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Abstract: The low solubility of many proteins hinders large scale expression and purification as

well as biophysical measurements. Here, we devised a general strategy to solubilize a protein by

conjugating it at a solvent-exposed position to a 6 kDa protein that was re-engineered to be highly
soluble. We applied this method to the CARD domain of Apoptosis-associated speck-like protein

containing a CARD (ASC), which represents one member of a class of proteins that are notoriously

prone to aggregation. Attachment of the tag to a cysteine residue, introduced by site-directed
mutagenesis at its self-association interface, improved the solubility of the ASC CARD over 50-fold

under physiological conditions. Although it is not possible to use nuclear magnetic resonance

(NMR) to obtain a high quality 2D correlation spectrum of the wild type domain under physiological
conditions, we demonstrate that NMR relaxation parameters of the solubilized variant are suffi-

ciently improved to facilitate virtually any demanding measurement. The method shown here repre-

sents a straightforward approach for dramatically increasing protein solubility, enabled by ease of
labeling as well as flexibility in tag placement with minimal perturbation to the target.VC 2013 The

Protein Society
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Introduction
Solution nuclear magnetic resonance (NMR) has pro-

ven to be a powerful technique for studies of structure,

stability, and dynamics of proteins.1 Over the last dec-

ade we have observed significant advances in hardware

and methodologies that improve the sensitivity of solu-

tion NMR.2,3 While nowadays, 1D measurements and

2D 1H-15N and 1H-13C correlation maps can often be

achieved at concentrations of tens of micromolar, a

number of other experiments, such as backbone and

side-chain assignments, studies of dynamics and acqui-

sition of NOESY datasets for structure determination,

require protein concentrations in excess of hundreds of

micromolar.4,5 While this has not been a problem for a
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number of model systems, for many proteins achieving

solubility in this range has often proved challenging.

Even if a protein can be concentrated without visible

aggregation, it is rare that these costly samples are sta-

ble for the weeks that it would take to enable data col-

lection and analysis for many triple resonance

measurements. Moreover, self-association can lead to

slower tumbling and shorter relaxation times than

would be obtained from a monomeric protein. Sample

degradation can change the spectral appearance over

time, adding complexity to data analysis. The above

factors collectively increase the demand on the time

required to conduct NMR measurements.6

Caspase recruitment domains, or Caspase acti-

vation and recruitment domains (CARDs), are inter-

action motifs found in a wide array of proteins,

typically those involved in processes relating to

inflammation and apoptosis.7,8 These domains medi-

ate the formation of large protein complexes via

direct interactions between individual CARDs.

Likely because its self-association is inherent to its

function to build scaffolds, CARD domains (and

death fold domains, in general) are highly insoluble,

and only a handful of NMR studies can be per-

formed for a few of the more soluble variants.9–12

Apoptosis-associated speck-like protein containing a

CARD (ASC CARD) is a 10 kDa protein with a typi-

cal six-helix bundle death domain-fold. A protein

construct that consists of the CARD, corresponding

to residues 107–195 of ASC, is maximally soluble at

10 mM in a pyroptosis buffer (20 mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), 20

mM KCl pH 7.4) that mimics the environment in

which it functions.13

Lack of solubility could be due to: (a) low pro-

tein stability, resulting in transient exposure of

aggregation-prone regions; (b) presence of an intrin-

sic dimerization (oligomerization) interface; and (c)

