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Topology, Dimerization, and Stability of the Single-Span
Membrane Protein CadC

Eric Lindner and Stephen H. White*

Department of Physiology & Biophysics and the Center for Biomembrane Systems, University of
California, Irvine, Irvine, CA 92697-4560

Abstract

Under acid stress, Escherichia coli induce expression of CadA (lysine decarboxylase) and CadB

(lysine/cadaverine antiporter) in a lysine-rich environment. The ToxR-like transcriptional activator

CadC controls expression of the cadBA operon. Using a novel Signal Peptidase I (SPase I)

cleavage assay, we show that CadC is a Type II single-span membrane protein (MP) with a

cytoplasmic DNA binding domain and a periplasmic sensor domain. We further show that, as long

assumed, dimerization of the sensor domain is required for activating the cadBA operon. We prove

this using a chimera in which the periplasmic domain of RodZ—a Type II MP involved in the

maintenance of the rod shape of E. coli—replaces the CadC sensor domain. Because the RodZ

periplasmic domain cannot dimerize, the chimera cannot activate the operon. However,

replacement of the TM domain of the chimera with the glycophorin-A (GpA) TM domain causes

intramembrane dimerization and consequently operon activation. Using a low-expression protocol

that eliminates extraneous TM-helix dimerization signals arising from protein over-expression, we

enhanced dramatically the dynamic range of the β-galactosidase assay for cadBA activation.

Consequently, the strength of the intramembrane dimerization of the GpA domain could be

compared quantitatively with the strength of the much stronger periplasmic dimerization of CadC.

For the signal-peptidase assay, we inserted a SPase I cleavage site (AAA or AQA) at the

periplasmic end of the TM helix. Cleavage occured with high efficiency for all TM and

periplasmic domains tested, thus eliminating the need for the cumbersome spheroplast-proteinase

K method for topology determinations.
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Introduction

Crucial information about helix-helix interactions in membranes has come from studies of

the single-span human erythrocyte sialoglycoprotein glycophorin A (GpA), which forms

strong dimers in SDS [1] and lipid bilayers [2]. Engelman and co-workers took advantage of

this observation to discover the location and properties of the dimerization domain, –

L75IxxG79V80xxG83V84xxT87–, within the GpA transmembrane TM helix [3–4] and to

determine the structure of the dimer in detergent micelles using NMR [5]. Langosch et al.

[6] extended GpA dimerization measurements to Escherichia coli inner membranes by

taking advantage of the properties of the single-span membrane protein (S-SMP) ToxR that

regulates virulence-gene expression in Vibrio cholerae [7–8]. Dimeric ToxR binds to

tandemly repeated DNA elements within the ctx promoter to initiate transcription of ctx

genes. Langosch and his colleagues created ToxR chimeric proteins bearing GpA variants in

the TM domain and maltose binding protein (MalE) as the periplasmic domain. placing the

lacZ gene under the control of the ctx promotor, β-galactosidase (β-gal) activity could be

used as an in vivo readout of TM dimerization. They showed that, as for dimerization in

SDS micelles, G79A and G83A mutations disrupted formation of the GpA dimer interface

and thereby significantly reduced β-gal activity.

ToxR is a member of the LysR-type transcription regulator (LTTR) family [9]. Members of

the family are typically 300 residues long, have a helix-turn-helix (HTH) DNA-binding

motif at the N-terminus, and a co-factor-binding domain at the C-terminus. An LTTR family

member of particular interest to our lab is CadC (Fig. 1c) that regulates the expression of the

cadBA operon (Fig. 1a). CadB, a lysine-cadaverine antiporter, and CadA, a lysine

decarboxylase (Fig. 1b), are among several proteins that E. coli expresses at times of acid

stress (see review by Kanjee & Houry [10]). A structurally similar protein of interest to us is

RodZ (Figure 1c), which is involved in the maintenance of the rod shape of E. coli [11–12].

Oddly, it has an N-terminal HTH motif, but does not bind to DNA. Rather, it binds to MreB

in a complex of proteins involved in shape control. CadC and RodZ attracted our attention,

because both proteins have single TM segments that are more than 100 residues downstream

of the N-terminus (Figure 1c). In contrast, most single-span Type II MPs have their signal-

anchor sequences at, or very close to, the N-terminus. We have recently shown that

membrane insertion of RodZ requires only the SecYEG translocon, the SecA ATPase motor,

and the transmembrane proton motive force (PMF) [13]. The relative simplicity of RodZ

insertion makes it an ideal model system for studying the biogenesis of S-SMPs. Studies in

progress will reveal how similar the trafficking and assembly of CadC are to those of RodZ.

Here, our goal is to report studies of CadC that show it to be useful for in vivo studies of TM

helix stability and dimerization.

Recent studies of CadC, primarily in the laboratory of Kirsten Jung [14–18], have revealed

the basic principles of CadC function. Because of its similarity to ToxR and related proteins,

CadC is assumed to be a single-span Type II (Nin-Cout) membrane protein. But the topology

has not been definitively established, probably, as we show here, because the periplasmic

domain is completely resistant to proteinase K (protK) treatment of E. coli spheroplasts. To

overcome this problem, we developed a new method of topology determination in which a
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Signal Peptidase I (SPase I) cleavage site (-AXA-) is inserted on the periplasmic side of the

TM helix. We show that this is a robust assay for testing the topology of S-SMPs.

Because dimerization is a common feature of gene activation by ToxR-like proteins, a

reasonable assumption is that dimerization of the periplasmic pH-sensor domain of CadC is

an essential feature of its activation of the cadBA operon (Fig. 1a). Although biochemical

[18] and structural evidence [19] supports this assumption, the necessity for dimerization in

CadC function has not been demonstrated directly. The strongest evidence is the recent

structure of the presumed CadC periplasmic domain [19]. This structure and associated

biochemical measurements show that CadC crystallizes as a biological dimer. Furthermore,

the symmetry of the dimer places N- and C-termini close to one another in a manner

consistent membrane anchoring of the dimer by the TM segments of the monomers (see the

graphical abstract). Using the SPase I assay, we show that cleavage of the periplasmic

domains results in loss of the ability of CadC to activate the cadBA operon. Also, a CadC

chimera with the non-dimerizing RodZ periplasmic domain fails to activate the operon.

Following the lead of Langosch et al. [6], we show that replacement of the CadC TM

domain by the GpA TM helix in the CadC-RodZ chimera restores activation. Studies of

other CadC-RodZ chimeras with TM segments of different amino acid compositions reveal

that the application of the SPase I assay will likely be an effective tool for assessing TM

helix stability.

A persistent problem with ToxR-like β-gal assays for TM helix dimerization as typically

implemented (including the CadC β-gal assay) is high background β-gal activity. We show

here that this background originates from high protein expression that can cause

dimerization through simple crowding of highly hydrophobic TM segments lacking obvious

dimerization motifs. We developed a low-expression E. coli system that eliminated

overcrowding background signals and consequently increased dramatically the dynamic

range of the CadC β-gal signal. This new approach allowed us to compare quantitatively the

intramembrane dimerization strength of the GpA motif with the dimerization strength of the

CadC periplasmic domain. Based on the β-gal assay, the CadC dimerization strength is twice

that of the GpA motif.

