
Redox-dependent disulfide bond
formation in SAP30L corepressor protein:
Implications for structure and function

Mikko Laitaoja,1 Helena Tossavainen,2 Tero Pihlajamaa,2 Jarkko Valjakka,3

Keijo Viiri,4 Olli Lohi,4 Perttu Permi,2† and Janne J€anis1*

1Department of Chemistry, University of Eastern Finland, Joensuu, Finland
2Institute of Biotechnology, University of Helsinki, Helsinki, Finland
3BioMediTech, University of Tampere, Tampere, Finland
4Center for Child Health Research and Tampere University Hospital, University of Tampere, Tampere, Finland

Received 22 August 2015; Accepted 14 November 2015
DOI: 10.1002/pro.2849
Published online 26 November 2015 proteinscience.org

Abstract: Sin3A-associated protein 30-like (SAP30L) is one of the key proteins in a multi-subunit pro-

tein complex involved in transcriptional regulation via histone deacetylation. SAP30L, together with a

highly homologous SAP30 as well as other SAP proteins (i.e., SAP25, SAP45, SAP130, and SAP180), is
an essential component of the Sin3A corepressor complex, although its actual role has remained elu-

sive. SAP30L is thought to function as an important stabilizing and bridging molecule in the complex

and to mediate its interactions with other corepressors. SAP30L has been previously shown to contain
an N-terminal Cys3His type zinc finger (ZnF) motif, which is responsible for the key protein–protein,

protein–DNA, and protein–lipid interactions. By using high-resolution mass spectrometry, we studied

a redox-dependent disulfide bond formation in SAP30L ZnF as a regulatory mechanism for its struc-
ture and function. We showed that upon oxidative stress SAP30L undergoes the formation of two spe-

cific disulfide bonds, a vicinal Cys29-Cys30 and Cys38-Cys74, with a concomitant release of the

coordinated zinc ion. The oxidized protein was shown to remain folded in solution and to bind signal-
ing phospholipids. We also determined a solution NMR structure for SAP30L ZnF that showed an over-

all fold similar to that of SAP30, determined earlier. The NMR titration experiments with lipids and

DNA showed that the binding is mediated by the C-terminal tail as well as both a-helices of SAP30L
ZnF. The implications of these results for the structure and function of SAP30L are discussed.

Keywords: SAP30L; Sin3A-associated protein; zinc finger; disulfide; redox regulation; mass spec-

trometry; Fourier transform ion cyclotron resonance; NMR

Introduction
Redox-dependent protein modifications in cellular

proteins provide mechanisms for the cells to respond

to oxidative stress, caused by reactive oxygen species

(ROS), via initiation of signal transduction pathways

and induction of gene expression.1–4 Many eukaryotic
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proteins utilize zinc finger (ZnF) motifs with reactive

cysteine residues as redox switches to sense changes

in cellular redox potential by reversible disulfide bond

formation or other oxidative modifications. These

modifications may induce conformational changes,

which in turn affect protein activities. A ZnF is one of

the most frequent structural motifs in regulatory pro-

teins. ZnF proteins are typically involved in protein–

nucleic acid and protein–protein interactions,

although the concept of a zinc finger is vague and sev-

eral different zinc binding motifs have been character-

ized.5 In a zinc finger, the Zn(II) ion is most frequently

coordinated by four cysteine residues, having tetrahe-

dral binding geometry.6 ZnF-based redox switches are

involved in many physiological events such as cell

growth and differentiation, transcription, translation,

signal transduction, and apoptosis.1–4 For example, it

has been shown that redox-dependent modifications

in histone deacetylases (HDACs) can directly affect

their transcriptional repression function, most likely

involving ZnF motifs.7,8

Sin3A-associated protein 30-like (SAP30L) is

one of the key proteins in a multi-subunit protein

complex, which is involved in transcriptional regula-

tion through histone deacetylation.9,10 Besides

Sin3A, which functions as an important scaffold pro-

tein, the complex comprises of at least ten other pro-

teins [Fig. 1(A)], two class I HDACs (HDAC1 and

HDAC2), two histone-binding proteins (RBBP4/

RbAp46 and RBBP7/RbAp48) and, at least, seven

Sin3A-associated proteins (SAP25, SAP30, SAP30L,

SAP45/SUDS3, SAP130, SAP180/ARID4B, and

RBBP1/ARID4A), whose functions are largely

unknown.9,11,12 The Sin3A complex regulates a wide

variety of genes involved in a number of cellular

processes. The complex is among the very few mam-

malian corepressor complexes that have been char-

acterized so far. Sin3A is a large acidic protein

involved in transcriptional repression, but it is

unable to bind DNA directly and, therefore, requires

the recruitment and interaction of other DNA bind-

ing proteins. SAP30L is the newest member of

Sin3A-associated proteins and shares 70% sequence

identity with SAP30 (thus the name like) (Support-

ing Information Fig. S1). SAP30L was originally dis-

covered from T84 cells induced to differentiate by

Figure 1. (A) Schematic representation of the multi-component Sin3A corepressor complex. The complex comprises at least

ten proteins (see text for details). Sin3-associated protein 30 (SAP30) mediates the key DNA and phospholipid interactions of

the complex and also associates with histone 2A/2B proteins as well as other transcription factors (e.g., NCoR and YY1; see

text for details). (B) Known functional motifs in SAP30L. ZnF, a zinc finger motif; NLS, nuclear localization signal; NoLS, nucleo-

lar localization signal; PIP, phosphatidylinositol phosphate. (C) The zinc finger motif of SAP30L. The expressed construct com-

prises residues 25–92 of the full-length SAP30L. The construct also contains two additional N-terminal residues (GS) from the

expression vector (thrombin cleavage site).
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transforming growth factor b (TGF-b), and was fur-

ther characterized to interact with DNA and histo-

nes 2A/2B as well as signaling phospholipids.11,13

SAP30 and SAP30L (collectively known as SAP30

proteins) are evolutionarily highly conserved, and

the genes of both proteins can be found from many

different organisms. In previous studies, it has been

suggested that SAP30 proteins have roles as stabi-

lizing and bridging molecules in the Sin3A complex.

Apart from directly binding to DNA and nuclear sig-

naling lipids, they can also interact with several

other corepressors and transcription factors.9,11,14

Previous experiments and truncation assays have

indicated that the paired amphipatic helix 3/4

(PAH3/PAH4) regions in Sin3A are essential for

gene repression.14 SAP30 and SAP30L have been

shown to mainly associate with the PAH3 domain of

Sin3A.14–16 They can also directly interact with

HDAC1 and RBBP4 in addition to other transcrip-

tional factors, such as transcription factor YY1 and

the inhibitor of growth protein ING1b.16–18 Further-

more, SAP30 is known to interact with some viral

proteins and affect protein expression.19–21

As previously demonstrated, SAP30L has several

structural motifs which have many different functions

in the Sin3A complex [Fig. 1(B) and Supporting Infor-

mation Fig. S1].10,11 In addition to the DNA/phospho-

lipid binding ZnF motif, SAP30L also contains an N-

terminal, poorly conserved low complexity region

which is markedly shorter as compared to SAP30

(Supporting Information Fig. S1). The function of this

region is presently unknown. SAP30L also contains a

(polybasic) nuclear localization signal (NLS), which

also mediates the DNA and phospholipid binding.