performing studies in solutions at a pH that is at or

close to the protein’s isoelectric point (pI).14,15 Pro-

tein stability is usually improved by mutagenesis16

or by optimizing buffer composition using thermal

shift assays.17 If identified, the oligomerization

interface can be removed using mutagenesis,18 or

oligomerization propensity can be reduced by opti-

mizing the ionic strength or pH of the buffer.19,20

Oligomerization properties can also be reduced by

changing the pI: by performing the measurements

without cleaving the solubility tag used during

recombinant protein expression,21 by adding several

charged residues at the N- or C- termini,18 by add-

ing short peptides that would bind the solubility-

enhancing protein22 or by linking the protein using

intein chemistry.23,24

All of the aforementioned methods have had

great success in decreasing the oligomerization pro-

pensities of proteins, but each of them is specialized

and unlikely to provide a general approach. The

major limitation of the chimeric fusions that have

been proposed is that the solubility tag was attached

only at the protein termini,18,21–24 resulting in non-

optimal tag placement that is limited to only two

positions. Moreover, for some of them, the attach-

ment results in isotopic labeling identical for the tag

and the target protein, complicating the NMR spec-

tra with undesired resonances from the tag.21

Here, we introduced mutations to Staphylococ-

cus aureus B domain of protein A (BdpA) to create a

highly negatively charged, 6 kDa variant of protein

A (PA) that can be attached to, and improve the sol-

ubility of, a target partner protein. Specifically, the

N-terminus of PA was linked to a cysteine located at

a solvent-exposed position in the ASC CARD that

was introduced by site-directed mutagenesis using a

commercially available heterobifunctional crosslink-

ing molecule, SM-(PEG)2. The ASC CARD was pro-

duced with isotopic labeling for NMR, while the PA

solubility tag was not, enabling NMR measurements

to be conducted selectively for ASC CARD residues

without obstruction by the tag. The PA-SM-(PEG)2-

ASC CARD fusion which was soluble up to 500 mM,

yielded high quality 2D 1H-15N NMR spectra that

does not change over time and had relaxation prop-

erties consistent with 17 kDa molecular weight spe-

cies. This method can also be applied to increase the

protein solubility of many other targets.

Results

Design of the fusion tag
Our goal was to develop a generalized method for

straightforward attachment of a solubility tag that

can be made NMR-invisible for protein NMR appli-

cations. The design of the tag is based on a 60 resi-

due, three helix bundle fold, exemplified by domains

of Staphylococcus aureus PA, which were used as a

fusion tag for increasing protein solubility in vivo.25

Protein A has five independent domains, which have

over 80% sequence identity and the same struc-

ture.26,27 The B domain of PA consists of three heli-

ces that span K9-L20 (H1), E25-D38 (H2), Q41-A57

(H3) [Fig. 1(A)]. This domain represents a model

system for protein folding, where the thermody-

namic stability and kinetics of folding have been

characterized for more than 100 mutants.28–31

We decided to create a highly charged,

solubility-enhanced version of the fold that would

have greater resistance to aggregation. Charged res-

idues were introduced using available mutagenesis

data28,29,31 so that the resulting PA variant: (a) has

a low pI; (b) remains folded under solution condi-

tions where most solution NMR studies are per-

formed ((0–50�C), as well as low ionic strength,

where cryo-probe benefits are the greatest32); (c)

does not contain any lysines (due to the linker chem-

istry). The details of how the solubility tags increase
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the soluble protein concentration are not fully

understood, but it is well-known that increased neg-

ative surface charge correlates with increased solu-

bility.6,14,33 Therefore, many negatively charged

residues were introduced into PA to give it a pI that

is lower than the vast majority of proteins. The solu-

bility of the protein being targeted is increased with

the formation of the PA-target construct because

repulsive electrostatic forces between PAs will

oppose the driving force for aggregation between tar-

gets. Since most of the proteins have pIs in the 5–9

range,34,35 attachment of PA will effectively decrease

the pI of the target, which may be beneficial for

improving solubility under the solution conditions of

interest.

To re-engineer PA, we mutated 12 amino-acids

(all at solvent-exposed positions) out of 53 residues

available in our construct (23%) using the above

principles as a guide [Fig. 1(B)]. Generally, a muta-

tion was made if it: (a) has been found to stabilize

the PA fold (G30A, S34A, S42A); (b) likely has negli-

gible effect on stability, but removes a hydrophobic

residue from the surface (Y15D, L18A, H19R); (c)

likely has negligible effect on stability, but removes

a lysine or lowers the pI (K8E, K36R, N44D, K50Q,

K51A). In addition, we introduced a F14Y mutation

to facilitate concentration determination by ultravio-

let absorbance at 280 nm. Since no long-range NOEs

have been found between the first five residues of

the N-terminus and the rest of the protein as well

as the last three on the C-terminus,28 we shortened

the construct by three residues on the N-terminus

and one residue on the C-terminus. Mutations such

as H19R, K36R, and K50Q, which are located at

positions within helices, increase helical propensity

through which it increases global protein stability.