Results

We used several tripartite CadC chimeras, shown in Fig. 1d. The CadC amino-terminal

cytoplasmic domain (N-CadC) was common to all of the constructs. We placed the lacZ

gene under the control of the cadBA promotor so that β-gal activity could be used as an in

vivo readout of TM dimerization (Fig. 1a). The C-terminal domain of the chimeras generally

consisted of the periplasmic domain of CadC (CadC-CT) or RodZ (RodZ-CT), but in some

control experiments we used the secreted maltose-binding protein MalE (residues 27–396).

We used a wide range of hydrophobic segments (H-segments) in place of the wild-type TM

domain of CadC to test TM helix stability and dimerization. Because proteolytic cleavage of

the periplasmic domain was an important tool for topology determination, all of the

constructs carried a T7 immuno tag just before the H-segment and a His6 immuno tag at the

C-terminus (Fig. 1d and Methods). We used two versions of each construct: one version

carried a SPase I cleavage (clv) site just after the H segment while the other (null) version
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did not. The general nomenclature we adopt for describing the data from the various

constructs is C-TM-X in which C = N-CadC, TM = the H-segment, and X = the chosen C-

terminal domain (CadC-CT, RodZ-CT, or MalE27–396). We assign a unique name, such as H
or H*, to each H-segment used. This nomenclature provides compact shorthand for labeling

the data presented in the figures and text. The relevant amino acid sequences of the H-

segments are indicated in each figure.

The CadC periplasmic domain resists proteinase K cleavage

We first attempted to establish the topology of CadC in vivo using protK digestion of E. coli

spheroplasts. We expressed wild-type CadC (C-H-C, Fig. 1d) carrying the T7 and His6 tags

(MW = 59.7 kDa) in BL21(DE3) cells after induction with 20 µM IPTG for 1 hr., and then

prepared spheroplasts as described in Materials and Methods. Lanes 1 and 2 of Western

blots prepared using the total fraction (less the periplasmic fraction) against the T7 tag (Fig.

2a) show that only full-length protein was present with or without protK treatment. As a

control, we carried out the same protocol using a CadC-RodZ chimera (C-H-R, Fig. 1d)

comprised of the CadC N-terminal domain, the wild-type (wt) CadC TM domain, and the

RodZ C-terminal domain (MW = 45.8 kDa, but migrates anomalously on SDS-PAGE gels

at about 60 kDa). In this case, full-length protein was seen only in the absence of protK (Fig.

2a, lane 5). After protK treatment, only T7-tagged N-CadC proteolytic fragments were

detected (lane 6), consistent with type II S-SMP topology.

Signal Peptidase I cleavage sites allow facile determination of topology of CadC

To validate the topology of CadC, it occurred to us that SPase I, constitutively present in E.

coli cytoplasmic membranes [20–22], might cleave the periplasmic domain if a SPase I

cleavage site (clv) was introduced immediately after the TM helix (Fig. 1d). The consensus

sequence for SPase I cleavage is AXA, where X is any amino acid [23]. We inserted clv =

AAA after the CadC TM domain with immediate success. Fig. 2a, lanes 3 & 4, show that

with or without protK treatment, a T7-N-CadC fragment was produced. Furthermore,

because this fragment was not affected by protK treatment, we concluded that the fragment

was in the cytoplasm, consistent with Nin-Cout (type II) topology. We tried the same

approach using the C-H-R construct with clv = AAA with similar results (Fig. 2a, lanes 7 &

8). To verify the topology of both C-H-C and C-H-R, we examined the periplasmic fractions

for the presence of the His6-tagged periplasmic domains CadC-CT and RodZ-CT. Western

blots using His6 antibodies revealed these domains in the periplasmic fraction for the clv =

AAA constructs but not for the null constructs lacking the cleavage site (Fig. 2b, compare

lanes 1 & 2 and lanes 3 & 4).

As a final test of the method, we examined cell fractions to determine the location of the T7-

tagged N-CadC fragment. In this case, rather than the wild-type CadC H-segment H, we

used the artifical TM segment H* consisting of sixteen leucines (L16) sandwiched between

GGPG and GPGG at the N- and C-terminals, respectively (Fig. 2). The rationale for this H-

segment choice came from the constructs used by Hessa et al. [24] for determination of a

biological hydrophobicity scale using dog pancreas microsomes. The purpose of the GGPG/

GPGG segments is to isolate the hydrophobic TM domain from the surrounding sequence.

But where should the clv site be inserted in these constructs, and importantly, would the
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GGPG at the C-terminal for artifical TM segments interfere with cleavage? Jain et al. [25]

determined the optimal placement of clv in mutant alkaline phosphatase signal sequences

with ten leucines (Leu10) immediately preceeding the cleavage site. They determined from

sequential insertions of Gln following Leu10 that clv sites located 3 to 9 residues beyond

Leu10 were completely processed. We duplicated Jain et al.’s experiment [25] experiments

by sequential insertion of Cys residues following the GPGG segment. The use of Cys rather

than Gln had the advantage that the formation of dimers provided a convenient marker of

cleavage (data not shown). Dimers form only when there is cleavage, probably because of

steric hindrance of intact periplasmic domains. We found optimal cleavage when clv was

seven residues beyond the L16 segment.

The results shown in Fig. 2c reveal that C-H*-R (null) is found in the inner membrane (IM)

fraction and, of course, the total (T) fraction (lanes 1 & 3). There are also traces of full-

length protein in lane 2. For the C-H*-R (clv) construct (clv = AQA), the N-CadC fragment

is found in the T and IM fractions only. These experiments show three things. First, C-H*-R

behaves similarly to C-H-R; the H* H-segment can replace the H H-segment. Second, SPase

I cleavage does not depend on the amino acid composition of the H-segment as long as it is

sufficiently hydrophobic to be inserted into membrane. Third, both the uncleaved protein

and the cleaved protein are located in the inner membrane, consistent with stable insertion of

CadC and cleavage of CadC at the periplasmic surface by SPase I.

Closer examination of Fig. 2c provides insights into membrane incorporation of expressed

protein. Full-length C-H*-R (clv) is visible in the T fraction (lane 4), which should be absent

if SPase I fully processed the protein. Two scenarios could lead to this result. Either the

protein was membrane integrated, but was not processed by SPase I, or the protein was not

integrated into the membrane at all. The amount full-length protein in the T fraction (lane 4)

appears to be same as the amount in the C/P fraction (lane 5). Similarly, the amount of

processed protein in the T fraction is similar to the amount in the IM fraction (lane 6),

consistent with efficient and complete processing by SPase I of protein actually inserted into

the membrane. If that is correct, then the unprocessed protein is protein that never entered

the membrane and consequently could not be processed by SPase I. We show below that

full-length protein carrying a clv site is never seen when protein expression is lowered

sufficiently.

