) Crystal structure of MALTIR (7) (PDB ID Code
2Y92) shown as in B. Regions in the crystal structure comprising residues 112–123 (AB loop) and 168–171 do not have interpretable electron density and are
not included in the crystal structure model; they are shown here for illustration purposes by dotted lines. (D) Structure-based sequence alignment, showing
the elements of secondary structure. The solution secondary structure is based on the CYANA calculations (60). (ɤ) α-helix, (→) β-strand, (***) loop.

reverted to basal levels after 60 min of LPS treatment (Fig. 2B). To
assess the glutathionylation site of MAL, we used cysteine-toalanine mutants of MAL. Based on the evidence that cysteine
91 is the most reactive thiol, we chose the C91A mutant for initial
functional studies. Overexpression of wild-type MAL and its
C91A mutant (MALC91A) in HEK293 TLR4-MD2-CD14 cells
(MTCs), followed by immunoprecipitation of MAL under nonreducing conditions, was performed to examine glutathionylation
as a potential modification. To prevent deglutathionylation, we
used the alkylating compound N-ethylmaleimide to modify
free sulfhydryl groups. We also sought to identify if induction
E6482 | www.pnas.org/cgi/doi/10.1073/pnas.1701868114

of TLR4 signaling by LPS would affect the potential glutathionylation status of MAL. Overexpressed wild-type MAL was
found to be variably glutathionylated and underwent increased glutathionylation in response to LPS (Fig. 2C; compare lane 2 to lane 4),
whereas MALC91A displayed decreased glutathionylation (Fig. 2C;
compare lane 3 to lane 2), identifying that C91 is the main glutathione target in MAL.
Positively charged amino acids are known to influence cysteine
susceptibility to glutathionylation. This occurs via deprotonation of
neighboring cysteines, promoting cysteine thiolate anion formation,
which would promote recruitment of glutathione to prevent further
Hughes et al.
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oxidation (33). The flanking amino acid to C91, histidine 92, was
mutated to proline (H92P) to eliminate the possible positive charge,
which could in turn affect C91 glutathionylation. Indeed, MAL
could not be glutathionylated in MALH92P (Fig. 2D).
MAL Mutations Limit TLR2 and TLR4 Signaling. TLR pathway activation can be measured using overexpressed MAL and an NF-κB
luciferase reporter construct. We initially examined the effect of
each cysteine mutant on LPS-treated MTC cells. NF-κB activation
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Fig. 2. MAL is glutathionylated on cysteine 91. (A) Sequence alignment highlighting MAL cysteine conservation across species. (B) BMDMs were treated with
LPS (100 ng/mL) for 5, 15, or 60 min. Cells were lysed in low-stringency lysis buffer
containing 50 mM N-ethylmaleimide. MAL was immunoprecipitated from lysate
on A/G beads coated with MAL antibody and subjected to nonreducing SDS/
PAGE. (C and D) MTC cells were transfected with empty vector, HA-tagged wildtype MAL, MALC91A (C), or MALH92P (D). Cells were treated with LPS (100 ng/mL)
for 45 min. Cells were lysed in low-stringency lysis buffer containing 50 mM Nethylmaleimide. MAL was immunoprecipitated from lysate on A/G beads coated
with anti-HA antibody and subjected to nonreducing SDS/PAGE. The blots in B,
C, and D are representative of three independent experiments.
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Fig. 3. Overexpression of MAL mutants limits NF-κB activation. MTC cells
(A and E), HEK293T cells (B and D), and HEK-TLR2 cells (C and F) were