This is followed by a central acidic region that contrib-

utes to histone 2A/2B interaction, and a C-terminal

nuclear matrix targeting signal (NMTS) along with a

nucleolar localization signal (NoLS).22 The structural

motifs downstream of NLS make up the C-terminal

domain of SAP30L, also known as a Sin3A interaction

domain (SID), which is highly conserved (Supporting

Information Fig. S1). The solution NMR structure of

the SAP30 SID in complex with the Sin3A PAH3

domain of was recently reported.16

Both SAP30 and SAP30L have been previously

characterized in two independent studies to contain a

novel Cys3His type ZnF motif [Fig. 1(C) and Support-

ing Information Fig. S1) that is necessary for protein

folding and function.11,23 The ZnF motif is almost

identical in SAP30 and SAP30L, containing exactly

the same four zinc coordinating amino acid residues

(Cys29, Cys38, Cys74 and His77 in SAP30L; for the

corresponding residues in SAP30, see Supporting

Information Fig. S1).11 The ZnF motif in both SAP30

and SAP30L is a key element for the repression

activity of the Sin3A complex. The ZnF motif in

SAP30L mainly comprises residues 25–77 (Fig. 1).

The solution NMR structure for SAP30 ZnF (PDB

entry 2KDP) indicated that it adopts a totally new

fold, comprising two anti-parallel b-strands packed

against a pair of a-helices, and a well-defined hydro-

phobic core.23 Although lacking any sequence similar-

ity to other known zinc fingers, the fold bears a

resemblance to the treble clef ZnF motif, the closest

three-dimensional structure being the ZnF of Dro-

sophila transcription factor grauzone (PDB entry

1PZW).24,25 Interestingly, both SAP30L and SAP30

also contain an additional cysteine residue, Cys30,

next to Cys29. This cysteine residue is highly con-

served through evolution.22 Previous mutation and

NMR analyses have shown that this residue is not

involved in the zinc ion binding.11,23 However, the

appearance of an “unliganded” cysteine residue in a

zinc finger protein is highly unusual, especially

nearby the coordinating residues. This residue could

function as a backup coordinating residue for zinc in

case of mutation or has a role in the redox-regula-

tion.26 Although the entire zinc finger structure is

required for the DNA binding, the C-terminal a-helix

and the following polybasic region are the key struc-

tural elements for the binding, as demonstrated by

mutation and truncation analysis.11,23 So far, SAP30

and SAP30L have not been shown to have any DNA

sequence specificity, thereby functioning as a general

DNA binding element.11,16,23

In this work, we characterized a redox-dependent

disulfide bond formation in SAP30L as a regulatory

mechanism for its structure and function. The main

hypothesis was that the ZnF motif in SAP30L works

as a redox switch, which controls the DNA and phos-

pholipid binding and affects the repression activity of

the Sin3A complex. We employed high-resolution

native mass spectrometry (native MS) to study struc-

tural changes and phospholipid/metal ion binding in

SAP30L upon simulated oxidative stress conditions.

In recent years, native MS has emerged as a powerful

tool for structural biology studies.27,28 Native MS is

based on electrospray ionization (ESI) which allows

proteins and their ligand or metal complexes to be

analyzed in native state. ESI in combination with a

Fourier transform ion cyclotron resonance (FT-ICR)

technique29 is especially suited for the analysis of

intact metalloproteins due to its high mass resolution

and mass accuracy. This allows small structural

changes, for example, disulfide bond formation or

metal atom oxidation/reduction, to be directly ana-

lyzed. In addition, we also determined a solution NMR

structure for the SAP30L ZnF motif and studied its

phospholipid and DNA binding by chemical shift per-

turbation analysis.

Results

SAP30L contains a ZnF motif similar to SAP30

In our previous work, we showed, by using native

mass spectrometry, that SAP30L contains an N-
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terminal ZnF, where zinc is coordinated by a novel

Cys3His motif.11 We also showed, by mutation analy-

sis, that Cys29, Cys38, Cys74, and His77 are the

zinc coordinating amino acid residues. The full-

length SAP30L has 183 residues and at least six

structural/functional motifs [Fig. 1(B)]. In our previ-

ous work, we used a ZnF construct which spans resi-

dues 1–92 and comprises all structural motifs of the

N-terminal domain of SAP30L [Fig. 1(C)]. However,

since a largely unstructured N-terminal region (resi-

dues 1–24) has no role in the DNA or the lipid bind-

ing,11 we produced a shorter construct that contains

the residues 25–92, which includes both the ZnF

and the NLS motifs. This polypeptide represents a

minimal structural construct for the SAP30L ZnF

that can autonomously fold and bind both DNA and

phospholipids, and is essentially the same as the

one used in the solution NMR structure determina-

tion for the highly homologous SAP30.23 For simplic-

ity, this construct is hereafter referred to as

SAP30L.

The ESI FT-ICR mass spectrum of SAP30L

measured in denaturing solution conditions showed

a wide charge state distribution (61 to 141), typical

for a denatured protein of that size [Fig. 2(A)]. The

mass for the most abundant isotopologue was deter-

mined to be 8100.291 6 0.002 Da, which agrees well

with the mass calculated from the sequence without

a coordinated zinc ion (8100.267 Da for

C350H580N112O101S4). There were no signs of associ-

ated zinc ions (not even any trace signals) in the

spectrum. This indicates that in these conditions

SAP30L existed as an unfolded polypeptide in solu-

tion.30 To test whether the chelation of zinc from the

structure causes the polypeptide to unfold, similar to

that observed upon the denaturing solution condi-

tions, a mass spectrum of SAP30L was also meas-

ured in 20 mM ammonium acetate (pH 6.8) in the

presence of excess 1,10-phenanthroline, a known

zinc-chelating agent [Fig. 2(B)]. The ESI FT-ICR

spectrum measured in these conditions was essen-

tially the same as in the case of denaturing solution

conditions [Fig. 2(A)], indicating an unfolded apopro-

tein in solution. This is not surprising given that the

structural zinc sites are known to lose their tertiary

structure upon zinc removal due to a small hydro-

phobic core. The experimental mass was determined

to be 8100.289 6 0.005 Da, indicating that all cyste-

ine residues remained as free thiols, that is, no

disulfide bonds or any other oxidative modifications

were present in these conditions. EDTA, another

zinc-chelating agent, was also tested but a consider-

ably slower chelation rate was observed. The

improved zinc removal with 1,10-phenanthroline

Figure 2. ESI FT-ICR mass spectra of SAP30L (residues 25–92) measured in (A) MeCN/H2O/HOAc (49.5:49.5:1.0, v/v), (B)

20 mM NH4OAc buffer (pH 6.8) in the presence of 1,10-phenanthroline (100-fold molar excess), (C) 20 mM NH4OAc buffer (pH

6.8), and (D) 20 mM NH4OAc buffer after oxidation for 10 min with hydrogen peroxide (10-fold molar excess). The numbers

denote different charge states. The protein concentration was 1 mM in (A) and 5 mM in other measurements. Insets show the

deconvoluted isotopic distributions of SAP30L. The arrows denote peaks representing the most abundant isotopologues with

their masses indicated.
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over EDTA might be due to its ability to substitute

zinc coordinating amino acids (structure similar to

histidine) by forming a ternary complex with the

protein and eventually removing the bound zinc ion.