Finally, the H19R and K36R mutations introduce

two new types of interactions to stabilize the pro-

tein. First, it creates a D-R (i, i 1 4) salt bridge; and

second, the charged side chain has favorable electro-

static interactions with the helix dipole.36 Similarly,

K50Q creates a Q-D (i, i 1 4) hydrogen bond.37 The

final construct had 57 residues, a predicted pI of 3.9,

and an overall net charge of 28 under physiological

conditions, in comparison with the WT protein of 60

residues, a pI of 5.2, and a net charge of 22.

A codon-optimized gene corresponding to the

above PA construct was synthesized, cloned into the

pET29a vector, and expressed in E. coli. The peaks

in 1H-15N HSQC spectra of the purified protein had

high chemical shift dispersion similar to that of the

WT protein,27,28 indicative of structural similarity

[Fig. 2(A)]. Circular dichroism (CD) spectrum was

typical for a folded, helical protein and similar to

that of BdpA [Fig. 2(B)]. To ensure that PA remains

folded under the conditions of most NMR experi-

ments, we measured its thermal denaturation mid-

point (Tm) using CD spectroscopy [Fig. 2(C)]. Since

stability of proteins that have charged residues in

close proximity is often affected by ionic strength,38–

40 we focused on low and high ionic strength buffers.

The Tm of PA in a low ionic strength buffer (10 mM

potassium phosphate, pH 7.4) was 70�C and in a

high-ionic strength buffer (10 mM potassium phos-

phate, 500 mM NaCl, pH 7.4) was 78.5�C, therefore

the protein will remain >98% folded in the tempera-

ture range of most NMR experiments. In compari-

son, the Tm of BdpA is 77�C.28 The ionic strength

Figure 1. Design of PA solubility tag. A. Structure of BdpA (PDB: 1SS1),28 used as a template for protein re-design. B.

Sequence alignment of the designed PA and BdpA. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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dependence of protein stability might result from

unfavorable electrostatic interactions between nega-

tively charged residues, which are more effectively

screened at the higher ionic strength.39,40

Applying PA to solubilize an aggregation-prone

CARD domain under physiological conditions
Attachment of modified PA to the target protein was

accomplished using a heterobifunctional crosslinker,

succinimidyl-[(N-maleimidopropionamido)-diethyle-

neglycol] ester (SM-(PEG)2) (Thermo Scientific)

[Fig. 3(A)]. This crosslinker contains N-

hydroxysuccinimide (NHS) ester and maleimide

groups that allow covalent conjugation of amine-

and sulfhydryl-containing molecules, which in this

case correspond to PA and the target, respectively.

This linker has arm length of 18 Å, equivalent to a

N- to C- distance of �5–6 disordered amino-acids,

which is long enough so that PA does not directly

interact with the CARD domain, but short enough,

that its negative charge will decrease the aggrega-

tion properties of its partner. Numerous other possi-

bilities are available which range in the arm length

of 4.4–95 Å if, depending upon the specific need,

shorter or longer linkers might be desired.41

The solubility of the ASC CARD is likely limited

by self-association, as it has been observed to assem-

ble into filamentous structures in COS cells.42 The

theoretical pI of the domain is 6.9, and therefore the

solubility is expected to be low under physiological

conditions. Moreover, experiments in living cells

have identified residues on the surface on the ASC

CARD that are essential for mediating its assembly

into signal transduction complexes called inflamma-

somes. Based on these results, we selected E130,

D134 and Y137 as positions for introducing a cyste-

ine,43 where conjugation of PA might sterically block

and electrostatically repel self-association as well as

lower the pI of the overall complex. Conjugation of

PA to all mutants had the desired effect (see below),

Figure 2. Biophysical properties of the designed PA tag. A.
1H-15N HSQC spectrum of designed PA in pyroptosis buffer.

B. Circular dichroism spectrum of the B domain of PA (green)

and re-designed PA (black) at low ionic strength. C. Thermal

denaturation of designed PA monitored by CD at two ionic

strengths.

Figure 3. Conjugation of ASC CARD to the PA solubility tag.