transfected with wild-type MAL, MAL mutants, NF-κB reporter, and TK
Renilla plasmids. Cells were lysed in 1× passive lysis buffer and lysates were
used for NF-κB reporter assays. NF-κB activity was assayed using 1× Luciferase Assay Mix. TK Renilla fold was assayed using 1:500 dilution of coelenterazine in PBS. (A and E) MTC cells were treated with LPS (100 ng/mL) for
6 h before lysis with 1× passive lysis buffer. (C and F) HEK-TLR2 treated with
Pam3Csk4 (100 ng/mL) for 6 h before lysis with 1× passive lysis buffer.
Fluorescence was measured using FLUOstar Optima plate reader and gain
adjustment was used to control for fluorescence. The data in A–F represent
mean ± SEM of three individual experiments, each carried out in triplicate.
*P < 0.05, **P < 0.01, ***P < 0.001.
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was not affected in cells transfected with most cysteine-to-alanine
mutants, the notable exception being MALC91A, the overexpression of which had a dominant-negative effect (Fig. 3A).
MALC116A could drive NF-κB activation similar to wild-type MAL,
supporting the suggestion that this mutation had no significant
effect on MAL structure and function, consistent with the NMR
data. To confirm the dominant-negative effect of the C91A mutation, we overexpressed MALC91A in HEK293T cells. MALC91A
overexpression could not drive NF-κB activation in HEK293T cells
(Fig. 3B). Transfection of MALC91A into HEK293-TLR2 cells
treated with TLR2 agonist Pam3Csk4 yielded similar results to
TLR4-driven NF-κB activation; however, the dominant-negative
effects of MALC91A are less pronounced (Fig. 3C). Transfection
with MALH92P was also unable to drive NF-κB (Fig. 3D), and acted
as a dominant-negative mutant against LPS (Fig. 3E) and
Pam3Csk4 (Fig. 3F). MAL P125H, which is known to act as a
dominant-negative mutant, served as a control, inhibiting NFκB activation.
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IRAK4 Cannot Degrade or Interact with C91A and H92P MAL Mutants. It
has been shown previously that IRAK1 and IRAK4 phosphorylate
MAL on threonine 28, promoting MAL degradation (18, 22). We
therefore sought to examine if the dominant-negative effects of
MALC91A and MALH92P would affect IRAK1/4-mediated degradation of MAL. Overexpression of wild-type MAL with increasing
concentrations of a plasmid encoding IRAK4 decreased MAL
protein expression dose-dependently (Fig. 6A, Top). Overexpression of IRAK4 was unable to cause the degradation of
MALC91A (Fig. 6B, Top). Correspondingly, overexpression of
IRAK4 failed to induce degradation of MALH92P with increasing
IRAK4 concentrations (Fig. 6C, Top).
As shown previously, the kinase-dead form (KD), but not kinaseactive form of IRAK4, interacts with MAL (18). We therefore examined whether IRAK4-KD could interact with MAL mutants. As
shown in Fig. 6D, wild-type MAL did not interact with IRAK4 when
overexpressed (Top, lane 2), as expected, nor did the MALC91A or
MALH92P mutants (Top, lanes 3 and 4, respectively). Wild-type MAL
interacted strongly with IRAK4-KD (Top, lane 5); however, this interaction was attenuated with MALC91A and MALH92P (Top, lanes
6 and 7). Wild-type MAL was considerably depleted in lysates from
IRAK4-transfected cells as opposed to cells transfected with
IRAK4-KD (compare lane 2 to lane 5, third panel). However, the
level of expression of the MALC91A and MALH92P mutants was
similar between IRAK4 and IRAK4-KD (third panel; compare
lanes 3 and 4 to lanes 6 and 7). Comparable levels of IRAK4 and
IRAK4-KD were present before immunoprecipitation (Bottom).