Therefore, we used 1,10-phenantroline in all further

experiments. The 1H,15N HSQC spectrum of zinc-

chelated SAP30L showed features typical for a disor-

dered protein, as well (Supporting Information Fig.

S2). The lack of a stable unique structure results in

exchange on a fast time scale, which in turn leads to

relatively sharp cross-peaks occupying a narrow 1H

region of the spectrum.

In contrast, a mass spectrum of SAP30L meas-

ured in near-native solution conditions (20 mM

ammonium acetate, pH 6.8) showed a narrow

charge state distribution, centered around 61 [Fig.

2(C)], with the mass being �64 Da higher as com-

pared to the apoprotein, consistent with the associa-

tion of one Zn21 ion. The experimental mass,

averaged over the three observed charge states, was

8164.160 6 0.007 Da, which almost perfectly

matches with the theoretical value of the holopro-

tein (8164.181 Da for C350H578N112O101S4Zn1). The

mass was calculated by assuming an addition of one

Zn21 ion accompanied by the loss of two protons,

causing a theoretical mass increment of 63.91 Da.

In ZnF, zinc ion binding is always accompanied by

the removal of two protons, resulting in a formally

neutral “zinc complex.”31,32 Moreover, the narrow

charge state distribution having a considerably

lower average charge and fewer charge states, as

compared to the denatured/zinc-chelated protein,

indicated the presence of a fully folded protein in

solution. Earlier NMR studies have shown that in

the presence of zinc SAP30 folds very quickly to a

compact, well-folded structrure.23 This result is con-

sistent with our earlier study11 of the SAP30L ZnF

construct comprising residues 1–92, and indicates

that the construct used here (residues 25–92) was

equally capable of binding one zinc ion. No protein

without zinc was observed, implying very high

affinity. It must be noted that in these experiments,

no extra zinc was added to the sample, thus the

only source for zinc being the zinc salt added upon

the protein expression. This also means that there

was no loss of zinc from the structure, even during

the extensive desalting of the protein samples prior

to MS experiments.

The 1H,15N HSQC spectrum of holo-SAP30L

also showed characteristics of a well-folded protein

in solution with good signal dispersion and roughly

equal cross peak intensities (Fig. 3). A standard

assignment procedure led to an almost complete

chemical shift assignment. The amide signals of

seven residues (Gly23, Ser24, Phe47, Lys61, Val68,

Arg69, and Tyr72) were missing from the HSQC

spectrum, and Gly23 lacked Ha and Arg69 Ha and

Hb assignments. The residues Gly23 and Ser24 are

not part of the original sequence but the result of

the bacterial expression construct used. The

slightly downfield Cb shifts of cysteines 29, 38, and

74 (32.8, 31.3, and 33.3 ppm, respectively) com-

pared to that of Cys30 (28.9 ppm) are in accordance

with these three cysteines being coordinated to

zinc.33

The three-dimensional structure for SAP30L

was determined by using distance and TALOS

dihedral angle restraints employing an automated

iterative structure calculation—NOE assignment

procedure.34 The final ensemble of fifteen struc-

tures is shown in Figure 4(A) and the structural

statistics are summarized in Table I. The residues

Ser28-Arg85 form the core structure, while the N-

and C-terminal residues, Gly23-Gln27 and Asn86-

Thr92, respectively, are disordered. The regular sec-

ondary structure elements are formed by residues

Leu31-Glu33 and Leu62-Ile64, located in a short

antiparallel b-strand, and the residues Val51-Ser56

and Asp75-Ser85 located in the two a-helices [Fig.

4(B)]. Thus, the majority of the residues are found

in loops.

To investigate how mobile these long loops are,

we acquired 15N relaxation data and calculated the

product of longitudinal and transverse relaxation

rates, R1R2. This quantity reveals local mobility.35

Low R1R2 values are indicative of fast pico- to nano-

second time scale mobility, and high R1R2 values are

associated with slow micro- to millisecond exchange

broadening. Several outliers are present in the R1R2

plot of SAP30L (Supporting Information Fig. S3). The

terminal residues exhibit low R1R2 values, consistent

with disordered tail regions. The residues Ser46,

Ser50, Lys53, Ile55, Lys66, His70, and Ile73 have

high R1R2 values, indicative of exchange broadening.

Figure 3. Assigned 1H,15N HSQC spectrum of holo-SAP30L.

Cross peaks marked in green originate from side chain NAH

groups; they appear as doublets due to insufficient decou-

pling power outside the backbone amide 15N region. The

cross-peak of Gly35 is aliased from the lower 15N field, 101.9

ppm. Side chain NH2 resonances of Asn and Gln residues

are connected with horizontal lines.
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The neighboring residues Phe47, Lys61, Val68,

Arg69, and Tyr72, for which no cross-peaks were

observed in the 1H,15N HSQC spectrum, are most

probably mobile in the same time scale, undergoing

exchange that results in extreme line broadening.

The overall three-dimensional structure of

SAP30L is remarkably similar to that of SAP30

[Fig. 4(C)]. Overlay of the residues in their sec-

ondary structures (including only the first turn of

the second a-helix, the residues Asp75-Phe80) for

the best matching pair of structures in the ensem-

bles gives a backbone atom RMSD of 0.58 Å. The

minor differences are found in the length of the

second a-helix, which is, on average, three resi-

dues longer in SAP30L, and around the residues

Val39 (Gly77 in SAP30) and Arg69-His70 (Arg107-

His108), where the Ca traces differ by more than

2 Å. Also, the aromatic rings of His70 and His108

are in a perpendicular orientation in the two

structures. It is likely that the differences at both

locations originate from the sequence differences.

The valine residues Val39 and Val68 in SAP30L

correspond to Gly77 and Ala106 in SAP30. Via

these minor modifications, the larger side chains

can be accommodated.

SAP30L undergoes formation of two disulfide

bonds upon oxidative stress
As ZnF proteins are known to be redox-regulated,

we sought to investigate the structural and func-

tional roles of redox-dependent modifications in

SAP30L.36,37 In our earlier study, we observed disul-

fide formation upon selective serine/alanine muta-

tions of the zinc coordinating amino acid residues of

SAP30L.11 However, the functional role of these

disulfide bonds remained elusive, as the mutated

proteins quickly degraded in solution. To simulate

oxidative stress conditions in vitro, SAP30L was

treated with a 10-fold molar excess of hydrogen per-

oxide (H2O2) for 10 minutes at room temperature. A

mass spectrum of the oxidized SAP30L [Fig. 2(D)]

Figure 4. Solution NMR structure of SAP30L. (A) Ensemble of 15 lowest-energy structures. (B) Ribbon structure with secondary

structure elements and zinc binding site highlighted. (C) Overlay of the best matching structures of SAP30L (tan) and SAP30

(light blue) NMR ensembles. Superposed are the backbone atoms of the residues in the secondary structures, omitting the C-

terminal half of a2.

