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High temperature requirement A (HtrA) and its homologues

constitute the HtrA familiy proteins, a group of heat

shock-induced serine proteases. Bacterial HtrA proteins

perform crucial functions with regard to protein quality

control in the periplasmic space, functioning as both

molecular chaperones and proteases. In contrast to other

bacterial quality control proteins, including ClpXP,

ClpAP, and HslUV, HtrA proteins contain no regulatory

components or ATP binding domains. Thus, they are

commonly referred to as ATP-independent chaperone-

proteases. Whereas the function of ATP-dependent

chaperone-proteases is regulated by ATP hydrolysis, HtrA

exhibits a PDZ domain and a temperature-dependent

switch mechanism, which effects the change in its function

from molecular chaperone to protease. This mechanism is

also related to substrate recognition and the fine control of

its function. Structural and biochemical analyses of the

three HtrA proteins, DegP, DegQ, and DegS, have

provided us with clues as to the functional regulation of

HtrA proteins, as well as their roles in protein quality

control at atomic scales. The objective of this brief review

is to discuss some of the recent studies which have been

conducted regarding the structure and function of these

HtrA proteins, and to compare their roles in the context of

protein quality control. 
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Introduction

After proteins are synthesized in cells, they are exposed to a

variety of environmental stresses, including heat, chemicals,

pathogens, or immune system activities, all of which can

inflict damage to proteins. Damaged proteins, in general, tend

to accumulate or aggregate, due to the loss of their proper

three-dimensional folding characteristics, as well as their

normal activities. In such cases, it is necessary to remove

these proteins, or return them to a functional state, as

aggregated proteins can vitiate cell viability. This protein

quality control is essential for cell survival in all organisms

(Gottesman et al., 1997; Wickner et al., 1999). In the bacterial

cytoplasm, molecular machines such as ClpXP(AP), HslUV,

Lon, and FtsH, play important roles in this quality control

process, by degrading damaged proteins in an ATP-dependent

manner (Gottesman et al., 2003). These ATP-dependent

molecular machines have two major components, the

ATPases and the proteolytic compartments. The ATPase

component consists of multimeric ATPases, and effects the

capture, unfolding, and translocation of its substrates to the

proteolytic compartments.

An ATP-independent chaperone-protease, HtrA/DegP, has

been implicated as a key player in the control of protein

quality in the periplasmic space of Gram-negative bacteria

(Pallen and Wren, 1997; Spiess et al., 1999). HtrA

homologues have been isolated in a variety of species,

including Gram-negative and -positive bacteria, plants, and

mammals. Although these homologues normally exhibit

proteolytic activities suggestive of serine protease activity,

their physiological roles and structural architecture are rather

diverse. In this report, we review recent progress in the study

of the structures and functions of HtrA homologues, and

conduct a comparison of their differences and activation

mechanisms, in an attempt to elucidate the functional diversity

associated with the HtrA family proteins.

Sequential Comparison of DegP, DegQ and DegS

After the initial identification of HtrA (High temperature

requirement A, DegP) as an essential protein for cell survival
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at high temperatures (Lipinska et al., 1988; Strauch and

Beckwith, 1988), the hosts of HtrA homologues were isolated

from a variety of species. These HtrA family proteins normally

contain two conserved core domains, a chymotrypsin-like

protease domain, and at least one C-terminal PDZ domain.

Some members of this family also possess additional

domains, such as a transmembrane region or an insulin

growth factor-binding domain (IGFBP), located at the N-

terminal region. The protease domain exhibited by the HtrA

family has been classified as a S1C protease in the SA clan

Fig. 1. (A) Multiple sequence alignment of HtrAs. The sequences of E. coli DegPQS, Thermotoga maritima (Tm) HtrA and human