C91A and H92P MAL Mutants Cannot Reconstitute TLR4-Mediated
IκBα Degradation. To further confirm impaired signaling by

both MALC91A and MALH92P, we reconstituted MAL-deficient
immortalized bone-marrow-derived macrophages (iBMDMs)
and examined the degradation of the NF-κB inhibitory protein
IκBα as a readout for NF-κB activation by TLR4 stimulation
with LPS. The reconstitution of wild-type MAL yielded degradation of IκBα, with degradation reaching 50% at 90 min (Fig.
4A). Reconstitution of MAL-deficient iBMDMs with MALC91A
failed to reconstitute TLR4 signaling, with no degradation of
IκBα detected (Fig. 4B). Similarly, MALH92P did not reconstitute
TLR4 signaling, with minimal degradation of IκBα (Fig. 4C).
C91A and H92P MAL Mutants Cannot Interact with MyD88. TLR
stimulation induces MAL recruitment and interaction with
MyD88 to drive formation of the Myddosome (4). We therefore
sought to examine if MALC91A and MALH92P would be impaired
in their ability to interact with MyD88. Wild-type MAL, when
overexpressed, interacted with overexpressed MyD88 (Fig. 5A,
lane 5, Top). MALC91A, however, did not interact with MyD88
(Fig. 5A, lane 6; compare with lane 5, Top). Lysates were examined
to confirm the expression of each protein before immunoprecipitation (Fig. 5A, third and fourth panels). MALC91A appeared to
express poorly when transfected (Fig. 5A, lane 3, fourth panel);
however, cotransfection of MyD88 appeared to drive MALC91A
expression to equal levels as wild-type MAL (Fig. 5A, lanes 5 and
6; compare with lane 2, Bottom). Similarly, when MALH92P was
overexpressed, it failed to interact with MyD88, whereas wild-type
MAL interacted with MyD88 (Fig. 5B, lane 6; compare with lane
5, Top). As above, lysates were examined for expression of plasmids before immunoprecipitation (Fig. 5B, third and fourth panels). These findings indicate that the C91A and H92P mutations
prevent the interaction of MAL with MyD88, explaining the
dominant-negative effect of these mutants.

Discussion
The crystal structures of the TIR domain of MAL (7–10) all show
unusual features compared with other TIR-domain structures, in
particular the presence of two disulfide bridges and the presence of
a long flexible AB loop. We therefore aimed to characterize the
TIR domain of MAL and its cysteine mutants in solution. Based

A

B

HA-WT
Min LPS

0

C

HA-C91A

10 30 45 60 90

0

HA-H92P

10 30 45 60 90

0

10 30 45 60 90

1

1.18

IB: I B

IB: HA

1

0.56

1.1

0.9

1.11

1.33

0.86

min LPS

min LPS

90

0.0
60

0.0
30

0.0

45

0.5

0

0.5

10

0.5

90

1.0

60

1.0

45

1.0

30

1.5

0

1.5

0.82

0.95

0.92

1.26

90

0.72

60

1.01

30

1.04

45

0.85

0

1
1.5

10

Densitometry
(Arbitrary units)

Relative
Intensity

10

IB: -actin

min LPS

Fig. 4. C91A and H92P MAL mutants fail to reconstitute TLR4 signaling in MAL-deficient iBMDMs. (A) MAL-deficient iBMDMs were reconstituted with 5 μg of
MAL wild-type plasmid, (B) 5 μg MALC91A, or (C) 5 μg MALH92P using the Neon electroporation system. MAL-deficient iBMDMs (1.1 × 106 cells/mL) were
resuspended in 110 μL buffer R and 5 μg of wild-type MAL, MALC91A, or MALH92P. iBMDMs were immediately loaded to a 100 μL Neon tip and electroporated
at 1,680 V for 20 ms and one pulse. Electroporated cells (100 μL) were placed directly into 900 μL prewarmed antibiotic-free media and incubated at 37 °C and
5% CO2 overnight. Immediately the next morning, the cells were washed with PBS, media replaced with fresh DMEM containing 10% FCS, and treated with
LPS for the times indicated. Cells were lysed in 5× sample-loading buffer and subjected to SDS/PAGE. IκBα, HA-tag, and β-actin were assessed by Western blot.
The blots in A–C are representative of three independent experiments. Densitometry was performed using ImageLab 5.0 using β-actin as a loading control.

E6484 | www.pnas.org/cgi/doi/10.1073/pnas.1701868114

Hughes et al.

