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Abstract: Protein secretion is a major contributor to Gram-negative bacterial virulence. Type Vb or
two-partner secretion (TPS) pathways utilize a membrane bound b-barrel B component (TpsB) to

translocate large and predominantly virulent exoproteins (TpsA) through a nucleotide independent

mechanism. We focused our studies on a truncated TpsA member termed hemolysin A (HpmA265),
a structurally and functionally characterized TPS domain from Proteus mirabilis. Contrary to the

expectation that the TPS domain of HpmA265 would denature in a single cooperative transition, we

found that the unfolding follows a sequential model with three distinct transitions linking four
states. The solvent inaccessible core of HpmA265 can be divided into two different regions. The

C-proximal region contains nonpolar residues and forms a prototypical hydrophobic core as found

in globular proteins. The N-proximal region of the solvent inaccessible core, however, contains
polar residues. To understand the contributions of the hydrophobic and polar interiors to overall

TPS domain stability, we conducted unfolding studies on HpmA265 and site-specific mutants of

HpmA265. By correlating the effect of individual site-specific mutations with the sequential unfold-
ing results we were able to divide the HpmA265 TPS domain into polar core, nonpolar core, and

C-terminal subdomains. Moreover, the unfolding studies provide quantitative evidence that the

Abbreviations: CD, circular dichroism; Cm, guanidine hydrochloride concentration at transition mid-point; FHA, Bordetella pertussis
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hemolysin A; HpmA265, truncation fragment of P. mirabilis hemolysin A processed to start at asparagine 30 and cloned to
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folding free energy for the polar core subdomain is more favorable than for the nonpolar core and
C-terminal subdomains. This study implicates the hydrogen bonds shared among these conserved

internal residues as a primary means for stabilizing the N-proximal polar core subdomain.

Keywords: two-partner secretion; protein folding; beta-helix; domain; subdomain; sequential
unfolding

Introduction
Gram-negative bacteria use two-partner secretion

(TPS) pathways to transport predominantly virulent

proteins across their outer membranes. The TPS

pathways are composed of two components, a

secreted A exoprotein (TpsA) and an Omp85 related

B translocase protein (TpsB). The requisite outer

membrane bound B component recognizes and

translocates its cognate A partner.1,2 Upon TpsB

dependent secretion, TpsA protein family members

function as adhesins, cytotoxins, contact growth

inhibitors, proteases, and heme binding proteins in

pathogenic and non-pathogenic Gram-negative spe-

cies.3–11 The hemagglutnin TpsB component and its

role in translocation has been the subject of many

studies (reviewed in Ref. 12,13). To better under-

stand the role that TpsA folding plays in transloca-

tion, we investigated the structural stability of a

hemolysin TPS domain from P. mirabilis, termed

HpmA265. We have found that the HpmA265 TPS

domain comprises at least three structural subdo-

mains with differing stabilities, and suggest models

for TPS translocation based upon the observed

sequential unfolding of this domain.

Hemolysin A (HpmA), a prototypical hemolysin

TpsA representative from P. mirabilis, is secreted

using a TPS pathway.14 Like other A components

secreted via the TPS pathway, HpmA is translo-

cated, folded, and activated by its cognate B compo-

nent (HpmB).15,16 In order to study the folding

energetics of the TPS domain, we utilized a cloned

fragment of HpmA that encodes methionine 1

through glycine 265 as previously reported.14 We

termed this truncated protein HpmA265 in order to

indicate its most C-terminal residue based on the

full length HpmA sequence. As in the full length

protein, HpmA265 expression includes Sec depend-

ent transport across the inner membrane, proteolytic

cleavage to remove the Sec signal peptide (Support-

ing Information Fig. S1), and membrane bound

HpmB coupled secretion into the external

milieu.6,14,15,17 All of the studies discussed in this

work were completed upon fully processed, secreted

and purified HpmA265 or variants of HpmA265 har-

boring site-specific mutations. Therefore, each puri-

fied form of HpmA265 under investigation spans

residues asparagine 30 through glycine 265. The

construct that does not harbor any site-specific

mutations is identified as HpmA265 in this study.

The naming convention used for the site-specific

mutants within this study uses the nomenclature

Q125A, where the glutamine residue at position 125

within HpmA265 has been replaced with an alanine.

Structurally, HpmA265 adopts a non-globular

three-sided b-helix with parallel and anti-parallel

b-sheet segments.14 As described previously, the

Figure 1. Cartoon representation of the TPS domain from HpmA265 (PDB ID: 4W8Q). A) Side view of structure. PDBsum deter-

mined b-strands are numbered starting at the N-terminus. The short 310 helix is labeled. The anti-parallel cap (yellow), flap (pur-

ple) and non-globular parallel b-helix (blue, red, green) are indicated. B) Top-down view parallel to helical axis showing the

interior of the b-helix, the last b-strand within the cap region and the b-strands associated with b-circuits 1-3 are visible. To

clearly show the interior, the remaining b-strands and solvent accessible surface have been removed. Strands are colored as in

panel A. The solvent accessible surface is shown in gray. The core of protein is defined as being surrounded by b-strands and

inaccessible to solvent within the b-helix. Internal polar residues N111, Q125, and Y134 are shown in stick representation. The

hydrogen bonds between Q125 and Y134 are shown as black dotted lines.
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parallel b-strands form the three-sided HpmA265

b-helix structure, while the anti-parallel b-strands

form the N-terminal “cap” and the flanking “flap”

regions [Fig. 1(A)].14 The b-helix portion of the

HpmA265 structure comprises five full turns or

b-circuits, where each circuit comprises three parallel

b-strands and three adjoining turns. The b-helix

structure also forms a large solvent inaccessible pro-

tein core [Fig. 1(B)]. The exposed edges of the b-helix

are protected on the N-terminal end by the “cap”

structure [Fig. 1(A)], while those on the C-terminal

end are protected through dimerization.14

The HpmA265 cap structure and the first two b-

circuits contain solvent inaccessible polar residues

Figure 2. Hemolysin TpsA sequence alignment and structural components. A) TpsA sequence alignment of hemolysin family

members. Sequences were aligned using the clustal-omega interface provided by uniprot.org with default parameters. Conser-

vation at each position is noted below the sequences. Residue numbering is in reference to the HpmA full length sequence.