Although all of the results so far provide strong support for SPase I cleavage at the clv sites,

the possibility existed that some other protease was responsible for cleavage. We therefore

expressed the C-H*-R construct with clv = AQA in the SPase I depletion strain FTL85 in

which the SPase I gene lepB is controlled by the arabinose operator. Lanes 1 & 2 of Fig. 3a

show that T7-N-CadC fragments are observed only under non-depletion conditions,

consistent with cleavage by SPase I. We conclude that the cleavage observed for all

constructs carrying clv sites is due to SPase I. The results shown in Fig. 2 and Fig. 3 are

consistent with lack of interference from the C-terminal GPGG sequence in the H*

constructs.
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SecA translocase is required for CadC assembly

We noted earlier that RodZ and CadZ are unusual S-SMPs, because they lack a signal

sequence and their TM domains occur more than 100 residues downstream from the amino

terminus. We have established for RodZ that the only requirements for in vivo assembly are

SecYEG, SecA, and the proton motive force (PMF) [13]. As a first step toward establishing

the requirements for CadC assembly, we expressed C-H*-R (clv = AQA) in the SecA

depletion strain EO527 in which secA is regulated by the arabinose operator. Fig. 3b shows

that the T7-tagged N-CadC fragment appears only under non-depletion conditions,

consistent with SecA being essential for CadC biogenesis. Of course, we have here used a

CadC-RodZ chimera. Future experiments will determine which components of the E. coli

MP assembly system are required for insertion of wild-type CadC into the cytoplasmic

membrane and whether the C-terminal periplasmic domain affects which components are

necessary for insertion.

Dimerization of the CadC periplasmic domain is required for activation of the cadBA
operon

The success of CadC topology determination by the SPase I method, opened the way to

determining whether dimerization of the CadC periplasmic domain was necessary for

activation of the cadBA operon. For this purpose, we measured transcription activation

(cadBA::lacZ) by expressing the constructs (pET-21 derivatives) in BL21(DE3) cells

harboring a single-copy plasmid (pETcoco-1 [NOVAGEN] containing cadBA:lacZ).

BL21(DE3) cells containing the plasmids were grown in SOC media in the presence of

chloramphenicol and ampicillin to the logarithmic phase (OD600 = ~ 0.5, 1 hr.). Protein

expression was induced with 20 µM IPTG for an additional 1 hr. β-gal activities (Miller

units) were determined as described in Materials and Methods. The Western blots in Fig.

2a,b show the expression levels and membrane topology of the CadC constructs used in the

measurements.

We measured β-gal activities of C-H-C and C-H-R with or without clv = AAA sites. The β-

gal activities are shown in Fig. 2d. The activity of the C-H-C (null) construct exceeded 2500

MU, whereas for the C-H-C (AAA) construct, activity was less than 500 MU, consistent

with the belief that dimerization of the CadC periplasmic domain is required for activation

of the operon. Cleavage of the dimeric periplasmic domain apparently destroys the geometry

necessary for the cytoplasmic helix-turn-helix (H-T-H) domains to bind to the operon’s

promoter site.

The necessity for CadC dimerization via the periplasmic domains is further supported by the

β-gal activities of the C-H-R constructs. The physiological function of the periplasmic H-T-

H domain of RodZ is to bind to MreB in a complex of proteins involved in shape control;

there is no evidence that RodZ dimerization is required for binding. Fig. 2d shows that C-H-

R (null) does not activate the operon (β-gal activity ≈ 200 MU) and that cleavage of the

RodZ-CT domain has no significant effect on activity. We therefore conclude with

considerable confidence that dimerization of the CadC periplasmic domains is a requirement

for activation of the cadBA operon.
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The CadC transmembrane domain is not involved in dimerization

Although CadC must dimerize to activate the cadBA operon, an important question is

whether the TM domain might also be involved. We addressed this question by replacing the

wild-type H-segment H with the polyleucine-based H* segment. Zhou et al. [26] have

shown that artificial TM segments composed only of leucine have relatively little tendency

to dimerize in vivo in E. coli unless a polar residue, especially Asn, Asp, or Glu, is also

present in the sequence to cause enhanced dimerization through hydrogen bond interactions.

The H* H-segments are thus unlikely to form dimers. Fig. 4 shows the results of

experiments in which H* replaced the wt H-segment, H. We first confirmed the expected

topology of three constructs: C-H*-C, C-H*-M, and C-H*-R. Fig. 4a shows comparisons of

the three constructs with and without clv = AQA. In all three cases, independent of C-

terminal domain, T7-tagged N-CadC fragments are found in the periplasm-free total

fractions when the cleavage site is present. The topologies implied by these results (panel a)

are confirmed in panel b: The corresponding His6-tagged C-terminal domains are found in

the periplasmic fraction. These results not only confirm the topologies of the construct, but

reveal as well the value of the SPase I cleavage site method for unequivocal topology

determination. But the main conclusion is that the various constructs are assembled with the

correct topology with the H* H-segment replacing the wt segment.

What do the β-gal activities reveal about the involvement of the wt CadC TM helix in

dimerization? The activities for C-H-C (null) and C-H*-C (null) are identical within

experimental error (compare bar 1 with the control bar in Fig. 4c); the TM helix does not

contribute significantly to dimerization. As expected, the activity of C-H*-C (clv) drops

dramatically compared to C-H*-C (null). The activities for the other constructs shown by

bars 3 – 6 in panel c are small, and confirm the conclusion that the CadC periplasmic

domain is required for dimerization. Overall, the results shown in Fig. 4 demonstrate little, if

any, contribution of the CadC TM domain to dimerization.

Glycophorin A TM helices cause dimerization of CadC

We were curious to know if CadC could be used as an indicator of TM helix dimerization in

the spirit of the now widely used ToxR-based assays [27–28]. Using β-gal activity as a

measure of dimerization, we examined the dimerization of C-X-R constructs using X = H*

as a neutral control. Two GpA constructs were used, H1 and H2: H1 was the wt GpA TM

domain while H2 was a hydrophobically augmented GpA TM domain [29] in which all

residues not directly involved in dimerization are replaced by leucine (Fig. 5). To validate

dimerization, we used as a control the insertion of a single Ala between GpA positions 81

and 82, which we call for convenience 82Ala constructs [30]. This strategy led to four

additional constructs, H1A and H2A (Fig. 5) including null and clv = AQA. For the

experiments summarized by the immuno blots (anti-T7 antibodies) in Fig. 5, we purposely

over-expressed the proteins to see if oligomers of any of constructs were apparent. In

addition, the proteins in the SDS sample buffer were boiled prior running on the gels. We

show later that boiling is not a good idea. Lanes 5 & 7 show that oligomers of H2 were

formed, as might have been expected as a result of the hydrophobic augmentation of the

GpA domain; full length protein and dimers are found in lane 5 and oligomers of the T7-

tagged fragments in lane 7. Note that SPase I cleavage is incomplete under these over-
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expression conditions, as observed to a lesser extent in Fig. 2c. This is consistent with the

hypothesis that there are limits to the amount of protein E. coli can insert into the

cytoplasmic membrane.