HA-Mal WT

EV +

-

-

+

-

EV +

-

-

+

-

HA-Mal C91A

EV -

+

-

-

+

EV -

+

-

-

+

Myc-MyD88

EV -

-

+

+

+

EV -

-

+

+

+

5

6

IP: HA
IB: Myc
IP: HA
IB: HA
Input
IB: Myc
Input
IB: HA

Lane:

1

2

3

4

7

IgG

IP

B

8 9 10 11 12

HA-Mal WT

EV +

-

-

+

- EV +

-

-

+

-

HA-Mal H92P

EV -

+

-

-

+ EV -

+

-

-

+

Myc-MyD88

EV -

-

+

+

+ EV -

-

+

+

+

4

5

6

9

10 11

IP: HA
IB: Myc
IP: HA
IB: HA
Input
IB: Myc
Input
IB: HA
Lane:

1

2

3

7 8

12

Fig. 5. MAL mutants C91A and H92P cannot interact with MyD88. (A and B)
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of lysate was kept for analysis, while the remaining lysate was added to
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samples were analyzed by SDS/PAGE. Proteins were detected by immunoblot
using anti-Myc and anti-HA antibodies. The results shown are representative
of three independent experiments.

on the available MAL crystal structures, the construct comprising
residues 79‒221 (designated here as MALTIR) was selected for
structural studies by solution NMR spectroscopy. The C116A
mutant (MALTIRC116A) was found to have superior stability and
behaved as a stable monomer, compared with the wild-type protein
and other cysteine-to-alanine mutants. The MALTIRC116A structure was found to be representative of the wild-type MALTIR
protein, based on the comparison of chemical shifts and secondary
structure analysis. The structure was solved at a pH of 8.6 in a high
ionic strength of 200 mM sodium chloride. However, the comparison of spectra of 15N-labeled MALTIR in the pH range of 8.6–
Hughes et al.
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7.5 shows that the structure is representative of a more physiological pH (SI Appendix, Fig. S6). The extreme conditions of high
salt and pH yielded suitable sample concentrations for NMR
analysis. These conditions, however, result in a loss of signals at
rapidly exchanging backbone amide NHs and poor signal-to-noise
ratio of the NMR resonances. To overcome these difficulties, an
unconventional data acquisition strategy and advanced processing
methods at ultrahigh fields had to be used to produce a mediumto-low-resolution solution structure of MALTIR (29).
The solution structure shows a structural rearrangement in the
protein compared with the crystal structures (Fig. 1, SI Appendix,
Fig. S5, and Movie S1). Consistent with other “typical” TIR-domain
structures, the solution structure contains a long BB loop (residues
120–134) situated between strand βB and helix αB. The BB loop is
a conserved feature among TIR domains and a number of studies
have identified it to be important for mediating homotypic TIRdomain interactions (15–17, 34, 35). The striking structural differences are the result of the secondary structure arrangement between residues 111 and 139 (Fig. 1, SI Appendix, Fig. S5, and Movie
S1). The crystal structures contain a flexible AB loop corresponding
to residues 111–124, linking helix αB and strand βB. This rearrangement is caused by cysteine residues 89 and 134 forming a
disulfide bond and shifting the location of strand βB. In the solution
structure, the Cα atoms of these two cysteine residues are 11 Å
apart, making disulfide-bond formation unlikely (36). The second
disulfide bond found in the crystal structures involves the pair
C142 and C174. In the solution structure, these residues remain in
close proximity (∼6 Å); however, the chemical shifts of the Cβatoms from these residues suggest that the cysteine side chains
are in a reduced state. In addition, these two cysteine residues
are not conserved and are not likely required for the folding of
the protein (7). The crystal structure of MALTIR has been used in
a number of attempts to model the interactions involving this
adaptor during signaling (7, 37–41); our work suggests that this
structure may not be the signaling-competent form and questions
the validity of the findings of these modeling studies. Our work
now provides a more appropriate template structure for modeling approaches and interaction studies.
Our data point to C91 as being the most reactive cysteine in
MAL and available for posttranslational modification. Indeed, we
identified that MAL can be glutathionylated on this residue. MAL
was basally glutathionylated in murine BMDMs, LPS transiently
increased MAL glutathionylation, and the glutathionylation
returned to basal levels after 60 min. Mutagenesis of C91 to alanine
confirms this residue as the site of glutathionylation. Mutagenesis
of the neighboring amino acid H92 also abrogated glutathionylation. MALC91A or MALH92P were unable to signal to NF-κB
when overexpressed and acted as dominant-negative mutants of
TLR4 signaling and could not reconstitute MAL-deficient cells.
Interestingly, MALC91A showed only minor dominant-negative effects against TLR2. Previous reports suggest MAL is not required
by TLR2 (42), which may explain the failure of MALC91A to exert a
strong dominant-negative effect on TLR2. Finally, immunoprecipitation showed that the interaction with MyD88 of MALC91A or
MALH92P was reduced, and both mutants failed to undergo degradation in response to IRAK4 overexpression. In the cell, glutathionylation of MAL on C91 might therefore be critical for MAL
to signal via the Myddosome and IRAK4. As the modified residue
is close to the BB loop, the modification could influence the
conformation of this functionally important flexible loop.
Redox regulation of proteins is a rapidly evolving field. Increasing evidence suggests that during TLR-mediated immune
activation, the cytosolic environment becomes more oxidizing. This
can lead to the modification of cysteine residues on cytosolic
proteins, most commonly to their oxidation by hydrogen peroxide
(H2O2) species produced by NADPH (43), or by glutathionylation
(44). Glutathionylation is emerging as an important posttranslational
modification in a number of proteins including NF-κB (45). The
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glutathione transferase GSTO1-1 has been associated with the glutathionylation of cysteines in proteins in the TLR4 pathway, resulting
in an on/off switch (46, 47). The precise target of GSTO1-1 in
TLR4 signaling is unclear; however, the available evidence suggests
that it regulates proteins early in the TLR4 signaling cascade, which
could involve the cytosolic TIR domain of TLR4, MAL, or MyD88
(48). MyD88 has also been shown to be redox-regulated, with H2O2
treatment resulting in modification of MyD88 thiols (49). Glutathionylation of the redox enzyme glutathione transferase pi (GSTP)
on cysteines 47 and 101 has been previously reported to alter its
monomeric structure (50). Monomeric GSTP can associate with Jun
E6486 | www.pnas.org/cgi/doi/10.1073/pnas.1701868114