Secondary structure based on PDBsum assignments is noted above the sequence in cartoon format. Secondary structure car-

toons are colored to indicate polar core (green), hydrophobic core (gray), the junction between these two cores (yellow), or flap

(purple). The HpmA sequence is coded to show internal residues as upper-case based on a relative solvent accessibility of 0.2

or less. Highlighted residues indicate a residue that participates in the internal hydrogen bond network: main chain-side chain

hydrogen bond (blue), side chain-side chain (red), and disulfide bond (yellow). Assignments of protein segments to cap, flap,

and b-circuits are indicated above the secondary structure cartoons. Residues that are mutated as part of this study are indi-

cated with a red x below the alignment. Hemolysins aligned and their uniprot accession numbers are: HpmA, P16466; ShlA,

P15320; ChlA, Q7NWR2; PhlA, Q7N9K8; XhlA, D3UYN1; EthA, O32608; HhdA, Q47955; HhhA, F9GTG6. B) HpmA structure

showing N-proximal polar core, C-proximal hydrophobic core, extra-helical flap, and the junction between the two cores. Some

of the internal polar residues (red highlights in the alignment) are shown as sticks colored by atom type. Internal residues that

are part of the hydrophobic core are shown as spheres. Carbon color indicates: yellow – mutated within this study; cyan – tryp-

sin cleavage site; gray – other internal residues. An internal water at the polar/nonpolar core junction is shown as a cyan

sphere.
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that are highly conserved within the hemolysin fam-

ily [Fig. 2(A)], but not across the other TpsA family

members (data not shown). These conserved resi-

dues including N111, Q125 and Y134, are located

within the solvent inaccessible core of HpmA265

[Figs. 1(B) and 2(B)]. The hydrogen bond network

involving these internal residues terminates at an

internal water molecule, which is within hydrogen

bonding distance of the side chains of Q125 and

C147 and the main chain atoms of G123 and G148.

Because these internal polar residues reside

between N30 and N151, we have further defined

this internal region within the HpmA265 TPS

domain as the N-proximal “polar core”. The solvent

inaccessible residues within the remaining

HpmA265 b-circuits 3 – 5 are nonpolar, giving this

segment of the protein a prototypical hydrophobic

core. We have defined this internal region of

HpmA265 as the C-proximal “hydrophobic core”.

Compared to the N-proximal polar residues, the

internal residues within the C-proximal hydrophobic

core are more poorly conserved within the hemolysin

family members. The disparities in internal polarity

and conservation suggest that the HpmA265 N-

proximal polar and C-proximal hydrophobic cores

might have differing stabilities that may be impor-

tant for TPS domain folding.

In this study we used HpmA265 and a series of

site-specific HpmA265 point mutants to investigate

the unfolding and to assign the contributions of the

N-proximal polar and C-proximal hydrophobic cores

toward TPS domain stability. Here, we present evi-

dence that is consistent with a four-state sequential

model for unfolding the HpmA265 TPS domain.18

This multi-state unfolding was surprising since, vis-

ually, the TPS functional domain appears to consist

of a single structural domain. In order to ascribe the

contributions of the N-proximal polar and C-

proximal hydrophobic cores toward HpmA265 stabil-

ity, we designed site-specific mutations targeting the

solvent inaccessible residues N66, F80, N111, Q125,

Y134, C144, C147, L194, I207, and F241 [Fig.

2(A,B)]. Collectively, the denaturation studies on the

HpmA265 mutants have allowed us to assign three

subdomains (SD1, SD2, SD3) within the larger func-

tional TPS domain encompassed by HpmA265.

Based upon the results presented here, these subdo-

mains are termed the C-terminal, nonpolar core, and

polar core subdomains, respectively. The large free

energy for folding the polar core subdomain (SD3)

suggests that it may play a role in hemolysin TPS

domain folding during secretion.

Results

In order to determine the stability of the TPS

domain, we undertook guanidine hydrochloride

(GdnHCl) denaturation studies of HpmA265 and

site-specific mutants of HpmA265. The mutations

were selected to test the relative contribution of

crystallographically observed internal interactions

toward the free energy of folding and to allow

assignment of specific unfolding transitions to differ-

ent subdomains within the HpmA265 TPS domain

(PDB ID: 4W8Q). Specifically, the denaturation

studies conducted upon HpmA265 have allowed us to

divide the hemolysin TPS domain into three struc-

tural subdomains, SD1, SD2, and SD3 and quantita-

tively determine the free energy of folding associated

with each subdomain. Denaturation studies of the

mutants including N66L, F80L, N111L, Q125A,

Q125F, Y134F, C144S-C147S, C144A-C147A, L194N,

I207N, and F241K allowed us to describe the regions

Figure 3. HpmA265 TPS domain unfolding and sequential

unfolding model. A) Replicate denaturation profiles pre-

sented as average 6 standard deviation of three experi-

ments. Native (N), first intermediate (I1), second intermediate

(I2), and denatured state (D) are indicated with colors corre-

sponding to panel (B), the transitions between these states

(T1, T2, T3) are indicated with red arrows. Transitions 1, 2,

and 3 correspond to the denaturation of SD1, SD2, and

SD3, respectively. Trend line calculated from average values

of the fit parameters as presented in Table I. B) Scheme for

sequential unfolding model and fraction of N, I1, I2, and D

over a range of GdnHCl concentrations. The approximate

GdnHCl concentration necessary to give maximum popula-

tion of each of the intermediates is indicated above the

peak.
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of HpmA265 associated with each of these newly

identified subdomains.

HpmA265 unfolds via three transitions

HpmA265 unfolds via three separate transitions in

CD monitored GdnHCl denaturation experiments [Fig.

3(A)]. As with other multi-state unfolding proteins,

these multiple transitions indicate that there are mul-

tiple structural subdomains within the functional TPS

domain.19–22 We propose that the HpmA265 TPS

domain comprises three structural subdomains (SD1,

SD2, SD3) that unfold sequentially via three distinct

transitions, T1, T2, and T3. In this scheme, the unfold-

ing of SD1 during T1 converts the native (N)

HpmA265 into intermediate 1 (I1), the unfolding of

SD2 during T2 converts I1 to intermediate 2 (I2), and

the unfolding of SD3 during T3 converts I2 to the

denatured state (D) [Fig. 3(A,B)]. Controls describing

complete denaturation (Figure S2), reversibility (Fig-

ure S3), and the kinetics of denaturation (Figure S4)

are provided in the Supporting Information.