A. Overview of the labeling reaction. B. 4–20% SDS-PAGE

gel showing successful labeling. PA was resistant to staining

with Coomassie G-250 stain, and runs at higher apparent

molecular weight than expected. Unusual amino acid distri-

bution, with scarcity of positively charged and aromatic resi-

dues53 and low pI54 are likely responsible for the observed

behavior.
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and ultimately we chose to focus our analysis on the

D134C C173S construct.

As mentioned above, PA was linked to ASC

CARD D134C C173S using the commercially avail-

able crosslinker, SM-(PEG)2. NHS esters react with

primary amines at pH 7–9 to form amide bonds,

while the maleimides react with sulfhydryl groups

at pH 6.5–7.5 to form stable thioether bonds.41 Since

the target protein is likely to have a number of pri-

mary amine sites, corresponding to lysine side

chains and the N-terminus, the SM-(PEG)2 linker is

first conjugated to the N-terminus of PA. Specifi-

cally, PA was incubated with 10-fold molar excess

SM-(PEG)2 at room temperature for 1 h in a buffer

at pH 7.3 [Fig. 3(A), details in Materials and Meth-

ods]. Unreacted linker was then removed using a

centrifugal concentrator (Millipore), as well as

exchanged into a buffer conducive to refolding of the

ASC CARD domain. Specifically, ASC CARD D134C

C173S was denatured in guanidine-HCl and refolded

by rapid dilution into a solution containing PA-SM-

(PEG)2. The conjugation reaction between the pro-

teins was allowed to proceed overnight at 5�C. The

PA-SM-(PEG)2-ASC CARD was purified from

unreacted components using size exclusion chroma-

tography (details in Materials and Methods). The

labeling was confirmed using SDS-PAGE gel [Fig.

3(B)], where we observed a band corresponding to

the combined molecular weights of the ASC CARD

and PA (�17 kDa).

Characterization of the ASC CARD-PA fusion by
NMR and fluorescence

The suitability of PA-SM-(PEG)2-ASC CARD was

assessed for NMR applications. Enhanced solubility

of ASC CARD was immediately obvious for the PA

conjugate, since the protein did not aggregate during

buffer exchange for NMR applications. A 1H-15N

HSQC spectrum acquired at a protein concentration

of 500 mM at 25�C in pyroptosis buffer13 has 85

resolved peaks [Fig. 4(A)] of 88 that would be

expected on the basis of the primary structure.

Moreover, the chemical shifts of the peaks are well

dispersed, indicative of a folded protein. Narrow

linewidths further suggest that the relaxation prop-

erties are satisfactory for most NMR applications.

Finally, the sample was stable for weeks at room

temperature and the appearance of the 1H-15N

HSQC spectrum remained unchanged (data not

shown).

We measured 15N T1, 15N T2 and {1H}-15N NOE

for ASC CARD in PA-SM-(PEG)2-CARD in pyropto-

sis buffer at 25�C, allowing for protein tumbling

time determination.44 The average 15N R2 and R1

values were 14.4 6 3.2 s21, and 1.48 6 0.14 s21,

respectively, on a spectrometer operating at 600

MHz [Fig. 4(B)]. The correlation time estimated

from R2/R1 ratios was 9.20 6 0.05 ns. This is con-

sistent with a monomeric 17 kDa complex. Impor-

tantly, it should be possible to acquire all standard

triple resonance experiments on this sample.45

In contrast to the PA-SM-(PEG)2-CARD sample,

we were unable to concentrate the wild type ASC

CARD by itself in pyroptosis buffer above 10 mM,

since the protein formed visible aggregates above

this concentration. We attempted to obtain 1H-13C

HSQC spectrum on a sample where Ile, Leu, Met,

and Val methyl groups are 13C, 1H labeled. Methyl

groups are some of the most sensitive probes

Figure 4. Biophysical analysis of PA-SM-(PEG)2-CARD.

