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Abstract

The lambda holin, or S105, is a small cytoplasmic membrane protein that controls the timing of host
lysis. Using thiol-specific reagents, we determined that the single cysteine residue within S105 was
heterogeneously modified during membrane extraction and subsequent immobilized metal ion
chromatography. Here we describe the use of a specific and reversible thiol reagent, 2,2’
dithiodipyridine, to generate purified protein with its cysteine residues in the native thiol state. The
2,2' dithiodipyridine-protection protocol was also successfully used for another, unrelated holin,
$2168, and should be generally useful for the purification of membrane proteins.
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Holins are bacteriophage-encoded membrane proteins that terminate the infection cycle by
permeabilizing the host membrane at a precisely determined, allele-specific time. The best-
characterized holin is S105, so designated because it is a 105 amino acid product of the S gene
of bacteriophage lambda [1]; it is a class I holin, with three transmembrane domains, or TMDs
(Fig. 1A). The extensive genetic and molecular data available for S105 made it an attractive
target for biochemical and structural characterization. However, holins are not only small
membrane proteins, which are always toxic in terms of over-expression and difficult to purify,
but also have evolved to be lethal to bacterial cells at very low expression levels. Typically,
detergent extraction from the membrane has to be assiduous and on the time scale of hours,
and the only practical chromatographic option is immobilized metal ion chromatography
(IMAC), which is incompatible with traditional thiol protection reagents like dithiothreitol
(DTT). Here, we report evidence that during extraction and purification, the S105 protein is
damaged by covalent modification of its single cysteine sulfhydryl group Cys51 and document
an approach for protection of this thiol using a reversible thiol-specific reagent.

For the purposes of obtaining purified holin for studying hole formation in vitro, T7-promoter-
based over-expression clones of oligohistidine-tagged versions of S105 and a non-functional
missense mutant protein, S105a50v [2] (Fig. 1B) were induced, resulting in the accumulation
of 0.5 - 1 mg purified protein per liter for the parental, and 1 - 2 mg per liter for the A52V
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mutant. The over-expression and protein purification procedures have been previously
described [3].

The state of the Cys51 sulfhydryls in the purified preparations of S105 and S105a50\ Was
assessed with Ellman’s Reagent, also known as 5,5'-dithiobis (2-nitrobenzoic acid), or DTNB
(Sigma) [4]. Solutions of reduced glutathione, cystine, and purified S105 and S10550\ Were
prepared at final concentrations of 25 pM in a volume of 95 ul. Five microliters of 10 mM
DTNB (dissolved in ethanol) was added to the above solutions. The samples were mixed by
pipetting, incubated in the dark at room temperature for 30 min, and assayed for the presence
of the anionic byproduct 2-nitro-5-thiobenzoate, or TNB (e = 14,150 M-tcm at 412 nm [5]).
Surprisingly, the purified S105 and S10545;y exhibited ~94% and ~95% non-reactive
sulfhydryls, respectively, indicating significant thiol modification during purification.

It was important to determine when the sulfhydryl modification was occurring, so a protocol
was adapted from published PEGylation procedures [6] that allowed assessment of the state
of the thiol group at each stage of holin purification, using orthopyridyl disulfide functionalized
polyethylene glycol, or PEG-OPSS (Nektar). A 200 ml culture expressing S105a50\ Was
induced at Aggg = 0.5 for 50 min. An aliquot of the culture was removed at 25 min for a whole
cell sample, and the remaining culture was harvested for purification. For the whole cell sample,
5 mL of the induced culture was added to 5 mL of cold 11.1% TCA, vortexed, incubated on
ice for 30 min, then centrifuged at maximum speed in a tabletop IEC clinical centrifuge at 4 °
C for 15 min. The pellet was washed with 5 mL of cold acetone, vortexed, and centrifuged (see
above). The pelleted protein was air-dried and resuspended in 1 mL of PEGylation buffer (0.5
M Tris HCI, pH 7.0, 1% sodium dodecyl sulfate (SDS), 1 MM EDTA). Two hundred microliters
of the resuspended protein was combined with 10 AL of 60 mM PEG-OPSS, incubated at room
temperature for 30 min, treated with 1.4 mL of cold acetone for 10 min at -20 °C, and
centrifuged at 14,000 rpm in a tabletop microcentrifuge for 15 min at 4 °C. The supernatant
was carefully removed and the dried pellet was resuspended in non-reducing 2X protein sample
buffer (0.5 mg/mL bromophenol blue in 0.25 M Tris, pH 6.8). The harvested cells from the
original culture were used for protein purification, and aliquots, which contained ~0.01 pg of
purified protein, were diluted by 10-fold into PEGylation buffer. Ten microliters of 60 mM
PEG-OPSS were added to each of the samples, and incubated at room temperature for 30 min.
The samples were combined with an equivalent volume of non-reducing 2X protein sample
buffer and analyzed by SDS-PAGE, then immunoblotted with an antibody directed against a
peptide which corresponds to the C-terminus of S105 [7].