Two models for the multi-state subdomain unfold-

ing – sequential and independent unfolding – were

considered to fit the denaturation data (Supporting

Information, Figure S5). In order to distinguish

between the two models, we undertook denaturation

studies of N-proximal polar core and the C-terminal

hydrophobic core mutants. The results of these dena-

turation studies with mutant proteins support a

sequential model for unfolding [Fig. 3(B)]. Based on

this analysis, the values in Table I and the scheme in

Figure 3(B) are for the sequential model only. In a

sequential unfolding model, SD1 must always dena-

ture prior to denaturation of SD2, which denatures

prior to the denaturation of SD3. The mutational

analysis below is used to assign approximate bounda-

ries to the subdomains based on both the percentage

loss in structure and whether specific mutations affect

the stability of the N, I1, or I2 state(s).

For HpmA265, the three transitions represent

unfolding of subdomains within the larger TPS

domain. As seen in Table I, the increasing transition

midpoints associated with denaturing each of the

subdomains is due primarily to large increases in the

favorable folding free energies (DG�H2O), and not to

large changes in the GdnHCl dependence of the

unfolding (m value). The changes in DG�H2O parallel

an increasing percentage loss of structure at each

transition. The m value for typical globular proteins

is correlated with the change in solvent accessible

surface area, and thus, the size of the structure that

is denatured.23,24 The amount of structure lost in

each transition for HpmA265 also correlates with the

apparent change in solvent accessible surface area as

measured by the m value for each transition. Based

upon the HpmA265 structure and the cooperative

folding of b-strand25,26 and b-helix27 conformations, a

simple assumption for subdomain boundaries would

Table I. Thermodynamic Values for HpmA265 Sequential Folding

Subdomains
DGo

H2O
a

(kJ/mol)
m value

(kJ/mol/M) Cm (M)
Fractional
CD change

Approximate
amount

of structureb

SD1 211.7 6 0.6c 6.3 6 0.2 1.87 6 0.04 0.19 6 0.01 24%
SD2 229.9 6 0.9 8.6 6 0.2 3.50 6 0.01 0.27 6 0.01 35%
SD3 252 6 3 7.7 6 0.5 6.8 6 0.1 0.32 6 0.02 41%

a DGOo
H2Ocalculated based on a linear model for GdnHCl interactions. Transitions are modeled as sequential transitions.

b Amount of structure in each subdomain based on a total fractional change in CD signal of 0.78 for N!D.
c Reported values represent average and standard deviations from at least three trials.

Figure 4. Subdomain divisions and residues mutated within

HpmA265. Protein subdomains are as discussed in the text

and are colored as polar core subdomain (red), nonpolar

core subdomain (gray), C-terminal subdomain (green). The

internal amino acid residues mutated in this study are

shown as sticks colored by atom type (yellow – carbon;

blue – nitrogen; red – oxygen; magenta – sulfur). Carbon

atoms on R249, the site of the trypsin cleavage, are colored

cyan. Black dashed lines indicate probable hydrogen bonds

involving Q125, Y134, and an internal water (Wat, cyan

sphere).
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have each subdomain encompass contiguous sets of

b-strands. Since any subdomain will consist of contig-

uous strands, the three HpmA265 subdomains must

originate from N-proximal, central, and C-proximal

regions of the protein.

Site-specific mutation analysis

To ascribe SD1, SD2, and SD3 to particular regions

of the HpmA265 structure, site-specific alterations

were constructed within the N-proximal polar and

C-proximal hydrophobic cores. Previous structural

studies on HpmA265 noted that the side chains of

conserved internal polar amino acids N66, Y68,

N111, Q125, and Y134 [Fig. 2(B)] participate in a

network of hydrogen bonds.14 All of these residues

are conserved within the Type Vb TpsA hemolysin

members and are located within the N-proximal

polar solvent inaccessible interior [Fig. 2(A)]. The

nearly conserved C144 and C147 were also targeted

as they form an internal disulfide bond at the struc-

tural junction between the polar and hydrophobic

cores [Fig. 2(B)]. To disrupt the C-proximal hydro-

phobic core, the internal residues L194, I207, and

F241 were mutated to polar residues. In addition,

tryptic digests were used to select for stable struc-

tures within HpmA265. All of these mutants were

analyzed for template assisted hemolytic activity to

demonstrate native-like structure (Supporting Infor-

mation Figure S6). The effects of each site-specific

alteration support a sequential unfolding model and

allow assignment of regions of HpmA265 to each of

the three subdomains, SD1, SD2, and SD3, within

the HpmA265 TPS domain. Plots showing average

data and fit lines for each of the variants of

HpmA265 are provided in the Supporting Informa-

tion (Figure S7). The residues mutated and their

locations within the HpmA265 TPS domain have

been provided in Figure 4. This figure serves as a

framework for the results presented below in Figure

5 and the logic used to define the boundaries for the

three subdomains, SD1, SD2, and SD3. Likewise,

Table II provides the effects of the mutations on the

Cm values for each subdomain. In general, large

changes in the Cm values due to a mutation are

caused by large shifts in the DG�H2O and not to large

changes in the m value (Supporting Information

Table S1).

SD1 is defined as a weakly stable C-terminal

subdomain
To assist in delineation of the structural origins of

the four-state unfolding, trypsin proteolysis of

HpmA265 was used to select for stable structures.

Protease sensitivity has been used to define struc-

tural domain boundaries in other proteins.28,29

Within 30 min of initiating the trypsin digest, a pro-

tease resistant form was generated (Supporting Infor-

mation Figure S8). Based on an apparent cut site at

R249 (Materials and Methods and Supporting Infor-

mation), the stable trypsin digested species encom-

passing residues N30-R249 is termed trHpm249.