Table I. Structural Statistics of the SAP30L Zinc
Finger NMR Ensemble

Structural restraints
Distance restraints 924

short–range |i–j|� 1 508
medium–range

1<|i–j| <5

123

long–range |i–j|� 5 293

zinc coordination 12

TALOS dihedral restraints 88 (44 /, 44 w)
Average AMBER energy (kcal mol21) 21905.3 6 132.5

Agreement with experimental data
Number of NOE violations >0.3 Å 0

Average RMS deviations from
distance restraints (Å)

0.046 6 0.004

Average RMS deviations from ideal

covalent geometry
Bonds (Å) 0.0104 6 0.0001

Angles (8) 2.138 6 0.030
Ramachandran plot regions (%)

Favored regions 87.5
Allowed regions 10.1

Disallowed regions 2.4

Ensemble RMSD (Å)a

Backbone 0.37 6 0.09

Heavy 0.99 6 0.08

a Residues 27–83.
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was very similar to that observed with the holopro-

tein [Fig. 2(C)]. However, the experimental mass,

determined to be 8096.219 6 0.005 Da, suggested

that two disulfide bonds had been formed with a con-

comitant release of the coordinated zinc ion (calc.

8096.236 Da for C350H576N112O101S4). The experi-

mental isotopic distribution suggested the presence

of a fully oxidized protein, that is, no free thiols were

present in the structure. SAP30L has four cysteines,

two adjacent Cys29 and Cys30, as well as Cys38 and

Cys74, from which three (Cys29, Cys38, and Cys74)

are involved in the zinc ion binding.11 Because these

four cysteine residues are in close proximity in the

folded protein structure, it is plausible that only

minor conformational changes are required for their

formation. No zinc binding was detected with the oxi-

dized protein. Moreover, no other oxidative modifica-

tions were detected, even up to millimolar peroxide

concentrations (data not shown).

Interestingly, the charge state distribution of

the oxidized SAP30L was essentially the same as

observed for the zinc-complexed holo-SAP30L [Fig.

2(C,D)]. This result suggests that the oxidized

SAP30L remained folded in solution or, at least, had

a very similar solvent-accessible surface area as

compared to holo-SAP30L.38 This is an intriguing

finding, since zinc fingers are known to unfold in

the absence of a coordinated zinc ion. To analyze the

structure further, we attempted to acquire an
1H,15N HSQC spectrum for the oxidized SAP30L. In

contrast to apo- or the holoproteins, no reasonable

signals could be detected in the conditions similar to

the native MS experiments, and thus the structure

of the oxidized SAP30L remains to be studied in our

future endeavors with this protein.

To determine the reversibility of the oxidation,

cysteine reduction was performed by incubating the

oxidized protein samples at room temperature with

1 mM dithiothreitol (DTT), which resulted in the

complete reduction of the two disulfide bonds and

instantaneous re-coordination of zinc. The protein

reduction was fully reversible and the appearance

of the mass spectrum following DTT treatment was

essentially the same as that observed for the holo-

protein (data not shown). This shows that the fold-

ing of SAP30L triggered by the zinc binding and

its oxidation with a concomitant zinc release are

fully reversible processes. Parallel incubations of

the oxidized SAP30L in a reducing buffer with an

excess amount of 1,10-phenanthroline did not

reduce the protein, nor did it have any effect on

the charge state distribution, suggesting that the

reduction is only possible in the presence of free

zinc ions in solution, and the reduced cysteines are

only transiently populated in the folded protein

structure.

To further examine which of the four cysteines

had been paired upon oxidation, in-solution trypsin

and on-line pepsin digestions were performed. Two

different proteases were tested in order to validate

their performance in different redox conditions.

While trypsin specifically cleaves after lysine and

arginine residues, pepsin is less specific and many

peptide bonds can be cleaved at various rates. Sup-

porting Information Figure S4 shows a deconvoluted

ESI FT-ICR spectrum for the tryptic digest of holo-

SAP30L, obtained in non-reducing conditions. All

identified tryptic peptides can be found in Support-

ing Information Table SI. Among the identified pep-

tides, we observed six of them to have disulfide

bonds even if the cysteine residues were not initially

oxidized. We found the N-terminal peptide [1–15] to

have an intramolecular disulfide bond, Cys29-Cys30,

even with very short digestion times. The two other

peptides, [1–27] and [1–28], also contained the same

disulfide bond as well as one free cysteine (Cys38).

These observations are in line with our earlier study

that showed an instantaneous disulfide formation

between the adjacent Cys29 and Cys30 upon protein

degradation.11 Cys38 was also detected to form a

disulfide bond with itself, thus making the two

disulfide-linked peptides, [16–27 1 16–27/28]. How-

ever, Cys74 did not form any disulfide bonds (it

appeared as free thiol in the peptides [48–56] and

[48–63]). These oxidized peptides should be consid-

ered as auto-oxidation products under nonreducing

conditions. Therefore, we also performed trypsin

digestion in reducing conditions. Figure 5(A) shows

an ESI-FT-ICR spectrum obtained from a tryptic

digest of holo-SAP30L in the presence of DTT (for

the deconvoluted spectrum, see Supporting Informa-

tion Fig. S4). A total of 22 specific tryptic peptides

were identified in these conditions, accounting for

100% sequence coverage (Table II). No disulfide-

containing peptides were detected, including the

tryptic peptide [1–15] with adjacent cysteine resi-

dues. Yet, formation of intramolecular disulfide

bonds were observed after a short-term storage,

even in reducing conditions, indicating that an oxi-

dized form is favored in small tryptic peptides hav-

ing free thiol groups.

From the tryptic digest of the oxidized protein

[Fig. 5(B)], we identified 16 specific tryptic peptides

(Table II and Supporting Information Fig. S4). These

peptides accounted for 90% sequence coverage for

the oxidized SAP30L, lacking a few C-terminal resi-

dues. This is most likely due to a high amount of

preferable cleavage sites in the polybasic NLS region

(7 arginines and 10 lysines), resulting in many low-

mass tryptic peptides. Six of the identified peptides

contained one or two disulfide bonds. Among the

peptides, we found the N-terminal peptide [1–15] to

have an intramolecular disulfide bond between

Cys29 and Cys30. This peptide was further sub-

jected to ECD-MS/MS measurement, proving that

the disulfide bond is, indeed, formed between the
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two adjacent cysteinyl residues (i.e., a vicinal disul-

fide). The ECD spectrum of [1–15]21 ion showed

multiple z-ions up to the formed disulfide bond (Sup-

porting Information Fig. S5). We also found two

disulfide-linked peptides, [16–27/28 1 48–56], both

having a disulfide bond between Cys38 and Cys74.

Additionally, we detected three larger disulfide-

linked peptides, [1–27/28 1 48–56] and [1–27 1 48–

63], having both disulfide bonds. The ECD spectra

measured for [1–27 1 48–56]41 and [16–27 1 48–

56]31 ions further confirmed these peptides (Sup-

porting Information Fig. S5). As electron capture

mainly targets disulfide bonds in polypeptides,39 and

it is the only bond keeping these peptide chains

together, the main ions in the ECD-MS/MS spectra

resulted from the preferential cleavages between the

two sulfur atoms with limited backbone cleavages.

The peptides corresponding to any other possible

(mixed) disulfide bonds between the four cysteine

residues, or disulfide-linked peptide dimers were not

observed, indicating that SAP30L is specifically

oxidized to form the two specific disulfide bonds,

Cys29-Cys30 and Cys38-Cys74.