N-terminal kinase (JNK) in resting cells, and dissociates from JNK
under oxidative stress conditions, including H2O2 treatment, possibly
by glutathionylation (51). We now contribute an example of glutathionylation of C91 in MAL, which appears to promote MyD88 and
IRAK4 interaction. We identified glutathionylation of MAL as a
positive regulatory mechanism in TLR4 activation, promoting Myddosome assembly for NF-κB activation.
Experimental Procedures
Biological Reagents, Mice, and Cell Culture. HEK293T cells were obtained from
the Centre for Applied Microbiology and Research, Wiltshire, UK. MTCs and
HEK293-TLR2 cells were purchased from Invivogen. All experiments were
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Reporter Assays. HEK293T, MTC, and HEK-TLR2 cells were seeded at 2 × 105
cells per mL The following day, cells were cotransfected with 20 ng NF-κB
reporter plasmid and 50 ng of each respective MAL plasmid or EV using
GeneJuice. In each experiment, 60 ng TK Renilla plasmid was transfected to
normalize for transfection efficiency and cell death. After 24 h, reporter
activity was assessed as previously described (52). Data are expressed as the
mean relative light intensity folded over control pooled for three separate
experiments with SEM.
Electroporation Assay. The Neon transfection system (100 μL tip) was used for
transfection. MAL-deficient iBMDMs were harvested and resuspended to a
density of 1.1 × 106 cells per mL in DMEM. Cells were washed once to remove
media and resuspended in 110 μL of Buffer R. Resuspended cell suspension
(100 μL) was electroporated at 1,680 V for 20 ms with one pulse for optimal
transfection with minimal cell death. Immediately after, electroporation
cells were placed in 900 μL DMEM without antibiotics in a 12-well plate and
left to adhere overnight. Cells were washed with PBS and treated with LPS
for indicated times. SDS/PAGE was carried out as listed above. Densitometry
was calculated using ImageLab 5.0 software (Bio-Rad).
Expression in E. coli and Purification of MALTIR and Its Cysteine Mutants. BL-21,
SHuffle (New England Biolabs) or Origami (Merck Millipore) E. coli cells were
transformed by heat-shock with the pMCSG7 vector (53) encoding wild-type
MALTIR (residues 79‒221) or its mutants C89A, C91A, C116A, C134A, C142A,
C157A, and C174A. The cells were then grown in 50-mL starter cultures of
Luria’s broth (LB) with 100 mg/L of ampicillin overnight at 37 °C. Cells were
centrifuged at 800 × g and washed in M9 salts. One mL of starter culture
was added to each flask containing 500 mL autoinduction media (54), with
15
N-labeled ammonium chloride added for the expression of 15N-labeled
protein (55), and grown while shaking at 37 °C until the optical density (OD) of
each flask reached an absorbance of 0.8 at the wavelength of 600 nm. Once
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Expression and Purification of 15N and 13C-Labeled MALTIRC116A. The plasmid
coding for the C116A mutant of MALTIR (MALTIRC116A) was transformed into
E. coli BL-21 cells by heat-shock, and grown overnight in a starter culture of
LB in the presence of 100 mg/L ampicillin while shaking at 37 °C. The protein
was then expressed in the same media while shaking at 37 °C until the cells
reached an OD of 0.7 at the wavelength of 600 nm. The sample was
centrifuged at 800 × g, washed in M9 salts, and resuspended in minimal
M9 media containing 13C glucose and 15N ammonium chloride until the cell
density reached an OD of 0.8 at the wavelength of 600 nm. The temperature
was then reduced to 20 °C and the cells were induced with 1 mM isopropyl1-thiogalactopyrano-side for overnight expression. The protein was purified