GdnHCl denaturation of the purified trHpmA249

showed complete elimination of unfolding transition

T1, with no significant effect on T2 and T3 [Fig. 5(A),

Table II]. This means that SD1, the lowest stability

subdomain, is nearly completely unstructured in

trHpmA249, while the stabilities of SD2 and SD3 are

unchanged. So, even though trHpmA249 appears vis-

ually and proteolytically to be a single domain, the

GdnHCl denaturation studies still provided two dis-

tinct transitions. Figure 2(B) provides an illustration

of the location for R249 on the HpmA265 structure.

To confirm that destabilization of the C-proximal

structure resulted in an unstructured C-terminal subdo-

main, F241 was site specifically mutated to a lysine

(F241K). In the HpmA265 structure, the side chain of

F241 resides within the interior and at the end of the

C-proximal hydrophobic core where it interacts with

internal residues from b-circuits 4 and 5, as well as

b-strand 29. Since F241 is found packed within the

hydrophobic core [Fig. 2(B)], conversion to a lysine at

this position was expected to greatly destabilize the

structure in this area of the b-helix. As in trHpmA249,

GdnHCl denaturation of F241K showed a virtually com-

plete elimination of T1, with no significant affect on T2

or T3 [Fig. 5(A), Table II]. The effect of these two

C-proximal alterations on the denaturation profile

allowed us to assign T1 to the denaturation of the

C-terminal subdomain, SD1 (Fig. 4).

Based on the change in CD signal during the

HpmA265 denaturation, this subdomain contains

�24% of the residues responsible for the CD signal at

220 nm within the HpmA265 TPS domain. With the

assumption that most of the signal at 220 nm is due

to the residues in b-strands, we used the loss of the

assigned secondary structure as a means of estimat-

ing the boundaries of the subdomains in HpmA265.

Based upon this �24% loss of structure and the

requirement for contiguous segments in each subdo-

main, the boundary of the C-terminal subdomain is

approximately residue 216 (see Supporting Informa-

tion for analysis of alternative groupings of residues

into the C-terminal subdomain). Within the error of

the CD signal changes this means that the C-

terminal subdomain represents b-strands 23 and 24

of the flap region, all of the b-strands associated with

b-circuit 5 and b-strand 28 and has an associated DG
�
H2O of 211.7 kJ/mol (Fig. 4).

b-circuit 4 lies at the junction of SD1 and SD2

To further refine the boundary between SD1 and SD2,

I207 was mutated to an asparagine (I207N). In the

HpmA265 structure, I207 makes contacts with inter-

nal residues from both b-circuit 3 and 5. The place-

ment of I207 within the HpmA265 hydrophobic core is

illustrated in Figure 2(B). The I207N mutation results

1846 PROTEINSCIENCE.ORG Sequential Unfolding of a Hemolysin TPS Domain



in a shift in the Cm for both T1 and T2, resulting from

a destabilization to both SD1 and SD2 [Fig. 5(A),

Table II]. The fact that I207N destabilizes both of

these subdomains suggests that b-circuit 4 lies at the

interface between SD1 and SD2 and supports the

assignment of b23 - b28 as the C-terminal subdomain.

Disruption of the hydrophobic core defines SD2

as a nonpolar core subdomain
The HpmA265 solvent inaccessible interior spanning

approximately b15 (starting at T152) through the

C-terminal residues after b28 (ending at G265) is

filled with nonpolar residues [Fig. 2(B)]. Even after

accounting for the C-terminal subdomain, the

b-strands in this segment could account for the CD

change that accompanies either T2 or T3, and thus,

this region of the protein is a major component of

either of the remaining two subdomains. In order to

ascribe the contribution of this contiguous section of

the protein to a specific subdomain, we targeted the

internal residue L194, which is part of b-circuit 3

and buried within the HpmA265 hydrophobic core

[Fig. 2(B)]. The GdnHCl denaturation of L194N is

well fit by a three-state unfolding model [Fig. 5(B),

Table II] with an increase in both the m value and

fractional change in CD (0.38 6 0.01) and a slight

increase in the DG�H2O associated transition 1, T1, in

comparison to HpmA265 (Supporting Information

Table S1). These changes suggest an increased loss of

structure during T1, suggesting that SD2 now dena-

tures in conjunction with the C-terminal subdomain,

SD1 (Supporting Information Figure S5). This effect is

different than the I207N mutation suggesting that

b-circuit 3 does not form an interface with the

C-terminal subdomain. Therefore, we propose that T2

represents the denaturation of the subdomain that

encompasses much of the hydrophobic core, SD2, now

termed the nonpolar core subdomain. Based on the loss

Figure 5. GdnHCl titrations of mutants and resulting sequential model for HpmA265 unfolding. Titration data and trend lines

are presented as in Figure 3 with HpmA265 data provided in black in each panel. The effect of each mutation on HpmA265 are

noted by a red arrow for each group of mutations. Cartoon insets show site-specifically mutated residues rendered as spheres

and colored by atom type. (A) Constructs targeting the C-terminal subdomain resulting in elimination of the N ! I1 transition

(T1). (B) Constructs targeting the nonpolar subdomain resulting in a shift of the I1 ! I2 transition (T2). (C) Representative con-

structs targeting the polar subdomain resulting in a shift of the I2 ! D transition (T3). (D) Sequential unfolding model for

HpmA265. The subdomain that is unfolded during each transition is named below the arrow.
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of CD signal for HpmA265, denaturation of this nonpo-

lar core subdomain is accompanied by loss of approxi-

mately 35% of the structure. Given the boundaries on

the C-terminal subdomain, the nonpolar subdomain cor-

responds to approximately b-strands 12 through 22 and

has an associated DG�H2O of 229.9 kJ/mol (Fig. 4). The

final subdomain, SD3, then represents the remaining

N-proximal structure, which is now termed the polar

core subdomain. This subdomain contains the cap struc-

ture, as well as b-circuit 1 and has an associated DG�H2O

of 252 kJ/mol (Fig. 4). As suggested structurally, these

results implicate b-circuit 2 as an interface between the

nonpolar and polar subdomains, SD2 and SD3. The

boundaries between the nonpolar (SD2) and polar (SD3)

subdomains will be refined based on the effects of the

mutations below.