The on-line pepsin digestion yielded essentially

the same results. Supporting Information Figure S6

shows deconvoluted ESI FT-ICR mass spectra for

holo- and the oxidized SAP30L digested with immo-

bilized pepsin. A complete list of all identified peptic

peptides can be found in Supporting Information

Table SII. The sequence coverage was 100% in both

cases. From the pepsin digest of holo-SAP30L, we

identified all cysteine-containing peptides as free

thiols. Thus, it is evident that low pH used in on-

line pepsin digestion is sufficient to keep cysteine

thiols protonated, which likely prevents their auto-

oxidation in the absence of a reducing agent. A total

of 19 peptic peptides were identified for the holopro-

tein, accounting for 100% sequence coverage. The

mass spectrum measured for the pepsin digest of the

oxidized SAP30L was markedly different as com-

pared to the holoprotein. All peptides containing

free cysteines were absent, indicating that the disul-

fide bonds are formed before digestion and oxidation

does not occur at low pH. Five of the peptides were

identified to contain disulfide bonds; the peptides

[1–13] and [1–25] confirmed again the vicinal disul-

fide bond between the adjacent Cys29 and Cys30,

while the three larger disulfide-linked peptides con-

firmed the other disulfide bond between Cys38 and

Cys74. Therefore, it seems that pepsin could be pre-

ferred over trypsin for identifying redox-active disul-

fide bonds in proteins since even in the absence of a

reducing agent, no auto-oxidation or mixed disulfide

bonds were observed following digestion. However,

in contrast to trypsin, pepsin digestion is rather

unspecific and this might pose a problem in peptide

identification for larger proteins without subsequent

MS/MS analysis.

Both native and oxidized SAP30L are able to

bind phospholipids

We next sought to investigate whether the oxidized

SAP30L is also able to bind phospholipids and com-

pared its affinity and specificity to that observed

with the holoprotein. Cell signaling phospholipids

are known to mediate DNA binding of SAP30L by

targeting the same binding site with nucleic acids.

In our previous work, we showed that nuclear phos-

pholipids can regulate chromatin association and

therefore decrease repression activity of SAP30L.11

We also showed that the polybasic NLS region is

indispensable for the lipid binding and lipids can

therefore displace the bound DNA. First, we tested

the lipid binding with three phosphatidylinositol

monophosphates (PIPs) by using native mass spec-

trometry. Initially, the lipid binding experiments

were made without heating the samples. In these

experiments, no protein–lipid complexes were

observed at the beginning of the experiment. After

Figure 5. ESI FT-ICR mass spectra of tryptic digests of (A)

holo-SAP30L (with DTT) and (B) oxidized SAP30L. The pep-

tides containing free cysteines have been labeled in A

according to the residue number of the cysteine(s). The insets

in A and B show isotopic distributions for the ions corre-

sponding to the reduced and oxidized tryptic peptide [1–15]

(21 ion), and oxidized, disulfide-linked peptides [16–27 1 48–

56] (31 ion) and [1–27 1 48–56] (41 ion); these peptide ions

were subjected for further ECD-MS/MS analysis (see, Sup-

porting Information Fig. S5 and text for details).
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�30 minutes, increasing signals for lipid complexes

were observed which reached a constant value in an

extended measurement time (data not presented).

We suspect this is due to the self-association of the

lipid molecules into micelles at room temperature,

and the increasing protein–lipid complex signals

during a prolonged measurement was caused by a

slow dissociation of the micelles into monomers that

are then able to bind to the protein. Pure lipids

measured in organic solvent (acetonitrile) or in

ammonium acetate buffer showed peaks from mono-

mers to dimers and higher oligomers with lipid

concentrations of 20 mM or greater. To prevent time-

dependent complex formation, all further experi-

ments were made with preheating the lipid solutions

at 508C for 15 min, which resulted in a constant

amount of protein–lipid complexes from the begin-

ning of the experiment. Similar time-dependent

complex formation has been previously detected for

phosphatidylcholine and phosphatidylglycerol bind-

ing to the fusion peptide P294.40

The lipid binding experiments showed a 1:1

complex formation with the holo-SAP30L (Support-

ing Information Fig. S7). No higher lipid binding

stoichiometries were observed, indicating that

SAP30L binds the lipids in a monomeric form. The

Kd values for the PIP binding to holo-SAP30L were

determined to be 60–80 lM (Table III), with an

affinity order of PI(5)P�PI(4)P>PI(3)P. The deter-

mined values cannot be directly compared, as there

are no other quantitative data available but the

affinity order is qualitatively similar to that

Table II. Identified Tryptic Peptides for Holo- and Oxidized SAP30L

No.a
Mass,

exp. (Da)b
Mass,

theor. (Da)b
Error
(ppm) Residues Sequencec

holo-SAP30L
1 529.3340 529.3336 0.76 28–31 RVQK
2 561.3127 561.3122 0.89 32–36 SISQK
3 602.3286 602.3275 1.74 40–44 LDIDK
4 689.4087 689.4072 2.18 32–37 SISQKK
5 843.5076 843.5066 1.19 38–44 LKLDIDK
6 862.4674 862.4661 1.51 57–63 NFIQSVR
7 944.5290 944.5291 20.11 40–47 LDIDKSVR
8 971.6018 971.6015 0.31 37–44 KLKLDIDK
9 1174.5613 1174.5594 1.62 48–56 HLYICDFHK
10 1185.7100 1185.7081 1.60 38–47 LKLDIDKSVR
11 1235.6101 1235.6081 1.62 16–27 CVRPAGNASFSK
12 1313.8041 1313.8031 0.76 37–47 KLKLDIDKSVR
13 1391.7116 1391.7092 1.72 16–28 CVRPAGNASFSKR
15 1615.6617 1615.6607 0.62 1–15 GSYGQSCCLIEDGER
16 2019.0169 2019.0149 0.99 48–63 HLYICDFHKNFIQSVR
22 2833.2641 2833.2582 2.08 1–27 GSYGQSCCLIEDGERCVRPAGNASFSK
23 2930.5968 2930.5926 1.43 48–70 HLYICDFHKNFIQSVRNKRKRKT
24 2945.5402 2945.5334 2.31 40–63 LDIDKSVRHLYICDFHKNFIQSVR
26 2989.3613 2989.3593 0.67 1–28 GSYGQSCCLIEDGERCVRPAGNASFSKR
27 3186.7203 3186.7125 2.45 38–63 LKLDIDKSVRHLYICDFHKNFIQSVR
28 3314.8165 3314.8074 2.75 37–63 KLKLDIDKSVRHLYICDFHKNFIQSVR
31 4769.6908 4769.6868 0.84 32–70 SISQKKLKLDIDKSVRHLYICDFHKNFIQSVRNKRKRKT
oxidized SAP30L
1 529.3327 529.3336 21.70 28–31 RVQK
2 561.3114 561.3122 21.42 32–36 SISQK
3 602.3270 602.3275 20.83 40–44 LDIDK
4 689.4067 689.4072 20.73 32–37 SISQKK
5 843.5062 843.5066 20.47 38–44 LKLDIDK
6 862.4657 862.4661 20.46 57–63 NFIQSVR
7 944.5294 944.5291 0.41 40–47 LDIDKSVR
8 971.6012 971.6015 20.30 37–44 KLKLDIDK
10 1185.7066 1185.7081 21.27 38–47 LKLDIDKSVR
12 1313.8017 1313.8031 21.07 37–47 KLKLDIDKSVR
14 1613.6443 1613.6450 20.43 1–15 GSYGQSCCLIEDGER (ox)
17 2408.1505 2408.1518 20.54 16–27 1 48–56 CVRPAGNASFSK 1 HLYICDFHK (ox)
19 2564.2520 2564.2529 20.35 16–28 1 48–56 CVRPAGNASFSKR 1 HLYICDFHK (ox)
29 4003.7842 4003.7862 20.51 1–27 1 48–56 GSYGQSCCLIEDGERCVRPAGNASFSK 1 HLYICDFHK (2ox)
30 4159.8839 4159.8873 20.85 1–28 1 48–56 GSYGQSCCLIEDGERCVRPAGNASFSKR1 HLYICDFHK (2ox)
32 4848.2383 4848.2418 20.71 1–27 1 48–63 GSYGQSCCLIEDGERCVRPAGNASFSK 1 HLYICDFHKIQSVR (2ox)