The β-gal activities for all of the constructs are shown in Fig. 5b, where the bars in the graph

are numbered according to the lanes in panel a. The C-H-C control was again very high, as

expected (over 3000 MU). Although smaller than the C-H-C control, the activities of some

of the other constructs were also high, and some β-gal activities suggested that clv constructs

had higher activities than the nulls. As we show next, the high and variable activities are an

artifact of differences in protein expression levels and an apparent natural tendency of

hydrophobic TM helices to associate, as is evident from greater dimerization of GpA helices

with a leucine background (compare H1 constructs with H2 constructs in Fig. 5b).

Low expression levels increase the ‘dynamic range’ of β-gal activities

To examine the effect of expression levels on β-gal activities and the amount of uncleaved

protein in the membrane, we reduced protein expression dramatically by using Top10 cells,

which lack the T7 polymerase (See Materials and Methods). The expression of CadC in this

system depends only on leakage transcription from the constitutive E. coli RNA polymerase.

The results of this approach are shown in Fig. 6. Comparing lanes 1 & 2 with lanes 3 & 4 in

Fig. 6a demonstrates that at low expression levels, cleavage of the clv constructs is

complete; no full-length protein is observed. Notice, however, that no oligomers are

observed in these lanes. This is not due to low expression, but rather because the samples

were boiled in the SDS sample buffer prior to running SDS/PAGE gels. When the samples

were not boiled, oligomers of the H2 constructs were apparent (lanes 5 & 7). No oligomers

were observed for the H2A constructs carrying the 82Ala insert (lanes 6 & 8). The difference

between boiling and not boiling is likely due to complex interactions involving, among other

things, the temperature dependence of SDS aggregate size and critical micelle concentration

[31], protein denaturation, and protein aggregation. Fig. 6b shows that SPase I cleavage is

also complete for C-H*-C, C-H2-R, and C-H2A-R, which supports the notion that SPase I

processes all of the protein it encounters in the membrane at low expression levels.

The use of β-gal activities for judging dimerization provided much clearer answers when

proteins were expressed at low levels. Fig. 6c shows that the activities were robust and

statistically identical for C-H2-R (null) and C-H2-R (clv), which are the constructs carrying

the GpA TM helix with Leu background. These results mean that the RodZ C-terminal

domain in C-H2-R has no detectable effect: dimerization is driven entirely by GpA helix-

helix interactions. This conclusion is supported fully by the very low β-gal activities of both

GpA constructs carrying the 82Ala insert (C-H2A-R, null and clv). Together, the results of

Fig. 6c,d demonstrate the high β-gal dynamic range that can be achieved using low protein

expression levels. This low-expression approach allowed us to address the question of

whether helix-driven dimerization or periplasmic-domain dimerization is more effective in

activation of the cadBA operon. The answer is clear from the results shown in Fig. 6d: The

β-gal activity for C-H*-C (about 3500 MU) is twice that of C-H2-R (clv) (about 1500 MU).
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Membrane insertion of the H-segment depends upon hydrophobicity

Following the lead of earlier studies [24–32], which showed that polyalanine H-segments

are inserted across membranes with a low probability, we used the Top10 low-expression

system to examine the TM insertion of CadC constructs with polyleucine (H*) or

polyalanine (H#) H-segments with GGPG/GPGG flanks. Insertion can be judged by whether

SPase I cleaves the periplasmic domain. Fig. 7a, lanes 1–4, shows that SPase I does not

cleave the polyalanine construct C-H#-R (lanes 3 & 4) nor can the RodZ periplasmic domain

be digested by protK treatment of spheroplasts. Therefore, C-H#-R is not inserted across the

membrane; it must reside solely in the cytoplasm. C-H*-R carrying a polyleucine H-

segment, on the other hand, is fully inserted judged both by protK digestion of spheroplasts

(lanes 5 & 6) and SPase I cleavage (lanes 7 & 8). Note that because SPase I automatically

cleaves RodZ-CT domain leaving the N-CadC domain exposed only on the cytoplasmic

surface of the membrane, the N-CadC domain is inaccessible to protK (lanes 7 & 8). Fig. 7b

shows that the periplasmic domain does not affect insertion. Regardless of whether the C-

terminal domain is that of RodZ or CadC, no insertion is observed for the polyalanine (H#)

H-segment, as shown by the lack of SPase I cleavage of the peptides (lanes 1 – 4). As

expected, however, when the H-segment is the polyleucine version (H*), cleavage is

complete, consistent with insertion. The β-gal assays for these various constructs provide a

convenient measure of both insertion and dimerization. In Fig. 7c, significant β-gal activity

is seen only for the C-H*-C (null) construct; activation of the cadBA operon requires both

transmembrane insertion of CadC and dimerization of its periplasmic domain.

Discussion

Single-span MPs, abundant in all branches of life [33], generally have their TM domains

near the N-terminus. There are several S-SMPs, however, without signal sequences whose

TM segments occur a hundred or more residues downstream from the N-terminus. We

recently identified six of these [13], including RodZ and CadC (Fig. 1c), which are of

particular interest to our laboratory in the context of S-SMP assembly and stability. RodZ is

important for the maintenance of the rod shape of E. coli [11–12] while CadC plays an

important role in protecting E. coli from acid stress by activating the cadBA operon at low

pH in the presence of lysine [16–34–35] (see Fig. 1a,b). We recently showed that in vivo

assembly of RodZ requires only the SecA ATPase, the SecYEG translocon, and a

transmembrane PMF [13]. A thorough analysis of the assembly requirements for CadC is

presently lacking, but we showed that SecA is required for the assembly of a CadC-RodZ

chimera (Fig. 3b).

The main goal of our CadC experiments was to explore the use of CadC for studies of the

stability and dimerization of S-SMPs using CadC chimeras. CadC is appealing due its

similarity to ToxR, which is widely used for examining helix-helix interactions in vivo [28–

36]. A theoretical advantage of the CadC system is that the cadBA promoter has only two

CadC binding sites and both must occupied for cadBA activation [35]. The ctx promoter

sequence is simpler, consisting of three to eight tandemly repeated TTTTGAT DNA

elements [8]. This raises the possibility that strict dimerization of ToxR is not enforced.
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As expected, we found that by placing the lacZ gene under the control of the cadBA

promotor that β-gal activity could be used as an in vivo readout of TM dimerization (Fig. 4).

But we also found that β-gal activity could be used to ascertain whether a particular H-

segment (X) allowed transmembrane insertion of C-X-C constructs (Fig. 7). Specifically, β-

gal activity was absent when the H-segment was polyalanine-based whereas it was

extremely high for a polyleucine-based H-segment (Fig. 7c). The lack of β-gal activity is

consistent with physicochemical and in vitro measurements showing that polyalanine helices

have a low probability of being stable across lipid membranes [24–32]. However, the

situation is more complex than for cotranslational insertion studied in the experiments of

Hessa et al. [24], because the SecA motor ATPase is involved. There are two issues. First,

SecA must recognize the TM domain, and second, it must engage the SecYEG-based

insertion apparatus. Failure to insert could thus be due to lack of SecA recognition, failure of

the insertion mechanism, or both. We expect future experiments to clarify the SecA-driven

recognition/insertion process.