Disulfide bond disruption at the polar-nonpolar

junction alters the stability of SD2 and SD3

The C144-C147 disulfide bond provides both a hydro-

gen bond acceptor for the internal water in the polar

core and van der Waals interactions with residues in

the nonpolar core [(Fig. 2(B)]. This bridging between

the two internal environments suggests that removal

of the hydrogen bonding acceptors will destabilize the

polar core subdomain, but inclusion of more polar resi-

dues will destabilize the nonpolar core subdomain. In

addition, removal of the structure nucleating proper-

ties of the disulfide bond30 will result in destabiliza-

tion of its encompassing subdomain.

To help delineate the effect of the disulfide bond

and refine the subdomain boundaries, two sets of

site-specific mutations of the cysteine pair were stud-

ied. In the first, the two cysteine residues were

replaced with alanine residues. This tests both the

removal of the disulfide bond and the absence of a

hydrogen bond acceptor. Elimination of the disulfide

bond and the hydrogen bonding capabilities at posi-

tions 144 and 147 via double mutation of the cysteine

residues to alanines results in virtually no change in

the Cm for denaturation of the nonpolar core transi-

tion, but does affect the polar core transition [Table

II]. This loss in polar core stability and the absence

of effects on the nonpolar core stability suggests that

the disulfide bond is part of the polar core subdo-

main. In the second, the two cysteine residues were

replaced with the more polar, but nearly isosteric ser-

ine residues. The C144S-C147S double replacement

affects both SD2 and SD3 [Fig. 5(B)]. SD1 for this

mutant denatures with a similar transition midpoint

Table II. Cm Values for HpmA265 Site-Specific Mutants

Sample T1 Cm (M) T2 Cm (M) T3 Cm (M) Effect

HpmA265 1.87 6 0.04a 3.50 6 0.01 6.8 6 0.1
Carboxy-terminal

trHpmA249 1.5 6 0.2b 3.46 6 0.05 6.6 6 0.2 SD1c unstructured
F241K 1.6 6 0.2b 3.48 6 0.07 WTd SD1 unstructured

Nonpolar core

I207N 0.72 6 0.03 2.02 6 0.01 WT SD1 and SD2 destabilized
L194N 1.29 6 0.01 NDe 6.9 6 0.1 SD2 destabilized

Polar/Nonpolar core junction

C144A-C147A 2.05 6 0.10 3.44 6 0.05 5.4 6 0.1 SD3 destabilized
C144S-C147S 1.99 6 0.07 ND 5.7 6 0.1 SD2 and SD3 destabilized,

T2 & T1 merge
Polar core

Y134F 1.75 6 0.05 WT 5.7 6 0.1 SD3 destabilized
Q125A 1.91 6 0.01 WT 4.9 6 0.1 SD3 destabilized
Q125F 1.81 6 0.10 3.82 6 0.05 ND SD3 destabilized,

T3 & T2 inseparable
(1.96 6 0.06)f (WT) (4.2 6 0.1) (fixed SD2 to WT

separates T2 & T3)
N111L 1.84 6 0.09 3.82 6 0.05 ND SD3 destabilized,

T3 & T2 inseparable
(2.26 6 0.06) (WT) (4.1 6 0.1) (fixed SD2 to WT

separates T2 & T3)
N66L 1.91 6 0.07 WT 4.6 6 0.1 SD3 destabilized
F80L 1.89 6 0.04 3.45 6 0.08 6.5 6 0.1 Minimal change

from HpmA265

a Errors represent standard deviations from at least three trials.
b Transition corresponding to HpmA265 T1 represents �1% of CD signal change.
c SD 5 subdomain.
d To constrain the fits these values were held fixed at the values for the unmodified HpmA265 values.
e ND 5 No separate transition was detected for this subdomain.
f Estimated values based on using 4-state model.
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(Cm) as HpmA265 (Table II), yet this transition is

now accompanied by increases in the fractional

change in CD (0.54 6 0.01), DG�H2O, and m value (Sup-

porting Information Table S1). As in L194N, these

results suggest an increased cooperative loss of struc-

ture associated with T1. Additionally, the double

replacement destabilizes SD3 and reduces its Cm. By

increasing the polarity at the junction between the

polar and nonpolar core subdomains, the C144S-

C147S double substitution destabilizes the interac-

tions that b-circuit 2 makes with b-circuits 1 and 3

(Supporting Information). The results from the two

sets of cysteine replacements are consistent with b-

circuit 2 acting as a junction between the nonpolar

core subdomain, SD2, and the final subdomain, SD3.

These results also suggest that the sequence bound-

ary between the polar core and nonpolar core subdo-

mains resides after the disulfide bond, placing b15 as

the approximate start to the nonpolar core subdo-

main (Fig. 4).

Substitution of polar residues in N-proximal

polar core confirms SD3 as the polar core

subdomain

The conserved internal residues N66, N111, Q125,

and Y134 all lie within the N-proximal polar core

spanning b4 through b12 [Figs. 2(A) and 2(B)].

Mutations at these positions result in a destabiliza-

tion of the polar core subdomain and shifts to the

Cm for T3 (Figure 5C, Table II). The amount of the

destabilization correlates roughly with the potential

number of hydrogen bonds lost in the order

Y134F<N66L<Q125A<N111L � Q125F (see Sup-

porting Information for detailed discussion, Table

S1). The final two mutations in that series, Q125F

and N111L, each destabilize the polar core subdo-

main to the point that denaturation of the nonpolar

and polar core subdomains is nearly indistinguish-

able. Practically, the broad second transition for

these mutants has a larger fractional CD change

which encompasses the HpmA265 CD changes for

T2 and T3. However, both have lower m values for

the second transition (Supprting Information Table

S1) compared to the HpmA265 values for either T2

or T3. This suggests that T2 for these mutants is

comprised of multiple transitions. Based on this

analysis, a fit to a four-state model was attempted

with the added constraints that the DG�H2Oand m

value for SD1 and SD2 were unchanged from

HpmA265. With these constraints, an estimate of

the stability and Cm of the polar core subdomain,

SD3 is possible (Table II and Supporting Informa-

tion Table S1). The mutation F80L was used to test

the effect of changes in packing on the stability of

the polar core. This semi-conservative mutation

resulted in little change to T3 [Fig. 5(C), Table II].