a For the peptides observed for holo-SAP30L without DTT, see Supporting Information Table SI.
b Monoisotopic mass. In case that the identified peptide appeared in multiple different charges states, an average value
has been reported.
c Oxidized cysteines in the sequences have been indicated by (ox) or (2ox).
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observed in our previous work with SAP30L [1–92]

construct.11 The NMR titration experiments of the

highly homologous SAP30 with PI(5)P, reported pre-

viously, suggested a weak binding but without an

estimate of the binding affinity.23

The binding of PI(5)P to SAP30L was also char-

acterized by NMR in order to map the residues

involved. The chemical shift perturbations were

monitored in a series of 1H,15N HSQC spectra

acquired from a sample containing PI(5)P to

SAP30L concentration ratios of 4:1, 3:1, 2:1, and 1:1

(Supporting Information Fig. S8). A reverse titration

was carried out because of an aggregation phenom-

enon occurring in the direct titration with PI(5)P

concentration exceeding that of SAP30L. The cross-

peaks shifted approximately linearly with an

increasing concentration of the ligand, indicative of

low, micro- to millimolar binding affinity that is con-

sistent with the native ESI-MS experiments (Table

III). The chemical shift changes were observed in

the structurally delimited region, namely for the

residues in the C-terminal tail, the second half of

the second a-helix, the beginning and end of the

first a-helix and the residues flanking this helix

(Supporting Information Fig. S8). This region does

not overlap with the zinc-coordination site.

To examine whether the oxidized SAP30L was

still able to bind phospholipids, we titrated the oxi-

dized protein with PI(5)P, which had the highest

affinity toward holo-SAP30L. Surprisingly, native

mass spectra indicated that PI(5)P can also bind to

the oxidized SAP30L (Supporting Information Fig.

S7), having approximately four times higher affinity

as compared to holoprotein. The binding was also

observed to occur with the other lipids, PI(3)P and

PI(4)P. The determined Kd values have been

reported in Table III. The tested PIPs have highly

similar structures, only differing by the location of

the distal phosphate group. They are also the most

similar structures compared to the sugar-phosphate

chain of DNA.41 The lipid binding to the oxidized

SAP30L further supports the finding that it adopts

a folded structure in solution, as suggested based on

the native MS data.

We then attempted to examine whether the oxi-

dized SAP30L would have markedly lower or even

no measurable affinity to DNA, as would be

expected based on the earlier results of the other

redox-regulated repressors and transcription factors.

Unfortunately, all attempts to detect DNA binding

with native ESI-MS, either with the oxidized or

holo-SAP30L, failed since protein signals completely

disappeared upon adding the 8-bp DNA to the pro-

tein sample. However, we could detect signals from

the DNA itself, suggesting that the protein–DNA

complex was not efficiently ionized or the protein

aggregation had occurred (data not presented). By

using NMR, however, we were able to map chemical

shift perturbations induced by the binding of the 8-

bp DNA to the holoprotein (Supporting Information

Fig. S8). Protein aggregation compelled the use of a

reverse titration in this case. The binding affinity

was notably higher for DNA than for PI(5)P, given

that the cross-peaks did not significantly shift after

an equimolar concentration ratio had been reached.

A pattern of perturbations similar to that with

PI(5)P were observed, namely, the most affected resi-

dues located in the C-terminal region as well as in

the first a-helix. No attempts were made to charac-

terize the DNA binding to the oxidized SAP30L.

Discussion
The SAP30 family of proteins is highly conserved

through species and evolution, especially their N-

terminal zinc finger motif.22 From the sequence

alignment (Supporting Information Fig. S1) it is

clear that the zinc coordinating cysteine and histi-

dine residues are exceptionally conserved. Using

mass spectrometry, we examined if the ZnF in

SAP30L can be redox-regulated through reversible

disulfide bond formation, which may have important

implications for its structure and function. The N-

terminal ZnF motif of SAP30L is responsible for the

DNA- and phospholipid-mediated interactions as

well as transcriptional repression. In contrast, the

C-terminal region is involved in protein–protein

interactions, including Sin3A association, although

most of the interactions have not been studied in

detail.16 It has been shown that the disruption of

the zinc-coordinating structure by zinc removal or

mutations of the coordinating amino acid residues

abolishes the DNA binding and eventually causes

degradation of the protein.11 In the reduced form,

zinc is coordinated by a CysCys-X8-Cys-X35-Cys-X2-

His motif (the coordinating residues are underlined).

On the basis of the present results, the ZnF

motif of SAP30L undergoes a redox-dependent disul-

fide bond formation upon oxidative stress. The two

specific disulfide bonds, Cys29-Cys30 and Cys38-

Cys74, are formed, involving Cys30, the non-

coordinating but a highly conserved cysteine resi-

due. The disulfide bond between the two adjacent

cysteines is particularly interesting. Two adjacent

cysteines form a well-known, redox-active Cys-Cys

Table III. Equilibrium Dissociation Constants (Kd)a

for Phospholipid Binding to SAP30L Based on Native
Mass Spectrometry

Protein

Phospahtidylinositol
n-phosphate, PI(n)P

PI(5)P PI(4)P PI(3)P

Holo-SAP30L 61 6 4 mM 66 6 4 mM 83 6 6 mM
Oxidized SAP30L 16 6 1 mM 22 6 1 mM 32 6 2 mM

a From 70 consequtive measurements.
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protein motif, which has been frequently reported to

occur, especially in ribonucleases.42–44 The disulfide

bond between two adjacent cysteine residues (i.e., a

vicinal disulfide bond) is referred to in the literature

as a “forbidden” disulfide, involving an eight-

membered ring structure in which the peptide bond

typically adopts a highly distorted, non-planar trans

conformation.43–46 Vicinal disulfides have been

reported, for example, in insecticidal atracotoxins,47

the Helicobacter pylori heat shock protein A48 and

the human replication protein A (RPA).49 The forma-

tion of a vicinal disulfide bond in RPA alters the

direction of the backbone and causes a strain in the

peptide chain.44

Interestingly, the native MS data suggested that

the oxidized SAP30L retains a folded structure in

solution,50 which is further supported by the

observed affinity toward the PIP ligands. This may

have important implications in relation to its

function in the Sin3A complex. In the absence of

a three-dimensional structure for the oxidized

SAP30L, we modeled the two disulfide bonds into

the NMR structure of holo-SAP30L. The disulfide-

bonded structure was generated by removing the

zinc ion and rotating the torsional angles of the cys-

teine residues to be able to make the two disulfide

bonds, followed by an energy-minimization of the

resulting structure by using the GROMOS96 imple-

mentation (�500 deepest descents, no restraints for

atom movement) of Swiss-PdbViewer 4.1.0.51 The

modeled structure (see Supporting Information

SAP30L_ox.pdb) shows that the formation of these

two disulfide bonds is plausible without any major

conformational changes in the overall structure (the

backbone atom RMSD was 0.68 Å between the two

structures). The peptide bond in the eight-memberd

ring of the vicinal Cys29-Cys30 adopts a clearly dis-

torted trans-conformation (w 5 103.28), consistent

with the other reported vicinal disulfide bonds.45,46

Therefore, the zinc center in SAP30L forms a redox

switch, which, upon oxidative stress, releases the

coordinated zinc ion with a concomitant formation of

the two specific disulfide bonds, a vicinal Cys29-

Cys30 and Cys38-Cys74 (Fig. 6).