A.1H-15N HSQC spectrum of ASC CARD D134C C173S with

PA solubility tag. 85 well dispersed resonances are visible in

the spectrum, suggesting a well folded protein. B. Distribu-

tion of R1 (left) and R2 (right) values for ASC CARD in PA-

SM-(PEG)2-CARD. The relaxation properties are consistent

with monomeric protein. C. 1H-13C HSQC spectrum of ASC

CARD with and without the PA solubility tag. The spectrum

of ASC CARD only was acquired for 16 h on a 10 mM sam-

ple; the spectrum of CARD with the solubility tag took only

20 min on a 500 mM sample. Signal:noise on the 20 min

spectrum is still >10-fold higher. D. Fluorescence emission

spectrum of ASC CARD with and without the PA solubility

tag. The excitation wavelength was 290 nm to ensure that

tyrosines do not contribute significantly to this emission

spectrum. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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available for NMR analysis of proteins and can be

visible in species with unfavorable relaxation prop-

erties (such as high molecular weight oligomers)

when other types of probes are not.3 While peaks in

the spectrum of the free protein are broadened, sug-

gesting self-association even at 10 mM, the chemical

shifts of visible resonances for both PA-SM-(PEG)2-

CARD and ASC CARD are very similar; thus label-

ing does not appear to fundamentally change the

structure of CARD domain [Fig. 4(C)]. Differences in

relative peak intensities between the two samples

are most likely due to aggregation of the ASC CARD

sample, albeit a dynamic process on a millisecond

time scale cannot be excluded. If an NMR spectrum

of the native protein cannot be obtained under the

same solution conditions, tryptophan fluorescence is

an alternative technique for determining the effects

of labeling on the target protein structure. PA has

been designed to have no tryptophans and a single

tyrosine, and therefore tryptophan fluorescence

measurements reflect properties of the target pro-

tein. Tryptophan fluorescence spectra of the ASC

CARD are not affected by conjugation to PA, sug-

gesting that labeling does not alter the conformation

of ASC CARD [Fig. 4(D)].

Discussion

The approach presented here for increasing protein

solubility has a number of obvious advantages: (1)

there are a number of commercially available linkers

that can be used that vary in chemical composition

and length,41 (2) the solubility tag can be introduced

at any position on the target protein, (3) nearly all

the target protein was labeled in the conjugation

reaction, (4) ability to selectively introduce isotopic

labels into the target protein, as well as deuterate

the solubility tag, (5) the labeling reactions can be

conducted under a wide range of solution conditions

that are compatible with downstream NMR applica-

tions, and (6) highly sensitive fluorescence-based

analysis determining whether or not the native fold

is preserved upon labeling. The drawback of the

method is the requirement for a solvent-exposed cys-

teine. If a protein structure is unknown, Ellman’s

reagent can be used to establish the number of

solvent-exposed cysteines.46 PA could potentially be

conjugated to any solvent-exposed cysteine that is

available. In the case that multiple cysteine side

chains are solvent exposed, PA could be conjugated

at all of these positions, with a concomitant increase

in molecular weight of just over 6 kDa for every cys-

teine that is labeled. In contrast, if none are natu-

rally available, cysteines could be introduced at

positions close to the N- or C-termini immediately

adjacent to the protein, where the mutation would

not likely affect the protein fold. Positions not con-

served in sequence alignments and predicted to be

on the surface of the protein would also be excellent

choices for cysteine substitution.

Other protein folds aside from the BdpA may

provide even better platforms for designing solubil-

ity tags that can be attached using heterobifunc-

tional crosslinkers. Small, single domain proteins

that have proven to enhance the solubility of its

partners in vivo and in vitro are the best targets,

such as GB1 domain, SUMO or ubiquitin.25,47 Simi-

lar to PA, all of them will require sequence re-design

to remove lysines, while lowering or raising the pI

to extreme values and maintaining stability of the

fold. Extensive mutagenesis data are available for

most of them.48,49

We showed that attaching a small, 6 kDa pro-

tein to the CARD domain of ASC with a heterobi-

functional crosslinker resulted in dramatic

improvements in protein solubility, so that effec-

tively any NMR measurement is possible on this

protein under physiological conditions. The method

used here has the advantage that the solubility tag

can be conjugated to the protein at any position, and

not just at the N- or C-terminus as a recombinant

fusion. The tag would most effectively be conjugated

at positions on the target protein that would break

an oligomerization interface. Also, the tag effectively

lowers the pI of the PA-target protein conjugate,

increasing the solubility of proteins that have pIs

close to 7 at physiological pH. Finally, selective deut-

eration of PA in the PA-ASC CARD conjugate will

eliminate any background signals arising from the

tag that might otherwise complicate interpretation

of NMR data. The method is sufficiently simple that

it can be applied to any protein solubility problem.