Prior to our CadC experiments, several lines of evidence suggested that dimerization of the

periplasmic domain of CadC is essential for activation of the cadBA operon (Fig. 1b) [18–

19], but the necessity for CadC dimerization had never been demonstrated directly. Indeed,

even the presumed Nin-Cout type II topology had not been validated experimentally. Before

we could establish the usefulness of CadC for studying TM helix targeting, stability, and

dimerization, we had first to confirm CadC’s topology and to establish that dimerization of

the periplasmic domain is necessary for activation of the cadBA operon. The standard

method for testing S-SMP topology in vivo in E. coli is protK treatment of spheroplasts, but

this approach failed for CadC, because the putative periplasmic domain was completely

resistant to protK treatment (Fig. 2a, lanes 1 & 2). We therefore adopted a different strategy:

we inserted a signal peptidase cleavage site (AAA or AQA) immediately after carboxy end

of the helix. This approach worked uniformly well, as shown in Figs. 2 – 7. Whenever the

cleavage site was present, appropriate tagged fragments were found that were consistent

with Nin-Cout topology as shown, for example, in Figs. 2a,b. Furthermore, the CadC

constructs and their N-CadC fragments were found in the membrane fraction of fractionated

cells (Fig. 2c). To validate our assumption that cleavage was due to SPase I, we expressed

C-H*-R in a SPase I depletion strain (FTL85) in which lepB is under the control the

arabinose promoter/operator. The absence of arabinose led to SPase I depletion. When

SPase I was depleted, no T7-tagged N-CadC fragment was found (Fig. 3a).

Our cleavage-site approach made it possible to prove unequivocally that dimerization of the

CadC periplasmic domain is required for activation of the cadBA operon. The strategy was

simple: measure β-gal activity of two CadC constructs, one with a cleavage site and one

without, the idea being to sever the periplasmic domains, leaving only the TM and

cytoplasmic domains. As shown in Fig. 4c, β-gal activity drops essentially to background

when the cleavage site is present. Without its periplasmic domain, CadC cannot activate the

cadBA operon. Furthermore, the H-segment had little effect on dimerization in the null

constructs (compare C-H-C and C-H*-C in Fig. 4c). Further support for the necessity of

periplasmic-domain dimerization was provided by constructs in which the RodZ periplasmic

domain replaced the CadC domain (Fig. 4c, bars 5 & 6).

Lindner and White Page 10

J Mol Biol. Author manuscript; available in PMC 2015 August 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The question that arose during the CadC periplasmic-domain dimerization experiments was

whether CadC could be used to explore TM helix dimerization. To answer that question, we

turned to the glycophorin A (GpA) helix-dimerization motif –

L75IxxG79V80xxG83V84xxT87- [3–4]. We began by replacing the CadC H-segment with the

wild-type GpA TM domain (H1, Fig. 5) and replacing the CadC dimerization domain with

the periplasmic RodZ domain. As a negative control, we inserted a single Ala at position 82

in the sequence to interrupt dimerization [30] to produce the H-segment H1A (Fig. 5).

Because dimerization is strengthened by making the GpA TM segment more hydrophobic

[29], we also made constructs in which all residues that are not part of the dimerization

domain are replaced by leucine (H2, Fig. 5). A negative-control construct with the 82Ala

insertion was also constructed (H2A, Fig. 5). Finally, for this family of constructs we created

clv as well as null versions. Summarizing, we produced constructs of the form C-X-R (null)

and C-X-R (clv) with X = H1, H1A, H2, and H2A (Fig. 5). The β-gal activities of the various

constructs, summarized in Fig. 5b, were somewhat mixed with β-gal activities ranging from

about 100 MU to about 2000 MU (the C-H-C control activity was about 3000 MU).

Nevertheless, the activities of the X = H1 and H2 constructs were higher than for the

respective H1A and H2A constructs, as expected. The effects of SPase I cleavage of the clv

constructs tended to be ambiguous. Overall, the results were consistent with dimerization of

the TM domains in the absence of the 82Ala insert, but we were dissatisfied with variations

in activity arising from variations in expression levels. These variations, which limit

sensitivity, have long been a problem with ToxR-based dimerization studies. We surmised

that the problem was our inability to control closely protein expression, even by using very

low IPTG concentrations.

To address the expression problem, our strategy was to reduce dramatically expression using

Top10 rather than BL21(DE3) cells and to assure that constitutive β-gal activity was

completely suppressed. Top10 cells lack the T7 polymerase and contain a defective lacZ

gene, so that expression of the CadC constructs depended solely on ‘leakage’ due to weak

activation by the constitutive Top10 promoter. The only disadvantage of this approach is

that long expression times are required, but we did not find the overnight (16 hrs – 18 hrs)

expression time to be burdensome. The results of the β-gal activities of the various

constructs now became completely unambiguous (Fig. 6). The C-H2-R constructs yielded

excellent β-gal activities and showed that the presence or absence of a cleavage site did not

matter (Fig. 6c), while the β-gal activities of the C-H2A-R constructs dropped to essentially

0. The result of the low-expression strategy was thus a dramatic increase in the dynamic

range of the β-gal assay. As shown in Fig. 6d, the strategy revealed that the β-gal activity for

helix-helix driven dimerization was about one-half that of the activity observed using CadC

periplasmic-domain dimerization. Finally, the low-expression results support the hypothesis

that over-expression leads to the production of more protein than can be accommodated by

the protein insertion processes, resulting in overcrowding that can cause false-positive

dimerization.

CadC and CadC chimeras provide a robust system for studying single-span membrane

protein topology, dimerization, and stability. The signal peptidase cleavage-site strategy

seems to be insensitive to the composition of the TM and periplasmic domains used in the
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constructs, suggesting that it may be broadly useful as tool for determining single-span MP

topology. An inherent problem in studies of dimerization using β-gal and related assays is

control of protein expression. We suggest that the accuracy and precision of such assays

may be increased dramatically using the Top10 low-expression system.

Materials and Methods

Bacterial strains, plasmids, and materials

CadC and RodZ were amplified from chromosomal DNA (E. coli K12). We used the

restriction sites NdeI and XhoI for gene insertion into the pET21 vector (T7 promoter/lac

operator, NOVAGEN). We inserted two additional unique restriction sites (KpnI and

BamHI) to the cadC gene to exchange the H-segment using cassette cloning or overlap

extension. All constructs were confirmed by sequencing. BL21(DE3) (F− ompT gal dcm lon

hsdSB(rB
− mB

−) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) or Top10 (F- mcrA Δ(mrr-

hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15

galK16 rpsL(StrR) endA1 λ−) cells were used to express the various CadC constructs, which

all carried an internal T7-tag and a C-terminal His6-tag for Western blot detection. For

SPase I depletion studies, we used E. coli strain FTL85 in which lepB is under the control of

AraC [37]. For SecA depletion studies, we used E. coli strain EO527 in which secA is under

the control of AraC. Both depletion strains were received from Ross E. Dalbey at the Ohio

State University who obtained them from Tracy Palmer (FTL85) and Tom Rapoport

(EO527), respectively.