HtrA2 are aligned. The secondary structure of E.coli DegP is indicated by a cylinder, which represents an α-helix, and an arrow, which

denotes a β-strand. The amino acids in the catalytic triad are marked with blue triangles. The Q-linker located between β1 and β2 is

surrounded by a green box. The bar under sequence alignment indicates each domain. The protease domain is in cyan, the first PDZ

domain is in brown, and the second PDZ domain is in purple. In the alignment, identical residues have been surrounded by red boxes,

and the homologous residues have been surrounded by yellow boxes. (B) Schematic diagrams of the domain arrangement of HtrA

protein families. The protease domain is colored in cyan, PDZ1 in brown, PDZ2 in purple, and the Q-linker in green. The S and TM

indicate signal sequence and transmembrane region. The Q indicates the insertional region (Q-linker).
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(Clausen et al., 2002). In E. coli, DegP, DegQ, and DegS

comprise the HtrA family of proteins (Fig. 1A). These three

proteins exhibit a high degree of sequence homology in their

protease domains. However, DegP and DegQ harbor two PDZ

domains, whereas DegS contains only one (Fig. 1). Many of

the other HtrA homologues isolated from Gram-positive

bacteria, cyanobacteria, and mammals also harbor only one

PDZ domain (Fig. 1B). In contrast to the high sequence

homology found in HtrA homologues of various species, one

specific region in the protease domain exhibits only minimal

sequence homology (Fig. 1 and 2). This region of DegP is

called the Q linker, as many Gln residues have been

discovered in the DegP of E. coli (Wootton et al., 1989).

Structurally, the Q-linker is positioned between the β1 and β2

of the protease domain (Figs. 1 and 3). The Q-linker of DegP

encompasses approximately 40 amino acids (Fig. 1), whereas

in E. coli DegQ and many HtrA homologues, the Q linker is

only about 20 amino acids long (Fig. 2). In the DegS found in

E. coli or in human HtrA2, only a few, if any, amino acid

residues are located within this region. Upon comparison of

the sequences of the HtrA family proteins found near the Q-

linker, it was determined that many HtrA homologues exhibit

sequence homology with the Q-linker of E. coli DegQ, which

is of a similar length. Therefore, we propose that the HtrA

Fig. 2. Sequence alignment of the protease domains of the HtrA family proteins near the Q-linker. Gene IDs, protein names, and the

sources of each HtrA homologue are indicated. In the alignment, identical residues are in red boxes, and the homologous residues are

in yellow boxes.
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homologues found in many bacteria (Fig. 2) should be

redesignated as DegQ homologues (Fig. 1).

Function of DegPQS

Bacterial proteolysis is a vital component of a variety of

essential cellular functions, including protein turn-over,

recycling, activation, and the degradation of abnormal

proteins. Bacterial HtrA proteins perform several functions,

which include non-destructive protein processing (Carvard et

al., 1989), modulation of signaling pathways mediated by the

elimination of regulatory proteins (Alba et al., 2001),

resistance to heat stress (Lipinska et al., 1988; Li et al., 1996;

Poquet et al., 2000; Wonderling et al., 2004) and virulence

(Baumler et al., 1994; Elzer et al., 1996.; Jones et al., 2001;

Yorgey et al., 2001).

E. coli HtrA/DegP was initially identified as a required

protein for bacterial survival at high temperatures, or for the

degradation of abnormal periplasmic proteins (Lipinska et al.,

1988; Strauch and Beckwith, 1988). It has been proposed that

the primary role of DegP is the digestion of abnormal proteins

within the periplasmic space. E. coli DegP is a serine protease

which forms a catalytic triad (His105, Asp135 and Ser210),

and its proteolytic activities are inhibited only by

diisopropylfluorophosphate (DFP) (Swamy et al., 1983;

Lipinska et al., 1990). A number of proteins have been

described as natural substrates for E.coli DegP. These proteins

include colicin A lysis protein (Cavard et al., 1989), K88 and

K99 pilin subunits (Bakker et al., 1991), MalS (Spiess et al.,

1999), and PapA pilin (Jones et al., 2002). DegP does not

cleave folded proteins, such as native MalS (Spiess et al.,

1999), α-lactalbumin (Kim et al., 1999), or insulin (Swamy et

al., 1983), but does appear to degrade substrates which are at

least partially unfolded (Clausen et al., 2002). Therefore, it

has been suggested that the access of substrates to active sites

might be restricted. In addition to proteolytic activity, DegP

has also been reported to exhibit a chaperone activity (Spiess

Fig. 3. (A) Ribbon diagram of the protease domain of E. coli DegP. The two β-barrel domains are in green and blue. The regions (LA)

connecting β1 and β2 in are magenta, and are labeled. LA* is the loop which belongs to the subunit on the opposite trimer. E. coli