The results clearly show that purified S105 protein from the whole cell, cell suspension, and
French press-disruption steps was fully PEGylated by PEG-OPSS (Fig. 1C). This indicates
that the Cys51 sulfhydryl group is accessible and unmodified through these steps. Modification
was first apparent in the concentrated membrane material, which had been collected by high-
speed centrifugation, resuspended in membrane extraction buffer containing detergent, and
incubated overnight with agitation. Quantification of the Western blot bands revealed that more
than half of the S105 had been oxidized to intermolecular disulfides (double asterisk, Fig. 1C),
and about half of the remaining monomeric S105 was unable to react with the thiol-specific
reagent PEG-OPSS at this stage of the purification (Fig. 1C, lanes 9 and 10). The degree of
modification increased in the final steps of IMAC purification, such that most, if not all, of the
purified protein was modified (Fig. 1C, lanes 13 and 14).

To prevent non-specific modification of the Cys51 sulfhydryl group and also artifactual
intermolecular disulfide bond formation, we selected another thiol reagent, 2,2’
dithiodipyridine, or DTDP (Sigma) [8]. This reagent is small, making it less likely to be
sterically restricted from access to thiol groups and fully reversible with Tris (2-carboxyethyl)
phosphine hydrochloride, or TCEP (Sigma) (Fig. 2A). S105 was purified as described [3],
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except a saturating concentration of 20 mM DTDP was included in the membrane extraction
buffer. DTDP dissolved in the buffer only after the solution was incubated for a few minutes
in a boiling waterbath, and the reagent remained in solution after the buffer was returned to
room temperature. Membrane extraction was carried out overnight at room temperature instead
of at 4 °C, to ensure that DTDP did not precipitate. After elution from the Talon metal affinity
column and concentration determination by Aygg, the protein was treated with 10 mM TCEP
for 5 min to reduce the bond between DTDP and the S105 Cys51 sulfhydryl.

The DTDP-protection results were assessed by PEGylation [6] followed by SDS-PAGE and
immunoblotting [3]. Specifically, 14 uL of 10 mM PEG-maleimide, or PEG-mal (Creative
Biochem Laboratories), was added to ~50-150 ng of reduced S105 protein in PEGylation
buffer, then incubated for 30 min at room temperature. Aliquots of the samples were diluted
at least 20-fold with 2X protein sample buffer containing B-mercaptoethanol for immunoblot
detection with the Supersignal West Femto Maximum Sensitivity Substrate (Pierce) and to
reduce the high reaction concentrations of PEG-mal, which may affect the mobility of the
proteins during electrophoresis. The results show clearly that the purified S105 that had been
DTDP-protected during extraction and subsequent purification can be PEGylated to
completion (Fig. 2B, lanes 1-4).