This set of mutations confirmed that SD3 represents

the polar core subdomain of HpmA265 and spans

approximately b-strands 1-14 (Fig. 4).

Since residues more N-proximal than the C144-

C147 disulfide bond only destabilize SD3, these

results confirm that the final transition represents

unfolding the polar core subdomain. Elimination of

the interactions involving internal polar residues

destabilizes the polar core subdomain. The GdnHCl

denaturation studies undertaken on HpmA265 and

various site-specific mutants of HpmA265 support a

sequential model for TPS domain unfolding, where

the C-terminal subdomain, SD1, unfolds first, fol-

lowed by the nonpolar core subdomain, SD2, and

finally the polar core subdomain, SD3 [Fig. 5(D)].

Discussion

The right-handed b-helix structure of HpmA265

appears visually as a single domain.31 Thus, the four-

state transition was an unexpected result from the

denaturation studies. However, multi-transitional

denaturation curves have been shown for other appa-

rent single domain structures and the absence of clear

structural boundaries for domains is well docu-

mented.28,32,33 In line with other multi-state unfolding

proteins, we have assigned structural subdomain boun-

daries through unfolding studies of the HpmA265 TPS

domain. Most importantly, we implicate the HpmA265

sequential unfolding mechanism and the high stability

within the N-terminal polar core subdomain, SD3, as a

means for the TPS pathway to couple translocation

and folding.

Sequential unfolding

The multi-state denaturation data for HpmA265 is fit

equally well by independent and sequential schemes

for unfolding, characterized by parallel or linear

unfolding respectively; therefore, additional informa-

tion is required to distinguish between these two

schemes. To start, the structural fold of HpmA265

favors a sequential unfolding model. Unlike typical

globular protein folds, the placement of b-strands

onto the b-helix depends upon an in-register and pro-

gressive framework formed from contiguous segments

of protein.29,34 This means that the individual subdo-

mains are packed against each other and gain stabil-

ity through their inter-subdomain interactions.27,35

These interactions suggest that perturbations of the

interface should destabilize both subdomains. Inde-

pendently folding subdomains would be insensitive to

changes in stability of the other subdomains, thus

mutations that affect both subdomains support a

sequential model of unfolding. The C144S-C147S

mutations affect both the polar core (SD3) and nonpo-

lar core (SD2) subdomains [Fig. 5(B)], suggesting

that these residues lie at the interface of the two sub-

domains and that the stabilities of the two subdo-

mains are not independent of each other. Likewise,

the I207N mutation also affects two subdomains, the
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nonpolar core (SD2) and C-terminal (SD1) subdo-

mains [Fig. 5(B)].

A second hallmark of the sequential unfolding

model is that merged transitions result in a larger m

value for denaturation. Since the m value is propor-

tional to the amount of structure in each cooperative

unit denatured, two independent subdomains with

indistinguishable transition midpoints (Cm) would

report a low m value relative to the total amount of

structure denatured. In this scenario, the CD change

would monitor the total loss of structure but the fit to

real experimental data would provide an m value

that is an average of the m values for the two inde-

pendent subdomains. Conversely, a sequential model

will result in a larger m value for the cooperative

denaturation of the two subdomains (Supporting

Information). This means destabilization of the non-

polar or polar core subdomains (SD2 and SD3) result-

ing in a merged transition (T2 ! T1, or T3 ! T2),

should result in an increase in the m value if the

sequential model is correct. This is exactly what

occurs for the L194N mutation, which merges T2

with T1 with both a higher m value and a higher

DG�H2O. In addition, the midpoint of the T1 transition

has shifted down to 1.3 M (Table II), suggesting that

the nonpolar subdomain (SD2) has become so destabi-

lized that once the C-terminal subdomain (SD1)

denatures, the nonpolar subdomain denatures. The

fact that the C-terminal domain did not maintain its

same transition midpoint implies that either the

L194N substitution destabilized both subdomains, or

that the C-terminal subdomain is dependent on the

nonpolar subdomain being folded. The increase in m

value implies the sequential unfolding model.

The sequential model for unfolding is further

supported by the merger of T2 and T1 by the double

mutant C144S-C147S, which also has a larger

m value associated with the first transition. Destabi-

lization of the interface between the nonpolar core

(SD2) and C-terminal (SD1) subdomains is not an

explanation for this effect, as C144 and C147 do not

share an interface with the C-terminal subdomain.

The lack of a similar effect with mutations targeting

the polar subdomain (SD3) is explained by the large

destabilization of the polar subdomain necessary to

merge its stability with that of the nonpolar subdo-

main. Even Q125F, the most destabilizing of the

polar core mutants, does not destabilize the polar

core subdomain enough to merge its denaturation

with the nonpolar subdomain. This is supported by

the fact that a small, 58C, decrease in temperature

is enough to separate the T2 and T3 transitions for

the Q125F mutation (MW, DG, TW, unpublished

observation). Amino acid sequence conservation also

suggests subdomain divisions within the larger TPS

domain (data not shown). Collectively, these data

suggest a specific, sequentially ordered folding for

HpmA265 wherein the N-proximal polar core subdo-

main (DG�H2O of 252 kJ/mol) must fold first followed

by the nonpolar subdomain (DG�H2O of 229.9 kJ/mol)

and finally the C-terminal subdomain (DG�H2O of

211.7 kJ/mol) [Fig. 5(D)]. This sequential folding

model is supported by AFM studies on the hemag-

glutinin TpsA member FHA, where a mechanically

resistant N-proximal subdomain was identified.18

Polar core subdomain provides selectivity

and stability

Based on our results, the folding of the highly stable

N-proximal polar core subdomain provides the initial

template for folding the nonpolar and C-terminal

subdomains. The polar core subdomain stabilization

is enhanced via placement of internal polar residues,

including N66, N111, Q125, and Y134 (Fig. 4) near

hydrogen bonding partners. As evidenced in the

GdnHCl denaturation studies, replacement of N66,

N111, Q125, and Y134 destabilizes the polar core

subdomain as associated with the final TPS domain

transition, T3 [Fig. 5(C)]. Furthermore, the effect of

each site directed mutation correlates with the

degree that the HpmA265 interactions are reduced

or removed. For example, replacement of polar with

nonpolar residues is especially destabilizing (e.g.,

Q125F or N66L) [Fig. 5(C), Table II], while the F80L

alteration does little to affect the HpmA265 stability

[Fig. 5(A), Table II]. The results of the mutations

within the polar core point to the importance of the

internal hydrogen bond network in stabilizing the

polar core subdomain (Fig. 4).