DegP forms a dimer via interactions at the interface between the loops LA and LA*. The residues in the catalytic triads (Asp, His, and

Ser) are depicted as orange stick models. Each of the secondary structures and loops of the Tm HtrA PD are labeled. (B) Trimeric

packing of the protease domain of DegS. The trimers were drawn in ribbon diagrams with identical color schemes used in Fig. 3a. N-

and C-terminal residues in one subunit are labeled. (C) The ribbon diagrams of the Q-linkers of E.coli DegP, Tm HtrA, and E. coli

DegS. In E. coli DegP, the long loop connecting β1 and β2 is involved in hexamer formation. The short helical lid of Tm HtrA blocks

the active site, and is believed to regulate proteolytic activity. The short loop in E. coli DegS is expected to perform no function. The

dashed lines represent the loop which is not modeled.
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et al., 1999). Interestingly, DegP exhibits this molecular

chaperone activity only at low temperatures, and its

proteolytic activity increases rapidly between temperatures of

32oC and 42oC (Skorko-Glonek et al., 1995; Spiess et al.,

1999). Therefore, DegP is believed to possess a temperature-

dependent functional switch, which enables a change in its

function, from chaperone to protease.

The degq and degs genes were identified on the basis of

their sequence homology to degp. However, the physiological

functions of DegQ remain fairly poorly understood. DegQ

was initially identified as a multicopy E.coli suppressor with a

prc null mutation (Bass et al., 1996), and it has also been

observed that DegQ is a functional substitute for DegP when

overexpressed in E. coli (Waller et al., 1996). However, the

degq gene is not heat-inducible, nor is it relevant to cell

growth under normal conditions (Waller et al., 1996; Farn and

Reberts., 2004). DegQ, a serine protease, exhibits a substrate

specificity profile very similar to that of DegP, and recognizes

both the Val/Xaa and the Ile/Xaa sequences at the P1 site

(Kolmar et al., 1996). However, many HtrA homologues

listed in Fig. 2, which has the sequence homology with E. coli

DegQ in Q-liner region, are assumed to play vital roles in

bacterial protein quality control, because many bacteria lack

DegP and DegS (Fig. 2). For instance, Thermotoga maritima

(Tm), a hyperthermophilic bacterium, possesses only a DegQ

homologue, HtrA. This protein also exhibits dual function,

acting as either a protease or a chaperone, depending on the

conditions (Kim et al., 2003). Taken together, it is assumed

that DegQs might have an essential role in protein quality

control and their activities are also modulated from molecular

chaperone to protease in temperature-dependent manner.

Genetically, E.coli strains with mutated degs genes are

characterized by the small colony phenotype under all growth

conditions (Bass et al., 1996; Waller et al., 1996). However, it

is now known that DegS, a membrane-anchored periplasmic

protease, performs a critical function in the σE-stress response

pathway (Ades et al., 1999; Alba et al., 2001). This pathway

is triggered by the binding of C-terminal peptides of OMPs,

upon exposure to heat stress, to the PDZ domain of DegS

(Walsh et al., 2003). The structural rearrangement of DegS

results in the activation of the catalytic site of the protease

domain, thereby effecting the cleavage of the periplasmic

domain of RseA, which is an anti-σ factor. Successive

digestion of the cytoplasmic domain of RseA by YaeL results

in the release of active σE (Kanehara et al., 2002; Alba et al.,

2002; Alba and Gross., 2004). Consequently, σE induces the

transcription of a variety of stress-response genes, acting as an

activator of transcription (Raivio and Silhavy, 2001).