as described above.
Structural Analysis by NMR. Double- and triple-resonance NMR experiments,
including 2D 1H-15N-heteronuclear single quantum correlation (HSQC), 3D
CbCacoNH, HbHacoNH, HNCaCb, HNCa, HNcoCA, HNCo, HNCa, HCcH, HCCh,
13
C-HSQC-NOESY (separate spectra for the aliphatic and aromatic regions),
and 15N-HSQC-NOESY (mixing time of 90 ms for all NOESY spectra), were
conducted using ∼300 μM protein concentration, and 5-mm Shigemi tubes
at 291 K on a 900-MHz Bruker Avance-III spectrometer equipped with a
cryogenically cooled probe. All 3D experiments, excluding the NOESY spectra, were acquired using nonuniform sampling and processed using maximum entropy reconstruction as previously described (29, 56, 57). The 1H, 15N,
and 13C atom frequencies were assigned to the protein using the CCPNMR
software (58), followed by backbone torsion-angle prediction calculations
based on chemical shifts using TALOS+ (59) and NOE calculations using
CYANA 3.0 (60). The structure has been deposited in the Protein Data Bank
(PDB ID code 2NDH).
The 1H and 15N chemical shifts of purified 15N-labeled MALTIR cysteine
mutants were measured by 1H-15N-HSQC using a 900-MHz NMR spectrometer
and analyzed with the CCPNMR software (58). The chemical shifts of each
mutant were compared with the wild-type protein.
To compare the effect of pH on the structure, the 15N-labeled MALTIRC116A
was divided and buffer-exchanged into three buffers, each made of 10 mM
Hepes and 50 mM salt, at pH 7.5, 8.0, or 8.6. The chemical shifts of 1H and
15
N were measured at each pH value and analyzed using the CCPNMR
software (58).
NMR datasets were compared against each other using the Euclidean
method for distance measurements, following the frequency assignment
of 1H and 15N atoms in each 1H-15N-HSQC experiment using the CCPNMR
software (58). Individual residues were compared by d2, where d2(p1 , p2) =
ðH1 − H2 Þ2 + ðN1 − N2 Þ2. Overall comparison
between datasets was calcupﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
lated using rmsd, where rmsd = 1=n  d 2 ðp1 , p2 Þ.
Determination of Redox Shifts of Cysteines in Wild-Type MALTIR. Stock solutions
of GSH and GSSG were made in 10 mM Hepes buffer and adjusted to pH 7.5.
Nitrogen was bubbled through both solutions to remove oxygen. A 1H
spectrum of each stock was measured using a 900-MHz magnet and analyzed with the TopSpin 3.2 (Bruker) software to confirm whether the stocksolution redox species were indeed reduced or oxidized. Purified 15N-labeled
wild-type MALTIR in 10 mM Hepes (pH 7.5) buffer was added to five different
buffers containing varying ratios of GSH:GSSG that equate to specific electrochemical potentials (GSH only, −225 mV, −198.67 mV, −189.77 mV, and
GSSG only). Electrochemical potential was calculated using the Nernst
equation Eo = EoGSH/GSSG − (RT/nF) lnKeq, where EoGSH/GSSG is the standard
potential of glutathione at pH 7.5 (−240 mV) (61), R is the universal gas
constant (8.314 J K−1·m−1), T is the absolute temperature, n is the number of
electrons transferred, F is the Faraday constant (9.648 × 104 C mol−1), and Keq
is the equilibrium constant ([GSH]2/GSSG). A 1H-15N-HSQC was completed for
each of the redox conditions at 298 K, using a 900-MHz NMR spectrometer,
to determine the chemical shifts and intensity of the resonances from each
residue. To correct for non-redox-related contributions to intensity changes
(e.g., salt concentrations, etc.), the intensities were normalized to the average of a set of signals (15 peaks) from residues that were distal to any
cysteine residues and neither overlapped with other peaks nor were strongly
perturbed by the titration.