Growth Conditions

Various CadC proteins were expressed from an IPTG-inducible and T7 polymerase-

dependent system (pET-vector). We used two expression strategies: (a) 1h expression in

BL21(DE3) cells (presence of T7 polymerase) or (b) overnight expression in Top10 cells

(absence of T7 polymerase) which leads to very low protein yields. Protein expression in

Figures 2 – 5 was done using BL21(DE3) cells containing the gene for T7-polymerase

(CadC protein is regulated by the T7-promoter and the lac-operator). This leads to high

protein expression levels even in the presence of small amounts IPTG inducer (20 µM) and

short expression time (1 h). In Figures 6 and 7, Top10 cells were used to decrease the

expression level dramatically, because this strain lacks the T7-polymerase, causing CadC to

depend solely on leakage transcription from the constitutive E. coli RNA polymerase. To

make sure that the lac-operator was not ‘blocked’, we used 1 mM IPTG, which binds to the

lac-repressor LacI and makes it ‘inactive’. The Top10 system obviously requires longer

expression times than the BL21(DE3) system. We found that overnight expression (16 – 18

hrs) was sufficient to allow β-gal activity to be accumulated within the cells for accurate

assays.

The experiments were done at pH 7 in Luria-Bertani (LB) medium or super optimal broth

with catabolite repression (SOC) full media using glucose for repression [38]. We could

detect activity under these conditions, because the media contained ~ 4 mM lysine. CadC

activity depends on the presence of acidic conditions (pH < 5.7) as well as lysine. However,

because we used a C-terminal His6-tag, the pH dependence was absent, in agreement with
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previous reports [39]. The C-terminal His6-tag presumably interferes with the pH sensor

domain [35].

SPase I and SecA Depletion Protocols

SPase-depletion experiments—C-H*-R constructs with clv = AQA (pET-vector, T7-

RNA-polymerase dependent system) were transformed in FTL85 cells. Overnight cultures

were grown in LB media in the presence of 0.02 % arabinose (non-depletion condition). A

400 µl inoculum from the culture was added to 10 ml of fresh LB media with or without

0.02 % arabinose. After 1 h (OD600 ~ 0.6) protein expression was induced by adding 100

µM IPTG (note FTL85 strain does not contain the gene for T7-RNA-polymerase). After 3 h

of protein expression cells were pelleted and analyzed.

SecA-depletion experiments—C-H*-R constructs with clv = AQA (modified pET-

vector, T7-RNA-polymerase independent system using a T5 promoter sequence which is

recognized by the wt E. coli RNA-polymerase.) were transformed in EO527 cells. Overnight

cultures were grown in SOC media in the presence of 0.02 % arabinose (non-depletion

condition). A 400 µl inoculum from the culture was added to 10 ml fresh SOC media with or

without 0.02 % arabinose. After 2 h (OD600 ~ 0.6) protein expression was induced by

adding 10 µM IPTG. After 0.5 h of protein expression, cells were pelleted and analyzed.

Cell Fractionation

Cell fraction was performed by cell lysis using freeze-thaw and DNaseI treatment [38]. The

bacterial cells were harvested, centrifuged, and the pellet resuspended in Lysis-

Equilibration-Wash buffer (LEW buffer: 50 mM NaH2PO4, 300 mM NaCl, pH 8.0)

containing DNaseI enzyme, DNaseI buffer, lysozyme, and phenylmethanesulfonyl fluoride

(PMSF). Thereafter, the cell pellet was subjected to 10 cycles of freeze (liquid Nitrogen) and

thaw (at 37°C water bath) followed by incubation at 37°C for 10 minutes. The cell

suspension was centrifuged at 13,000×g for 10 minutes at 4°C, and the supernatant

containing the soluble and periplasmic proteins (called the C/P fraction) was transferred to a

new tube. The pellet was resuspended in LEW+1.5% CHAPS to solubilize membrane

proteins. The suspension was centrifuged at 13,000×g at 4°C for 15 minutes. The

supernatant contains the inner membrane (IM) fraction.

Periplasmic fraction

Cells were grown to mid-logarithmic phase and harvested by centrifugation. Osmotic shock

was performed by a method adapted from Neu and Heppel [40] and Thorstenson et al. [41]

as follows: Cell pellets were resuspended in 100µl osmotic shock buffer (0.5 M sucrose, 0.2

M Tris, 0.5 mM EDTA) and incubated on ice for 15 min, followed by the addition of 400 µl

of 5 mM MgSO4. The cells were incubated on ice for an additional 30 min, followed by

pelleting at 13,000×g at 4°C for 15 minutes. The supernatant (periplasmic fraction) and the

pellet were mixed separately with SDS sample buffer and analyzed by SDS-PAGE [42].
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Protease treatment studies

Cells were grown to mid-logarithmic phase and harvested by centrifugation. Cell pellets

were resuspended in 100µl osmotic shock buffer (0.5 M sucrose, 0.2 M Tris, 0.5 mM

EDTA) and incubated on ice for 15 min. Then, 400 µl of 5 mM MgSO4 containing prot K

(80 ng) was added and the cells incubated on ice for an additional 30 min, followed by

pelleting at 13,000×g at 4°C for 15 minutes. The supernatant was discarded, the pellet

resuspended in SDS sample buffer, and analyzed by SDS-PAGE [42].

Western Blotting

The pellet was resuspended in SDS sample buffer and analyzed by SDS-PAGE (4–20 %)

[42] and then Western blotted using iBLOT from Invitrogen® (Invitrogen Corp., Carlsbad,

CA), which guarantees complete protein transfer that is necessary under low-expression

conditions. The protein was detected by a T7-tag alkaline phosphatase-conjugated antibody

from Novagen® (Novagen (EMD) Biosciences, Madison, WI) or by a His6-tag antibody

from Roche® (Hoffman La Roche, Basel, Switzerland).

CadC activity assays

Transcription activation (cadBA::lacZ) was mediated by expressing the constructs on

pET-21 derivatives in BL21(DE3) or Top10 cells (Invitrogen) harboring a single-copy

plasmid (pETcoco-1, Novagen®) containing cadBA:lacZ). BL21(DE3) cells containing the

plasmids were grown in SOC media in the presence of chloramphenicol and ampicillin to

the logarithmic phase (OD600 = ~ 0.5) and protein expression was induced with 20 µM IPTG

for an additional 1 h. Top10 cells containing the plasmids were grown in LB media for 16 h

in the presence of 1 mM IPTG. β-gal activities were quantitated in crude cell lysates after

addition of o-nitrophenylgalactoside and monitoring the reaction at 405 nm for a period of 5

min at intervals of 1 sec with a UV-Visible spectrophotometer. Specific β-gal activities

(Miller units) were calculated from the slope of the reaction curves, and the OD600

previously measured for the cell suspension [27–43]. All β-gal activities were determined in

duplicate for each experiment. The “error bars” shown represent standard deviations of the

duplicates. We choose to use duplicates because of the close agreement of completely

independent measurements of the activity of the C-H-C (Figs. 2d, 4c, and 5b) and the C-H*-

C constructs (Figs. 6d and 7c). By independent, we mean each experiment began with a new

transformation, cell culture, etc. The average activity (MUs) was 2960 ± 323 (SD) for the C-

H-C constructs 3973 ± 413 (SD) for the C-H*-C constructs. These results indicate an

experimental uncertainty of about 10%, which is about the uncertainty found for the

duplicates.
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MP membrane protein
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S-SMP single-span membrane protein

TM transmembrane

PMF proton motive force

protK proteinase K

β-gal β-gal

SPase I Signal Peptidase I

H-T-H helix-turn-helix

wt wild-type

IPTG Isopropyl β-D-1-thiogalactopyranoside

LB Luria-Bertani

SOC super optimal broth with catabolite repression

LEW lysis equilibration wash

SDS sodium dodecyl sulfate

PMSF phenylmethanesulfonyl fluoride
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Highlights

• SPase I cleavage sites can be used for determining the topology of single-span

MPs.