It will be of broad and general interest to anybody

struggling with proteins that form dimers, oligom-

ers, or aggregates.

Materials and Methods

Protein expression
Re-designed PA was expressed in E. coli Rosetta 2

(DE3) cells (Novagen) from the pET29a vector in

either terrific broth (TB) when unlabeled protein

was required, or M9 minimal media when 15N label-

ing was needed. The cells were grown at 37�C in TB

or M9 H2O medium supplemented with 100 mg/L of

kanamycin until OD600 � 2, when expression was

induced by addition of 1 mM IPTG and allowed to

proceed overnight at 25�C. The protein was purified

using a two-step protocol that included Ni affinity

and Q ion exchange columns. Specifically, the bacte-

ria were harvested by centrifugation and resus-

pended in Ni-A buffer (10 mM imidazole, 50 mM

potassium phosphate, 500 mM sodium chloride, pH

8.0) supplemented with PMSF, lysozyme and DNAse

I. The cells were lysed by sonication and spun down

at 45,000 g for 30 min. The filtered supernatant was
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applied to a column with Ni Sepharose beads (GE

Healthcare), equilibrated and washed with Ni-A

buffer. PA was eluted using Ni-B buffer (500 mM

imidazole, 50 mM potassium phosphate, 500 mM

sodium chloride, pH 8.0). After overnight dialysis

into 20 mM Tris pH 8.0 in 3k MWCO dialysis mem-

brane (Spectrum Laboratories) with 1 mg of TEV

protease,50 the protein was further purified on the

HiTrap Q HP 5 mL column (GE Healthcare) using

1%/mL NaCl gradient from 0 to 1 M in 20 mM Tris,

pH 8.0. The purity and identity of the protein was

confirmed using SDS-PAGE, NMR and electrospray

ionization mass spectrometry.

BdpA was expressed from pRSET A vector,

where the domain was fused to lipoyl fusion protein,

separated by a thrombin protease cleavage site, and

produced as described previously.28

The ASC CARD was expressed in E. coli

C43(DE3) cells grown in M9 minimal media contain-

ing 15N ammonium chloride to yield protein that is

isotopically enriched with 15N. In addition, methyl

groups were selectively labeled with 13C at d1 of iso-

leucine, d1 and d2 of leucine, g1 and g2 of valine, and

e1 of methionine by adding 60 mg/L of 2-keto-3,3-D2-

4-13C-butyrate (Ile), 80 mg/L 2-keto-3-methyl-D3-3-

D1-4-13C-butyrate (Leu,Val), or 80 mg/L 13C-methyl

methionine (Met) to the media 1 h before induction,

as previously described.18 Protein expression was

induced at an OD600 of 0.8 and proceeded at 37�C

for 6 h. After centrifugation, cells were resuspended

in 7 M guanidine HCl, 50 mM potassium phosphate,

300 mM sodium chloride, 10 mM imidazole, 1 mM

tris(2-carboxyethyl)phosphine (TCEP) pH 8.0 (Ni-C)

and lysed by freezing overnight at 280�C. Cells

were briefly sonicated and spun at 45,000 g for 45

min. The supernatant was applied to a HisTrap FF

column (GE Healthcare) equilibrated with Ni-C and

washed with �200 mL Ni-C. To remove TCEP and

shift the pH to 7.0, the column was washed with

three column volumes of 7 M guanidine HCl, 50 mM

potassium phosphate, 300 mM sodium chloride, 10

mM imidazole, pH 7.0, and then eluted with three

column volumes of 7 M guanidine HCl, 50 mM

potassium phosphate, 300 mM sodium chloride, 250

mM imidazole, pH 7.0.