PNAS | Published online July 24, 2017 | E6487

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

Coimmunoprecipitation Studies. HA-tagged MAL (3 μg) with 4 μg HA-tagged
empty vector (EV) and 7 μg MAL mutants were coexpressed in HEK293T or
MTC cells in 10-cm dishes. Cells were seeded at 2.5 × 105 cells per mL 24 h
before transfection with GeneJuice per manufacturer’s instructions. Once
70% confluent, cells were washed with PBS and lysed in 700 μL lowstringency lysis buffer (50 mM Hepes pH 7.5, 100 mM NaCl, 1 mM EDTA,
10% glycerol, 0.5% Nonident P-40). Supernatants were removed and agitated for 10 min by occasional vortexing. Supernatants were pelleted at 4 °C;
50 μL of each supernatant was retained to analyze expression of input. Supernatant was then added to relevant precoupled antibody on A/G beads.
Samples were incubated for 2 h rotating at 4 °C. Following incubation, the
beads were washed three times with wash buffer and boiled in sampleloading buffer before being subjected to SDS/PAGE. For glutathione immunoprecipitations, 50 mM N-ethylmaleimide was added to the lowstringency lysis buffer and treated as above. After washing beads three
times, sample-loading buffer without DTT was added and gently heated at
50 °C for 10 min to aid elution off beads. For endogenous immunoprecipitations, BMDMs were seeded at 1 × 106 cells per mL in 10-cm dishes and
treated with the same method as glutathione immunoprecipitations.