• CadC, which regulates the cadBA operon, is a type II single-span membrane

protein.

• Dimerization of CadC is required for activation of the cadBA operon.

• CadC-RodZ chimeras can be used to examine TM helix stability and

dimerization.

• CadC-RodZ chimeras can dimerize and activate cadBA via TM helix

dimerization.
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Figure 1.
Overview of the function and organization of the Cad system for protecting

Enterobacteriaceae against acid stress, and the CadC-based constructs used in this study. (a)

Expression of the cadBA operon is dependent on the transcriptional activator CadC, which

belongs to the OmpR/PhoB response-regulator subfamily, defined primarily by the winged

helix-turn-helix DNA binding motif within the effector domain. CadC shares sequence

homology with the ToxR protein, which is a widely used method for in vivo transmembrane

helix interaction analysis [6]. (b) Low-pH stress in the presence of lysine causes the
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regulatory protein CadC to induce expression of CadA (lysine decarboxylase) and CadB

(lysine/cadaverine antiporter). Internal protons are consumed by conversion of lysine into

cadaverine by CadA and removed from the cell by CadB [44]. In addition to the lysine-

based acid resistance offered by the Cad system, three additional decarboxylase systems are

present in E. coli, based upon glutamate, arginine, and ornithine [10]. (c) Schematic

overview of wild-type CadC and RodZ. Both are members of a small class of single-span

membrane proteins lacking an N-terminal signal sequence and whose TM helix occurs more

than 100 residues from the amino terminus [13]. The locations and amino acid compositions

of the TM helices (red) are indicated. (d) Schematic overview of the CadC constructs used

in our study. Color code: Green, CadC components; blue, RodZ components; red,

hydrophobic segment (H-segment); purple, T7 tag (MASMTGGQQMG) inserted at aa

position 140; grey, His6-tag (HHHHHH); brown, MalE27–396; white, optional Signal

Peptidase I (SPase I) cleavage sites (clv) based on the consensus sequence A-X-A [23]

inserted at the C-terminal end of the H-segment. In this study, clv = AAA or AQA.
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Figure 2.
CadC has an Nin-Cout topology and must dimerize to activate the cadBA operon. The

nomenclature of the constructs used is shown in Fig. 1c,d. The various CadC constructs

(Fig. 1d) were expressed in BL21(DE3) cells after induction with 20 µM IPTG for 1 h. In all

figures, null, indicates the absence of a SPase I cleavage site following the H-segment. (a)

CadC constructs carrying -AAA- sites are cleaved with or without protK treatment of

spheroplasts. Wild-type CadC (C-H-C) was impervious to protK digestion, because only the

full-length protein was seen when spheroplasts are treated with protK (lanes 1 & 2). On the

other hand, the CadC-RodZ chimera (C-H-R) readily yielded to protK digestion, as indicated

by the presence of the T7-tagged N-CadC- fragments (lanes 5 & 6). To test the topology of

wild-type CadC (C-H-C), an -AAA- cleavage site was introduced immediately after the H-

segment. Lanes 3 & 4 suggest that SPase I in the cytoplasmic membranes cleaved off the

periplasmic CadC C-terminal domain to yield T7-tagged N-terminal fragments (N-CadC),

regardless of protK treatment. The periplasmic domain of a C-H-R chimera carrying the -

AAA- cleavage site was also cleaved, leaving behind T7-tagged N-CadC (lanes 7 & 8;

compare with lanes 5 & 6). Although the molecular weight of T7-tagged N-CadC is 20.5

kDa, it migrates anomalously on SDS-PAGE gels at 25 kDa. (b) CadC is a type II (Nin-Cout)
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single-span membrane protein. When an -AAA- site is present, His6-tagged CadC and RodZ

C-terminal domains (CadC-CT and RodZ-CT) are found in the periplasm, consistent with

type II topology. In the absence of an -AAA- site, no fragment is observed. We have

previously shown that RodZ has type II topology [13]. The RodZ-CT domain has a MW of

29.1 kDa, but it migrates anomalously at about 45 kDa. (c) The C-H*-R construct and its

cleaved N-CadC fragment are located in the inner membrane (IM) fraction of fractionated

cells. These results show that (1) C-H*-R behaves similarly to C-H-R the H* H-segment can

replace the H H-segment, that SPase I cleavage does not depend on the amino acid

composition of the H-segment as long as it is sufficiently hydrophobic to be inserted into

membrane, and that both the uncleaved and cleaved proteins are located in the inner

membrane, consistent with stable insertion of CadC and cleavage of CadC at the periplasmic

surface by SPase I. (d) Dimerization of the periplasmic domain of CadC is required for

activation of the cadBA operon, as determined by reporter gene (lacZ) experiments with

various CadC constructs in vivo. The Western blot in panel b shows the expression levels

and membrane topology of the respective CadC proteins. Wild-type CadC (C-H-C) without

an AAA cleavage site induced very strong β-gal activity (greater than 2500 MU). When an

AAA cleavage site was introduced to allow cleavage of the periplasmic domain of CadC, β-

gal activity dropped dramatically (~500 MU). The CadC-RodZ chimera (C-H-R) yielded

very low β-gal activity (~200 MU), because the periplasmic domain does not, apparently,

dimerize. Consistent with that conclusion, insertion of the AAA cleavage site had no effect

on β-gal activity.
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Figure 3.
Depletion experiments demonstrate that cleavage is due to Signal Peptidase I and that

membrane insertion of CadC requires SecA. (a) Signal peptidase I is responsible for

cleavage. The CadC construct C-H*-R carrying an AQA site was expressed in a SPase I

depletion strain (FTL85) in which lepB is under the control the arabinose promoter/operator.

The absence of arabinose leads to SPase I depletion. When SPase I is depleted, no T7-tagged

N-CadC fragment is found (compare lanes 1 & 2). (b) SecA translocase is essential for

membrane insertion of CadC constructs. The C-H*-R construct with an AQA cleavage site
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was expressed in the SecA depletion strain EO527 in which secA is regulated by the

arabinose promoter/operator. The absence of arabinose leads to SecA depletion. Under

depletion conditions, only full-length C-H*-R is found, consistent with failure to insert the

construct into the cytoplasmic membrane.
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Figure 4.
The CadC TM helix can be changed to a polyleucine variant without effect. (a,b) Changing

the H-segment from wild-type H to H* comprised of sixteen leucines bounded by GGPG-

and -GPGG [24–45] has no effect on topology or dimerization. Insertion of an -AQA-

cleavage site results in a periplasmic His6-tagged fragment (panel b, lanes 1 & 2) and a non-

periplasmic T7-tagged fragment (panel a, lanes 1 & 2). Changing the periplasmic domain of

the H* CadC variant to MalE27–396 or RodZ-CT has no effect on cleavage or topology.