An open question is why these hydrogen bonds

are effectively stronger than side chain-water hydro-

gen bonds, and thus capable of stabilizing the subdo-

main. The structure of HpmA265 leads to the

hypothesis that neighboring nonpolar side chains

around this polar core provide an anhydrous and

insulating sheath, which would lower the local

dielectric constant and enhance the electrostatic

interactions (the nonpolar residues are not illus-

trated in Fig. 4 for clarity). The thermodynamic con-

tribution of the local microenvironment surrounding

hydrogen-bonding partners has been investigated by

others,29 who have found that increasing the hydro-

phobic microenvironment around a hydrogen bond

pair leads to an average 2.9 kJ/mol increase in stabi-

lization energy.36 A high conservation of internal

polar residues has been found when they formed

hydrogen bonds with neighboring atoms, where

polar residues sharing two hydrogen bonds with two

main chain atoms were the most highly conserved

within this group.16,37 In HpmA265, this situation

occurs for N111 and N66, supporting the destabiliza-

tion observed in the leucine replacements. Con-

versely, the lesser destabilization of Y134F points to

the aromatic ring being able to accept and donate

hydrogen bonds,38–40 albeit more weakly than the

phenolic hydroxyl group of Y134. The hydrogen bond
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network within the polar core subdomain provides

much of the stability, enhanced by the insulation of

these interactions from the high dielectric solvent by

the nonpolar residues that surround it. The high

conservation across all of the hemolysin family mem-

bers of the internal polar residues within the polar

core subdomain supports the importance of this

hydrogen bond network (Supporting Information).

Biological significance of sequential unfolding

Our sequential unfolding model has led us to propose

a mechanism for hemolysin TPS domain directed

secretion across the Gram-negative bacterial outer

membrane. Upon Sec pathway mediated secretion of

unfolded HpmA265 across the inner membrane,37

disulfide bond formation between Cys144 and Cys147

(the only two cysteine residues within the 1,577 full

length HpmA amino acid sequence) would be cata-

lyzed by the Dsb system within the periplasm of the

host organism, P. mirabilis.41 The Dsb system has

been shown to introduce disulfide bonds into a variety

of exported proteins,42 including exotoxins,43 via a

vectorial mechanism.44 Disulfide bond formation is a

critical stabilizing step45,46 during the protein folding

process and has been shown to be very slow unless

catalyzed by an enzyme. Thus, the Dsb system would

facilitate rapid disulfide bond formation within the

periplasmic space47 between Cys144 and Cys147 at

the junction between the polar and nonpolar subdo-

mains. The disulfide bond would prevent backsliding

into the periplasmic space, while providing a nuclea-

tion point for vectorial b-strand addition within the

polar core subdomain via a b-augmentation process as

proposed by others.48

HpmB POTRA domains would then recognize

the unfolded TPS domain36 and allow the transmem-

brane pore of HpmB to translocate an HpmA265

TPS domain hairpin structure across the outer

membrane. This would allow N-terminal and C-

terminal contact on the periplasmic side of the outer

membrane as others have suggested.12,13 As in the

FhaC/FHA system,36,49 the POTRA domains would

remain critical for continued recognition of unfolded

HpmA265 during the coupled vectorial folding and

secretion process. The polar core subdomain appears

to require TpsB to fold (Supporting Information).

However, the presence of a folded polar core subdo-

main allows rapid folding of the nonpolar core and

C-terminal subdomains. This leads to a model where

translocation of the TPS domain hairpin by TpsB

allows polar core subdomain folding. The polar core

subdomain folding would be facilitated by the inter-

nal hydrogen bonds shared between the conserved

residues N66, Y68, N111, Q125, and Y134. The sta-

bility of the folded N-terminal polar core subdomain

would further prevent transport back into the peri-

plasmic space, while enabling sequential folding and

secretion of the entire TPS domain to the external

environment. This model is similar to the Brownian

ratchet mechanism proposed for the secretion of

other proteins across membranes, where transloca-

tion is coupled to sequential folding events.50–52

Three possible Brownian ratchet models for TPS

domain translocation across the outer membrane are

presented in Figure 6. Our unfolding studies con-

ducted upon HpmA265 and various HpmA site-specific

mutants demonstrate sequential folding starting with

the N-proximal polar core subdomain that is inconsis-

tent with a model that folds the C-proximal portion of

the TPS domain first [Fig. 6(A)]. Furthermore, our

studies suggest that the N-proximal polar core subdo-

main stability may provide the free energy to initiate

b-augmentation driven protein folding at the cell sur-

face concomitant with translocation across the outer

membrane. Thus, our studies are most consistent with

models where the inherent stability of the polar sub-

domain facilitates vectorial b-strand addition during

nucleotide independent secretion across the outer

membrane [Fig. 6(B,C)]. Interestingly, recent studies

have shown that the TPS domain stays associated to

the POTRA domain only at the beginning of the trans-

location process and the N-terminus of the TPS

domain is released first prior to the complete secretion

of the entire TpsA polypeptide.15 Thus, the secretion

models illustrated in Figure 6(B,C) would appear

most consistent with this recent study. Our proposed

N ! C terminal TPS secretion model, complete with

differentiated subdomain stability, is an inverted

form of the proposed secretion method for the auto-

transporter protein family (Type Va), the other Type

V family. In the autotransporter family the stability

within the C-terminus facilitates the secretion in a

C ! N-terminal direction.50 More detailed studies are

necessary to distinguish between our two models for

polar core subdomain driven secretion [Fig. 6(B,C)].

Some of the TpsA family members are anchored to

the outer membrane via their N-terminal domains,53

some via their C-terminal domains,54,55 while others are

secreted into the external environment.6,7,14 Therefore,

the exact mechanism of outer membrane translocation

may differ across the TpsA family members. Supporting

this analysis are studies that have shown the TpsA fam-

ilies are incapable of catalyzing the transport of TpsA

proteins with different functions.56 For example, the

TpsB associated with the hemolysin group does not

transport TpsA components from the adhesin group.