To demonstrate that this method may be applicable to other proteins with reactive thiol groups,
DTDP-protection and PEGylation were carried out with a second protein, S216845cS (Fig.
1B). $2168, the holin of the lambdoid phage 21 [9], is an unrelated class I holin with two
TMDs (Fig. 1A). S?168545¢ is a non-lethal Cys-substitution mutant of S21 (T. Pang et al.,
unpublished) (Fig. 1B). For over-expression of an oligohistidine-tagged version of
S2168545c, the plasmid pETS2168545:MS, was constructed from the previously-described
pETS2168Nis [9], by site-directed mutagenesis, changing codon Gly48 to a Cys residue. The
purification of S21684gc Was carried out the same way as for the lambda holin and the A52V
derivative. Again, PEG-mal assays revealed that the single thiol was chemically modified
during purification, only part of which could be explained by formation of disulfide-linked
dimers (Fig. 2B, lanes 5 and 6). When DTDP was incorporated in the membrane extraction
buffer during S216845c"S purification, it protected the sulfhydryl side chain of Cys48
quantitatively and could be removed efficiently by TCEP (Fig. 2B, lanes 7-10).

Currently, there are a variety of thiol-specific reagents commercially available for modification
of free sulfhydryl groups within proteins. Some of these reagents have been used for thiol
modification during protein purification, in an effort to maintain free sulfhydryls [10;11;12;
13]. However, thiol protection during the rigors of detergent extraction and IMAC purification
of membrane protein has not been specifically addressed. We have shown here that inclusion
of DTDP (also known as 2,2"-dipyridyldisulfide (PDS) or 2-PD [14]) in the membrane
extraction buffer results in complete modification and, thus protection, of the thiols during the
purification of two different holin proteins, and that it can be removed quantitatively after
purification. DTDP is small, inexpensive, stable, and has a broad pH range of 3.4 -8.1 [8]. It
is our expectation that it may be generally useful for application to cysteine-containing
membrane proteins.
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Figure 1.

(A) Topologies of holin proteins. S105 and S2168 are inner membrane proteins with three or
two TMDs, respectively. (B) Sequences of holin proteins. S105 begins with the Met residue
from codon 3 of the S gene [15]. S2168 begins with Met at position 4 of S?1 [9]. The TMDs
are indicated by boxes, and the relevant mutations A52V and G48C, for S105 and S2168,
respectively, are labeled. The asterisk highlights the position of the Cys residue in S105. The
dashed lines indicate the position of the oligohistidine tag inserted in each sequence: between
positions 94 and 95 in S105 [2] and between positions 66 and 67 in S2168 [9]. For simplicity,
the his-tagged lambda holin is called S105 in the text, although it actually corresponds to the
protein S105t94 [2] where 194 refers to the position at which the oligo-his tag was inserted
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(C) Western blot for samples from PEGylation of S105a5,y purification, detected with
antibodies against peptides corresponding to the C-terminus of S105 [7]. Lanes 1 and 2, TCA-
precipitated whole cells expressing S105a52y; lanes 3 and 4, cell suspension; lanes 5 and 6,
French pressate; lanes 7 and 8, clearing spin supernatant; lanes 9 and 10, resuspended
membranes; lanes 11 and 12, membrane extraction spin supernatant; lanes 13 and 14, purified
S10552v (* indicates the S monomer band, ** indicates the S dimer band, and — indicates
the PEGylation product).
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Figure 2.
(A) Schematic of DTDP-protection of S105 Cys51 sulfhydryls. DTDP was included in the

membrane extraction buffer prior to purification, and the thiol-specific reagent was removed
from the purified protein with the reducing agent, TCEP. Cys51 was fully accessible to PEG-
mal once the DTDP had been removed. (B) Western blots of PEGylation samples from S105
and S68 purifications, detected with antibodies directed against peptides corresponding to the
C-termini of S105 [7] or S68 [9]. Lanes 1-4, DTDP-protection of S105 thiols during membrane
extraction and protein purification. Lanes 5 and 6, purified S2168g4gc"s without DTDP
included in the membrane extraction buffer; lanes 7-10, purified S216845c"S with DTDP
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included in the membrane extraction buffer (* indicate the monomer bands, ** indicate the
dimer bands, and — indicate the PEGylation products).
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