From the phylogenetic analysis, it can be

deduced that all SAP30/SAP30L proteins contain the

same cysteines, suggesting an evolutionary pressure

to conserve these residues.22 Interestingly, the oxi-

dized SAP30L was also able to bind phospholipids

that can affect the DNA binding (chromatin associa-

tion). We have shown that both the ZnF and C-

terminal polybasic NLS motif in SAP30L mediate

the lipid binding.11 A similar polybasic region has

been found in the PHD1 zinc finger of the Sin3A-

associated protein Pf1.41,52,53 In our previous study,

it was shown that treating cells with hydrogen per-

oxide increased the concentration of phosholipids,

which led to the relocalization of SAP30L to the

cytoplasm.11 Therefore, the disulfide-mediated

redox-regulation may have a key role in the function

of SAP30 family proteins. Such redox-regulation has

been reported for a number of other transcriptional

regulators. For example, in transcription factor

OxyR54 the formation of disulfide bonds causes a

major conformational change that leads to the

altered DNA binding. In chaperone Hsp33,55,56 the

oxidation of protein leads to the formation of two

disulfide bonds and a concomitant loss of the coordi-

nated zinc ion. The oxidation followed by dimeriza-

tion leads to the active form of the chaperone.

Similarly, in human RPA the oxidation leads to the

formation two specific disulfide bonds that regulate

the DNA binding.49,57,58 Moreover, the reversible

disulfide bond formation in several HDACs, directly

affecting their repressor function, has also been

reported.7,8 For example, a novel regulatory mecha-

nism mediated by the oxidation of both HDAC4, a

class II histone deacetylase, and DnaJb5, a heat

shock protein 40, has been reported, related to the

attenuation of cardiac hypertrophy.8 SAP30L also

contains a nuclear localization signal and the oxida-

tion of the protein might cause conformational

changes sufficient to impair cell signaling, similar to

the Yap1 protein.59

Figure 6. Schematic representation of the redox switch in

SAP30L N-terminal zinc finger motif (left). Upon oxidative

stress, the two specific disulfide bonds, a vicinal Cys29-Cys30

and Cys38-Cys74, are formed. The zinc sites in both the zinc-

complexed holoprotein (the NMR structure; PDB entry 2N1U)

and the oxidized SAP30L (the modeled structure; see text for

details) have been presented as cartoon models (right). In the

holoprotein, the zinc coordination is perfectly tetrahedral. In

the oxidized form, the vicinal Cys29-Cys30 forms an eight-

membered ring with the ring peptide bond adopting a highly

distorted trans-conformation.

582 PROTEINSCIENCE.ORG Redox-dependent Disulfide Formation in SAP30L



The observed redox-regulation of SAP30L sug-

gests a more complex model for its transcriptional

activity, depending on the oxidation status of the

cells. How this affects the association with chroma-

tin and histones as well as other interacting proteins

within the Sin3A complex is presently not under-

stood and will be studied in our future endeavors. It

has been previously reported that HDAC1, which is

part of the Sin3A complex, is involved in carcinogen-

esis through a redox-mediated regulatory mecha-

nism, possibly involving similar disulfide bond

formation in response to the oxidative stress.60

Interestingly, it has also been proposed that SAP30

protein may act as a tumor suppressor as well as a

viral transmission cofactor, where redox-regulation

may have a role by destabilizing or stabilizing the

repressor complex.19,61

Materials and Methods

Protein production and purification
To produce a SAP30L ZnF motif, an expression con-

struct15 for the full-length human SAP30L in pGEX-

4T1 vector was modified to produce the residues 25–

92 in Escherichia coli Rosetta (DE3) cells. The protein

production was carried out in LB broth supplemented

with 50 mg mL21 carbenicillin, 34 mg mL21 chloram-

phenicol, and 20 mM ZnCl2. The production was

induced with 1 mM isopropyl b-D21-thiogalactopyra-

noside for 16 h at 288C. The cell lysate was treated

with DNase and RNase, 5 mg mL21 each, in the pres-

ence of 0.2% Triton X-100, and the GST-SAP30L

fusion protein was recovered from the cleared lysate

in the presence of 1 mM dithiothreitol (DTT) using a

prepacked glutathione sepharose column (GE Health-

care). The bound fusion protein was eluted with a

reduced glutathione, dialysed against a PBS buffer,

and digested with thrombin for 16 h at 208C. Throm-

bin and GST were removed by benzamidine and gluta-

thione affinity columns (GE Healthcare), and SAP30L

was further purified by cation exchange (Resource S

column; GE Healthcare) and size exclusion chroma-

tography (Superdex 75 column; GE Healthcare). The

purified proteins contain two additional N-terminal

residues (Gly-Ser) from the thrombin cleavage site.

For NMR studies, incorporation of stable isotopes (13C

and/or 15N) was carried out as described earlier,62

except that the M9 medium was additionally supple-

mented with 0.5 g L21 labelled ISOGRO powder

(Sigma–Aldrich) and 20 mM ZnCl2, and pH of the

medium was adjusted to 6.8.

Lipid and DNA materials
Dioctaonyl phosphatidylinositol monophosphates

(PIPs), bearing the distal phosphate group at the 3-,

4-, or 5-position of the inositol ring (named hereafter

as PI(3)P, PI(4)P and PI(5)P, respectively), were pur-

chased from Echelon Biosciences (Salt Lake City,

UT) and used without further purification. An eight-

base pair, self-annealing DNA duplex (50-

GCGGCCGC) was purchased from Sigma–Aldrich

(St. Louis, MO) and used as received.

Protease digestions
For the disulfide bond analysis, 150 mL of SAP30L in

20 mM NH4OAc (of 5 mM protein) was incubated

with TPCK-treated trypsin (Sigma–Aldrich, St. Louis,

MO) at a protease-to-substrate ratio of 1:5 to 1:40 (w/

w) at room temperature from 15 min up to overnight.

To quench the reaction, the digest solutions were

mixed with 150 mL of MeCN containing 1% HOAc

and directly analyzed without chromatographic sepa-

ration. On-line pepsin digestion was performed by

using a previously described protocol.63 The number-

ing used for the proteolytic peptides refers to the

amino acid sequence of the used SAP30L construct

rather than the full-length protein.