the OD was reached, the temperature was reduced to 20 °C for overnight
protein expression. The cells were then lysed by sonication, and the protein
was purified using nickel-affinity chromatography. Tobacco etch virus protease
was added to the protein for an overnight incubation at 4 °C to cleave the
6-histidine tag from the protein. The protein was further purified by reeluting
over the nickel-affinity column, followed by size-exclusion chromatography
with a Superdex 75 gel-filtration column (GE Healthcare 26/600 S75) into a
buffer consisting of 20 mM Tris·HCl (pH 8.6) with 200 mM NaCl.
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carried out with prior ethical approval from the Trinity College Dublin Animal Research Ethics Committee (HPRA licence AE19136). C57BL/6 mice were
killed using CO2; bone marrow was extracted and differentiated using
L929 media for 6 d into primary macrophages. All cell lines and primary cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FCS, 1% penicillin/streptomycin, and maintained at 37 °C
in a humidified atmosphere of 5% CO2. The HA-tagged MAL plasmid has
been described previously (15), and site-directed mutagenesis of this plasmid
was performed to obtain HA-tagged MAL mutants using QuikChange II
Mutagenesis Kit (Agilent Technologies). These plasmids were used for
mammalian cell transfections. Anti-TIRAP (D6M9Z), Anti-IκBα (44D4), and
Anti-Myc (2276S) antibodies were purchased from Cell Signaling Technology. Anti-HA.11 antibody was purchased from Biolegend (MMS-101R). AntiHA (H3663), anti-FLAG (F3165), and anti-β-actin antibody (Clone AC-74) were
purchased from Sigma. Anti-GSH antibody was obtained from ViroGen (101A-100). Protein A/G beads (sc-2003) and Mouse IgG (sc-2025) were purchased
from Santa Cruz Biotechnology. Rabbit IgG was obtained from Millipore
(2455657). GeneJuice was purchased from Novagen (70967). LPS from E. coli
serotype EH100 was obtained from Enzo Life Sciences (ALX-581-010). Neon
transfection kit was purchased from Bio-sciences (MPK10096). Pam3Csk4
(tlrl-pms), Blasticidin (anti-bl-1), Normocin (anti-nr-2), and Hygromycin B
Gold (anti-hg-1) were obtained from Invivogen. All other reagents were
obtained from Sigma unless otherwise stated.

Ellman’s Assay. Wild-type MALTIR was purified from three types of E. coli cells
(BL-21, SHuffle, and Origami), each with different cytosolic redox environments. The protein sample from BL-21 expression was split into three conditions: with the addition of 10 mM reducing agent 1,4-DTT, with the
addition of 0.03 mM hydrogen peroxide, and with no addition. Ellman’s
reagent (dithiobisnitrobenzoic acid) was added to each of the five conditions before measuring the optical density at 412 nm using a spectrophotometer [NanoDrop, Thermo Scientific]. Calculations were performed based
on the proportion of oxidized thiols, which correlated with the color intensity of the solution. The percent of reduced thiols in solution was used to
calculate to the nearest number of reduced cysteine residues on MALTIR.
Mass Spectrometric Analysis of MAL Oxidized Using Glutathione. Purified wildtype MALTIR from E. coli BL-21 cells was buffer-exchanged into either 10 mM
Hepes (pH 7.5) or 20 mM Tris (pH 8.6). Five mM GSSG was then added to each
solution, while keeping another without glutathione for control. These
samples were incubated at room temperature for 1 h before subjecting each
to a trypsin digest. Samples were separated using reversed-phase chromatography on a Shimadzu Prominence nanoLC system. Using a flow rate of
30 μl/min, samples were desalted on an Agilent C18 trap (0.3 × 5 mm, 5 μm)
for 3 min, followed by separation on a Vydac Everest C18 (300 A, 5 μm,
150 mm × 150 μm) column at a flow rate of 1 μl/min. A gradient of 10–60%
buffer B over 30 min where buffer A = 1% ACN/0.1% Formic acid (FA) and
buffer B = 80% ACN/0.1% FA was used to separate peptides. Eluted peptides
were directly analyzed on a TripleTof 5600 instrument (ABSciex) using a
Nanospray III interface. Gas and voltage settings were adjusted as required.
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