Structural Comparison

Four crystal structures of different HtrA family proteins

(Krojer et al., 2002; Li et al., 2002; Kim et al., 2003; Wilken

et al., 2004) have provided us with important clues into the

structural and functional relationship of this PDZ containing

proteases. These proteins form homo-trimeric structures via

residues in the protease domains (Fig. 3B). In the case of

DegP, additional multimerization occurs via the dimerization

of trimers due to intersubunit interactions between Q-linkers

(Krojer et al., 2002). The hexameric DegP forms an internal

chamber, and restricts the access of substrates into the active

site, which is located within the chamber (Fig. 4A). The

crystal structure of the hexameric DegP clearly accounts for

the limited access of substrates to the active site. In the

reported crystal structure, the catalytic site of DegP is blocked

by the loop triad consisting of LA* (a loop between b1 and b2

of the monomer on the opposite side), L1, and L2 (Fig. 5A).

Loop LA is also a principal element in the dimerization of

trimers, as LA and LA* form an intersubunit β-sheet.

Fig. 4. Schematic models of the activation mechanism of the

HtrA family members. (A) E. coli DegS. Reversible activation of

DegS is accomplished by the binding of the OMP signal to the

rigid PDZ domain, which induces a conformational change in

the arrangement of the catalytic triad. (B) Human HtrA2. The

PDZ domain, which is connected by a flexible loop, blocks the

active site, and is released upon its activation. (C) E.coli DegP.

DegP expresses chaperone (closed) or protease (open) activity,

and the functional switch is regulated by the PDZ domains. (D)

Tm HtrA (DegQ homologue). HL (a short lid-like α-helix) blocks

the active site at low temperatures. However, HL is lifted at high

temperatures, thereby exposing the active site. The primary role

of the PDZ domains in DegQ is the formation of the side wall,

which is required for the restriction of substrate access to the

active site.
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Furthermore, as a result of the orientation of the PDZ

domains, hexameric DegP exists in two distinct conformations,

which represent two different functional states. The open and

closed states of the hexameric DegP represent the structures

which denote protease and molecular chaperone functions,

respectively (Fig. 4A). The disordered region within the Q-

linker is believed to be relevant to either substrate recognition

or activation (Fig. 3C), as it is located in the loop LA, which

constitutes the side-wall of the chamber. The disordered

catalytic triad (His105, Asp135 and Ser210) also implies that

the activation of HtrA might be necessary to the process

(Clausen et al., 2002; Krojer et al., 2002).

Although the entire structure of intact DegQ has yet to be

resolved, the crystal structure of the protease domain of T.

maritima HtrA, a DegQ homologue, has been sufficiently

described (Kim et al., 2002; Kim et al., 2003). The protease

domain of T. maritima HtrA exists as a trimer, the basic unit

of the quaternary structure of HtrA. Interestingly, in this case,

the active site is blocked by the short helical lid (HL), which

corresponds to the Q-linker region of DegP (Figs. 3C and 5B).

Therefore, the HL must be lifted in order to expose the active

site for proteolytic activity at elevated temperatures (Kim et

al., 2003; Fig. 4). Unlike the structural architecture observed

in the Q-linker region of DegP, the HL of Tm HtrA does not

appear to be involved in the dimerization of trimers (Kim et

al., 2003; Fig. 3C). Instead, the second PDZ domain (PDZ2)

may play a role in the dimerization of trimers, as the HL

deletion mutant retains its ability to form a hexamer, whereas

the PDZ2 domain deletion mutant is unable to form hexamers,

as was confirmed in a gel-filtration experiment (Kim, D. Y.

and Kim, K. K., unpublished results). Taken together, we can

conclude that the proteolytic activity evidenced by Tm HtrA

is regulated by the temperature-dependent movement of HL,

and that the PDZ domains are indispensable elements in the

formation of the oligomeric chamber.

Recently, the structures of DegS and human HtrA2 have

been determined (Li et al., 2002; Wilken et al., 2004). Both

possess one PDZ domain, as well as a protease domain. These

proteins were expected to exist as trimers, as they lack Q-

linkers, and also lack the second PDZ domain, which are

involved in the dimerization of trimers in DegP and DegQ,

respectively. The orientation of the PDZ domains in DegS and

HtrA2, however, is somewhat different than expected. The

PDZ domain of human HtrA2 is located proximally to the

protease domain which blocks the active site (Li et al., 2002).