Mass spectrometry

Sample preparation. The protein samples were

desalted for mass spectrometry by using PD-10

desalting columns (Amersham Biosciences, Uppsala,

Sweden), equilibrated in advance with 20 mM

ammonium acetate (NH4OAc) buffer (pH 6.8) and

further concentrated with 3000 MWCO centrifugal

filter devices (Amicon Ultra; Millipore, Billerica,

MA). Protein concentrations were determined spec-

trophotometrically from the absorbance at 280 nm

by using sequence-derived extinction coefficients

(2560 M21 cm21 for the native/denatured, and 2800

M21 cm21 for the oxidized protein). The protein

samples were further diluted with MeCN/H2O/HOAc

(49.5:49.5:1.0, v/v) for denaturing or 20 mM NH4OAc

(pH 6.8) for native ESI-MS experiments. Zinc chela-

tion was obtained using EDTA or 1,10-phenanthro-

line and in vitro oxidation was carried out with

hydrogen peroxide (H2O2).

ESI FT-ICR MS experiments. All mass spectro-

metric experiments were performed on a 4.7-T

hybrid quadrupole FT-ICR mass spectrometer

(Bruker Apex-Qe; Bruker Daltonics, Billerica, MA),

equipped with an ESI source (Apollo-II; Bruker Dal-

tonik GmbH, Bremen, Germany). The instrument

was also equipped with an indirectly heated hollow

dispenser cathode for ECD-MS/MS. The samples

were infused directly to the ion source by using a

syringe pump at a flow rate of 1.5 mL min21 with N2

gas serving as nebulizing and drying gas. The ESI-

generated ions were externally accumulated in a

hexapole ion trap for 0.1 s and transferred to the

Infinity ICR cell for trapping, excitation and detec-

tion. Up to 512 coadded time-domain transients

(512-kWord each) were fast Fourier transformed

prior to magnitude calculation and external mass

calibration with respect to the ions of an ES Tuning

Mix (Agilent Technologies, Santa Clara, CA). All
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data were acquired and processed by using Bruker

XMASS 7.0.8 software. Charge-deconvolution was

accomplished by using a built-in Tcl-script. The pep-

tides from trypsin/pepsin digestions were identified

based on their monoisotopic masses by using

GPMAW 7.10 software (Lighthouse Data, Odense,

Denmark). For ECD-MS/MS experiments, the pre-

cursor ions were mass-selectively accumulated in

the collision cell (quadrupole isolation window of 5

m/z units) and irradiated with low-energy electrons

(cathode bias 0.6 V and irradiation time 0.2 s) inside

the ICR cell. All masses of the intact proteins have

been reported for the most abundant isotopologue,

averaged over all detected charge states, while

masses for the proteolytic peptides have been

reported as monoisotopic masses.

Lipid and DNA binding experiments. The solid

phospholipids (PIPs) were dissolved in 20 mM

NH4OAc to the concentration of 1.5 mM and kept

frozen until used. The lipid binding experiments

were conducted by mixing small aliquots of the lipid

and protein stock solutions to obtain a final concen-

tration of 5 mM for both SAP30L and a PIP ligand

and directly analyzed. As low lipid concentrations as

possible were used in the binding experiments, in

order to prevent lipid self-association, as well as

nonspecific association with the protein. Before mass

spectrometric measurements, the protein–lipid solu-

tions were heated at 508C for 15 min to dissociate

possible lipid micelles (see, Results for details). The

binding affinity for each lipid was calculated from

an average ESI-MS intensity (I) ratio R of the pro-

tein–lipid complex PL to the free protein P (R 5 IPL/

IP) from �70 consecutive measurements.64 The equi-

librium dissociation constant (Kd) was obtained from

the equation Kd 5 [P][L]/[PL] (1), where [P], [L], and

[PL] are the equilibrium concentrations of the free

protein, the free lipid and the protein–lipid complex,

respectively. [PL] can be obtained from the equation

[PL] 5 R[P]0/(1 1 R) (2), in which [P]0 is the initial

protein concentration. Taking into account that

[P] 5 [P]0 – [PL] and [L] 5 [L]0 – [PL], one can obtain

Kd from the equation (1). The approximation IPL/IP

� [PL]/[P] is valid if one assumes there is the same

ionization and transmission efficiencies for PL and

P, which is typically true if the ligand is much

smaller than the protein. All ion source parameters

were carefully optimized in order to avoid uninten-

tional dissociation of the weak noncovalent com-

plexes within the high-pressure regions. The DNA

binding experiments were performed by mixing

small aliquots of protein and DNA stock solutions

and further diluted with 20 mM NH4OAc (pH 6.8) to

obtain a final concentration of 5 mM for both

SAP30L and the DNA duplex.

NMR spectroscopy

Resonance assignment and solution structure

for SAP30L. The NMR assignment was performed

by using standard triple resonance experiments

HNCA, HN(CO)CA, HNCACB, HN(CO)CACB for the

backbone and H(CCO)NH, C(CO)NH, HCCH-COSY

(separate spectra for aliphatic and aromatic regions),

(HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE for the

side-chains. All NMR spectra were recorded on a Var-

ian INOVA 800 MHz spectrometer equipped with a

cryogenic probe head. All experiments were con-

ducted at 258C in 20 mM Bis-Tris buffer with 30 mM

NaCl, 7.5% D2O, 0.5 mM ZnCl2, and 0.04% NaN3

(pH 6.0). The distance restraints for automatic NOE

assignment–structure calculation with the program

Cyana 2.134 were derived from 1H,15N NOESY-HSQC

and 1H,13C NOESY-HSQC. Distance restraints were

added for Zn2Sg (2.25 2 2.35 Å), Zn2Nd1

(1.95 2 2.05 Å) and Sg2Cb (3.25 2 3.65 Å) and the

zinc coordination was constrained to be approxi-

mately tetrahedral. Out of 300 structures generated

with Cyana, 30 with the lowest target function were

subsequently energy-minimized in vacuum with

AMBER 12.65 The 15 lowest-energy structures were

selected to represent the SAP30L structure in solu-

tion. The NMR chemical shift and structural data

have been deposited under the accession numbers

25575 (BMRB) and 2N1U (PDB).

Lipid and DNA binding experiments. The phos-

pholipid binding to 60 mM 15N-labeled SAP30L was

studied by monitoring chemical shift perturbations

in the 1H,15N HSQC spectra acquired at 258C. The

protein in a buffer containing 30 mM NaCl, 20 mM

Bis-Tris-HCl, 7.5% D2O, 60 mM ZnCl2, 0.05% NaN3

(pH 6.0) was mixed with PI(5)P to obtain 1:1, 2:1,

3:1, and 4:1 PI(5)P to SAP30L concentration ratios.

To avoid protein aggregation and precipitation at

low ligand-to-protein ratios, the titration was con-

ducted in a reversed fashion, that is, the sample

with a 4:1 PI(5)P to SAP30L ratio was measured

first, and 75% of this sample was added to 25% of

PI(5)P-free sample to obtain a 3:1 ratio, and so forth.

The DNA binding of holo-SAP30L was studied in a

similar fashion using a self-annealing oligonucleo-

tide (50-GCGGCCGC). As compared to the phospho-

lipid titration experiments, an additional ligand-to-

protein concentration ratio of 0.5:1 was included

here. All chemical shift deviations were calculated

from Dd 5 (DdH2 1 (0.154 DdN)2)1/2.
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