TpsB components can, however, transport proteins

within the same functional family, but from a different

organism.56 Furthermore, this divergence in transport

mechanisms suggests that the details of TPS domain

directed secretion might differ between various TpsA

members. Regardless, TpsA folding at the extracellular

cell surface is thought to provide the energy necessary

for vectorial secretion, as active transport is not an

option for crossing the outer membrane.16,27,37
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Conclusions

Denaturation studies of HpmA265 have lead us to

propose that the TPS domain is composed of three

structural subdomains termed the C-terminal

(SD1), nonpolar core (SD2), and polar core (SD3)

subdomains that unfold via a sequential model. By

studying the effects of site-specific substitutions on

the denaturation of HpmA265, we have mapped the

approximate subdomain boundaries (Fig. 4). Intri-

guingly, the polar core subdomain has the largest

favorable folding free energy of the three subdo-

mains. Mutations to the polar residues destabilize

this subdomain, suggesting that the polar residues

themselves help maintain this high stability. Based

on our results, we have proposed a model that uti-

lizes the N-proximal polar core subdomain to pro-

vide the structural and energetic framework for

translocation of hemolysin TPS domains [Fig.

6(B,C)]. This model may be applicable to the trans-

port of TPS domains from other TpsA families.

Materials and Methods

Cell strains, culturing and site directed
mutagenesis

Cell strains used in this study were C41 (DE3) (Luci-

gen, Madison, WI) and RAU126.14 All cells were cul-

tured at 378C via rotary shaking in Luria-Broth

supplemented with appropriate antibiotics. The site

directed mutants were generated using the Quik-

Change Kit (Stratagene, La Jolla, CA), pHpmA265

plasmid, and sets of oligonucleotide primers designed

to replace the codons for N66, F80, N111, Q125, Y134,

C144, C147, L194, and F241 (GenScript Inc., Piscat-

away, NJ). All site directed mutants were verified by

DNA sequencing (Eton Bioscience Inc., San Diego, CA

or GenScript Inc., Piscataway, NJ).

Protein isolation, molecular weight

determination and electrophoresis
All HpmA proteins were purified via metal-chelate

chromatography as previously described.14 Samples

Figure 6. TPS domain driven secretion schemes for HpmA265. Unfolded HpmA265 is shown as a ribbon that is colored by subdo-

main: polar core (red), nonpolar core (gray), C-terminal (green). The N- and C-terminus are labeled. The outer membrane is shown

with an embedded TpsB component. Secretion and folding proceed from left to right in each panel. The POTRA domains are found

on the periplasmic side and are represented by blue ovals. Three possible transport schemes are shown. (A) POTRA domains bind

C-proximally on HpmA265 and remain bound until translocation is (nearly) complete. (B) POTRA domains binds initially near the

middle of HpmA265. As secretion progresses, the POTRA domains are bound in progressively more C-proximal locations. (C)

POTRA domains bind N-proximally on HpmA265 and remain bound until translocation is (nearly) complete.
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were desalted via gel filtration (Life Technologies,

Madison, WI). Denaturing protein gel electrophoresis

was conducted as described by Laemmli.45 A represen-

tative purified HpmA265 sample has been illustrated

(Supporting Information). Absolute molecular weights

of selected samples were determined via coupled SEC-

LS (size-exclusion chromatography and light scatter-

ing (Keck Biotechnology Resource Laboratory at Yale

University, New Haven, CT). Mass analysis was deter-

mined via MALDI-TOF MS (Biotechnology Center at

the University Wisconsin-Madison, Madison, WI).

Tryptic digestion

Trypsin digests were conducted in PBS at a tryp-

sin:HpmA265 ratio of 1:100 (w:w) (Promega Corpo-

ration, Madison, WI). MALDI-TOF of this stable

fragment reported a mass of 23,050 Da and amino

acid sequencing verified an intact SEC pathway

processed N-terminus starting at N30.

Circular dichroism (CD) spectroscopy

CD monitored wavelength scans and unfolding

experiments were performed on an AVIV Model 420

Circular Dichroism Spectrometer (AVIV Biomedical

Inc., Lakewood, NJ) equipped with a stepper-motor

driven syringe system for performing titrations

(Hamilton, Reno, NV). HpmA265, equilibrated in

10 mM Na2HPO4, pH 7.4, was subjected to constant

volume guanidine�HCl (GdnHCl) denaturation

experiments at 258C. GdnHCl stocks were prepared

in 10 mM Na2PO4, pH 7.4 and the concentration

was confirmed by measuring the refractive index.23

GdnHCl titrations were conducted using either 0.1

M or 0.2 M GdnHCl step sizes and 1 min stir times

from 0 to 5 M GdnHCl followed by 2 min stir times

from 5 to 7.8 M GdnHCl (Supporting Information).

Assignment of secondary structure
The standard bioinformatics programs DSSP,46

STRIDE,57 and PDBsum,58 as well as a manual tab-

ulation of residues with b-strand like dihedrals were

used to assign secondary structure (Supporting

Information). Programs were run with their default

parameters based on the 4W8Q crystal structure. To

be consistent with the PDB default values, all fig-

ures are prepared using the results from PDBsum

using the 4W8Q.pdb file as input.

Data analysis

Depending on the site directed mutant protein being

analyzed, the GdnHCl titration data were fit to a three-

or four-state unfolding model (see Results). Good fits to

the data were obtained using both an independent and

a sequential model for the multiple observed transi-

tions. A full description of the models and the equations

used to fit the data as well as analysis of different data

processing procedures are found in the Supporting

Information. For both models, each transition is mod-

eled as depending linearly on the concentration of

GdnHCl using the relationship

DG�folding5DG�H2O1m � GdnHCl½ �. Initially, estimates of

the individual fractional CD change, DG�H2O, and m val-

ues were obtained by fitting each transition separately

using a two-state model. Little change was observed in

the fit parameters for each transition between fits to

the four–state model and initial estimates of the fit val-

ues for each transition. Replicate data sets were fit

using OriginPro v.8 (OriginLab Corp, Northampton,

MA).
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