Labeling
A stock of SM-(PEG)2 (Thermo Scientific) was pre-

pared in dimethyl sulfoxide (DMSO) as described by

the manufacturer. It was diluted into a �1 mM solu-

tion of PA in 25 mM HEPES pH 7.3, 100 mM NaCl

at a 10-fold molar excess of of SM-(PEG)2 to PA and

incubated for 1 h at 25�C. Unreacted linker was

removed by buffer exchanging into 50 mM potas-

sium phosphate pH 7.0, 300 mM NaCl using a cen-

trifugal concentrator (Millipore, 3 kDa cutoff). The

ASC CARD was refolded at 5 lM into a solution con-

taining PA-SM-(PEG)2 at 15 lM, 5�C. The reaction

between the linker and ASC CARD was allowed to

proceed overnight. The next morning, the reaction

was quenched by addition of 1 mM dithiothreitol

(DTT), and the N-terminal His tag on the ASC

CARD was cleaved by addition of TEV protease for 1

day incubation at 5�C. TEV was removed using a

HisTrap FF column equilibrated in the refolding

buffer, where the flow through contained the PA-

SM-(PEG)2–ASC CARD. The solution was concen-

trated using a centrifugal concentrator (Millipore, 3

kDa cutoff) and then purified by size exclusion on a

HiLoad 16/60 Superdex 200 prep grade gel filtration

column (GE Healthcare) equilibrated in 50 mM

potassium phosphate pH 7.0, 300 mM NaCl.

This labeling reaction was performed by refold-

ing the protein into the labeling buffer, but the

labeling reaction for most of the target proteins

should not require refolding. The solubility tags

used for protein expression generally lack solvent-

exposed cysteines,47 so the reaction could easily be

performed when the fusion tag used in protein

expression is still attached to the target protein.

After successful labeling, the reaction could be

quenched with addition of DTT, and the fusion tag

removed by adding appropriate protease. The target

protein should remain in solution due to the attach-

ment of PA.

SDS-PAGE gel electrophoresis
The labeling was confirmed on Any kD Mini-

PROTEAN TGX precast polyacrylamide gel (Bio-rad)

run for 90 min at 100 V. The proteins were visual-

ized using Commassie Brilliant Blue G-250 staining

protocol.51

NMR

Samples for NMR measurements were prepared in

20 mM HEPES, 20 mM potassium chloride, 0.02%

sodium azide, 2% D2O buffer that mimics

physiologically-relevant conditions under which ASC

self assembles into a regulatory complex called the

pyroptosome to initate an inflammatory form of cell

death.13 All NMR measurements were performed at

25�C on Bruker Avance 600 MHz spectrometer

equipped with 5 mm TXI triple resonance cryo-probe

and single-axis gradients. The 2D 15N T1, T2 and

{1H}–15N nuclear Overhauser effect (NOE) experi-

ments were acquired using Bruker built-in pulse

sequences. The relaxation data was analyzed using

Sparky 3.115 and fit using the non-linear least-

squares Levenberg-Marquardt algorithm. The corre-

lation time was determined using Tensor 2 software

from R2/R1 ratio, considering only residues for which

{1H}–15N NOE>0.65 and R1, R2 values are within

one standard deviation from the mean.44 This mini-

mized the effect of motions that are faster than the

overall rotational diffusion but slower than �100 ps

(which alter R1 values), and motions occurring on a
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micro-second to milli-second time scale (which affect

R2 values).52

Circular dichroism

Far-ultraviolet CD spectra were acquired on a Aviv

Model 215 at 25�C using 50 mM protein in a cuvette

with 1-mm path length in two buffers: 10 mM potas-

sium phosphate, pH 7.4 and 10 mM potassium phos-

phate, 500 mM sodium chloride, pH 7.4.

Temperature scans were acquired under above con-

ditions at 222 nm using bandwith of 1.5 nm at 1�C

intervals between 25 and 98�C with 30 s equilibra-

tion at each temperature. Thermal denaturation

curves were fitted to a two state model assuming

DCp of 650 cal mol21 K21 (Refs. 16,28) using R

2.14.1 statistical analysis software.

Fluorescence

Measurements of tryptophan fluorescence were per-

formed on a Tecan Infinite M1000 PRO plate reader

in black 96 full-well plates at 25�C. Fluorescence

spectra of samples containing 3 mM protein in pyrop-

tosis buffer were recorded with an excitation wave-

length of 290 nm and a bandwidth of 2.5 nm.
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