Compare lanes 3 – 6 of panel a with lanes 3 – 6 of panel b. (c) Regardless of H-segment
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composition, only the wild-type CadC periplasmic domain can activate the cadBA operon.

The β-gal activity measured for each construct is shown. The far-left bar labeled ‘control’ is

the activity of wild-type CadC measured independently of the values shown in Fig. 2. The

numbers below the other bars in the graph correspond to the numbered lanes in panels a and

b. Notice the activity of C-H*-C (bar 1) is statistically equivalent to C-H-C, indicating that

the change in the H-segment from H to H* had little effect on activation. But when an -

AQA- cleavage site is present in C-H*-C, the β-gal activity collapses to a negligible value

(bar 2). The other constructs, C-H*-M and C-H*-R, with or without a cleavage site have

very low β-gal activities (bars 3 – 6). Bars 5 & 6 are higher than the others, because the

expression level of C-H*-R was higher, as evidenced by the relative intensities of the bands

on the blots.
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Figure 5.
Glycophorin A (GpA) TM domains can drive dimerization in the absence of the CadC

periplasmic domain. We used variants of GpA TM helices to test for detection of the helix-

helix dimerization. We used a CadC construct in which CadC-CT was replaced by RodZ-CT

so that dimerization would depend only on the H-segment. The polyleucine construct C-H*-

R served as a neutral control. We began with the wild-type GpA H-segment (labeled H1),

and then added a single Ala residue at the GpA position 82 (H-segment H1A), which is

known to disrupt GpA dimerization in SDS micelles [30]. We next increased the overall
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hydrophobicity of the GpA-based H-segment by replacing all residues not involved in

dimerization with leucines (H2 and H2A). (In the sequences shown, the residues involved

directly in GpA dimerization are colored purple.) (a) SPase I processed all constructs when

an AQA cleavage site was present. However, because the expression levels were very high

in these experiments, SPase I processing was incomplete. High expression levels were used

in the hope of seeing dimers on the blots, which we did. Oligomers are clearly visible in H2

constructs, but not the H2A constructs, consistent with Ala82 disrupting dimerization. The

oligomerization occurred despite boiling the samples in SDS sample buffer. (b) The various

GpA constructs have different β-gal activities. The bars are numbered according to the lanes

in panel a. The far-left bar is the wild-type CadC activity, measured independently of wild-

type activities in Figs. 2 & 3. Notice that the H2 constructs have higher activities than the

H1 constructs, indicating that hydrophobicity as well as the GxxxG motif contribute to

dimerization. Ignoring the wild-type control, the highest activity was observed for H2 with -

AQA- cleavage site (bar 7). The H2 (null) level was lower, perhaps because the RodZ-CT

domain interfered with helix dimerization. Indeed, ignoring expression levels, there seems to

be a trend toward higher activities for the AQA constructs: H1AQA > H1null and H2AQA >

H2null, and H1AAQA > H1Anull, H*AQA > H1*null although H2AAQA ≈ H2Anull. The large

variations in the β-gal activities make interpretation of the data problematic. As we show in

Fig. 6, the variations are apparently a result of variations in protein expression levels.
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Figure 6.
Lower expression levels increase the ‘dynamic range’ between interacting and non-

interacting H-segments, and leads to full processing by SPase I. As discussed in the main

text and Methods & Materials, we reduced protein expression dramatically by using Top10

cells. (a) Dimerization of GpA-based CadC constructs is obvious at low expression levels if

the samples in SDS samples are not boiled (compare lanes 1 – 4 with lanes 5 – 8). Dimers

are seen for full-length C-H2-R (null) but not for C-H2A–R (null). For H2 constructs

carrying an AQA cleavage site, dimers of N-CadC are observed for C-H2-R but not for C-
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H2A-R (compare lanes 7 & 8). (b) CadC with an H* H-segment is cleaved fully at low

expression levels (compare lanes 1 & 2) as are C-H2-R and C-H2A-R (lanes 3 & 4). (c)

Activation of the cadBA operon by dimerizing species is strongly apparent in the β-gal

assays at low protein expression levels. C-H2-R constructs with and without -AQA- have

equally high β-gal activities, consistent with dimerization of only the H-segments

irrespective of the absence or presence of the periplasmic RodZ-CT domain. The full extent

of the blockage of dimerization GpA by 82Ala is now apparent; both the null and -AQA-

have virtually no β-gal activity. (d) Activation of the cadBA operon is stronger for

periplasmic domain dimerization than for H-segment dimerization. Under the reduced-

expression conditions, β-gal activity for C-H*-C is very high without the AQA cleavage, but

drops practically to 0 when the cleavage site is present. The data for C-H2-R from panel c

have been re-plotted in panel d for comparison (note the difference in vertical scales

between the two panels).
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Figure 7.
H-segments with low hydrophobicity are not inserted as transmembrane segments.

Following the lead of earlier studies [24–32] that showed polyalanine H-segments are

inserted across membranes with a low probability, we examined the TM insertion of CadC

constructs with polyleucine (H*) or polyalanine (H#) H-segments using the Top10

expression system. (a) CadC-RodZ constructs (C-X-R) with polyalanine H-segments are not

inserted across membranes whereas those carrying polyleucine segments are inserted. The

RodZ-CT domain of C-H#-R cannot be digested by protK treatment of spheroplasts (lanes 1
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& 2) nor can it be cleaved by SPase I (lanes 3 & 4), indicating that C-H#-R is not inserted

across the cytoplasmic membrane. It must reside only in the cytoplasm. C-H*-R carrying a

polyleucine H-segment, on the other hand, is fully inserted as judged both by protK

digestion of spheroplasts (lanes 5 & 6) and SPase I cleavage (lanes 7 & 8). Note that

because SPase I automatically cleaves RodZ-CTdomain leaving the N-CadC domain exposed

only on the cytoplasmic surface of the membrane, the N-CadC domain is inaccessible to

protK (lanes 7 & 8). (b) Failure to insert polyalanine H-segments across the cytoplasmic

membrane is independent of the periplasmic domain. No N-CadC fragment is observed for

C-H#-C or for C-H#-R with or without the -AQA- cleavage site (lanes 1 – 4). When the H-

segment is polyleucine, however, C-H*-C or for C-H*-R are fully inserted (lanes 5 – 8). (c)

The CadC periplasmic domain (CadC-CT) must be in the periplasm to promote binding of

the CadC to the cadBA operon. The bars in the β-gal activity chart are numbered according

the lane numbers of panel b. High β-gal activity is seen only for C-H*-C lacking a cleavage

site (bar 5). The activity seen for C-H*-R (AQA) is a result of much higher expression

levels.
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