However, in DegS, the PDZ domain is attached to the

protease domain via an extended C terminus (Wilken et al.,

2004). These conformational differences in the PDZ domains

of DegS and human HtrA2 have been correlated with

differences in their functions. As was noted in the structures of

other members of the HtrA family, the active site of DegS is

also disordered. Surprisingly, though, when the PDZ domain

of DegS forms a complex with the OMP signal peptide, which

is exposed when OMP is misfolded under stress conditions,

conformational changes occurring near loops L1, L2, L3, and

LD result in the conversion of the protease domain of DegS to

a catalytically-active state. Conformational rearrangement

between the PDZ domain to the protease domain is mediated

by loop L3. However, when DegS complexed with OMP

peptide was back-soaked in peptide-free buffer, DegS

returned to the inactive conformation (Wilken et al., 2002),

implying that the stress-induced activation of DegS is a

reversible process. DegS is activated by virtue of the binding

of the OMP signal peptide to the rigid PDZ domain, which

initiates the conformational change required for the activation

of the catalytic triad (Fig. 4). Therefore, upon binding to the

OMP signal peptide, the PDZ domain of DegS functions as a

switch, turning on the proteolytic activity under stress

conditions. The PDZ domain of human HtrA2 appears to

function as the modulator of proteolytic activity. Although the

PDZ domain blocks the active site in the current crystal

structure of human HtrA2, it is expected to open upon the

binding of HtrA2 to a substrate. This notion is supported by

the fact that a PDZ deletion mutant of HtrA2 was found to

exhibit enhanced proteolytic activity, which was not observed

in either E. coli DegP or Tm HtrA (Li et al., 2002)

Role of Q linkers

As mentioned earlier, HtrA family members possess Q-linkers

of various sizes. The Q-linker of DegP, which corresponds to

loop LA in the structure, consists of a long loop which is

involved in the formation of the hexamer (Fig. 5A). Loop LA

protrudes into the active site of the opposite subunit, and

interacts with loops L1 and L2 in the opposite subunit (Fig.

5A). Loop LA of DegP thereby forms the side-wall of the

proteolytic chamber, which is required for differentiation

between substrates. However, the Q-linker of Tm HtrA forms

a short helical lid (HL) within the crystal structure (Fig. 3C and

Fig. 5C). HL covers the active site, thereby effectively

blocking substrate access. However, this lid is expected to

operate as a temperature sensor, which is able to activate

proteolytic functions which control the exposure of the active

site to solvents at high temperatures. Sequence alignment has

revealed that many of the HtrA family proteins found in

Gram-negative and -positive bacteria, including the HtrA

from T. maritima, constitute E. coli DegQ homologues, as the

Q-linkers of these proteins are similar with regard both to

sizes and sequences (Figs. 1 and 2). In addition, the secondary

structures of the Q-linkers in HtrA and DegQ have both been

predicted to be short α-helices (data not shown). The presence

of the Q-linker in DegS is almost negligible, however, due to

its short length (Figs. 1 and 2). Structurally, this region

comprises a short loop connecting β1 and β2 (Figs. 3C and

5C). Although sequence identity is generally high among the

protease domains of E. coli DegP, DegQ, DegS, and many

other HtrAs from different species (Fig. 1 and 2), the length

and structure of the Q-linkers may be considered a major

criterion with regard to the classification of DegP, DegQ, and
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DegS subfamilies, as well as in the determination of their

functions (Fig. 2). In this regard, it has been suggested that the

Q-linkers of HtrAs from Gram-positive and -negative bacteria

may also function as temperature sensors, as has been

observed in Tm HtrA, and that they are not involved in the

dimerization of trimers. Similarly, it can be proposed that

many of the HtrA homologues which have classically been

considered examples of HtrA in Gram-positive and Gram-

negative bacteria, should more appropriately be designated as

DegQ variants.

The Role of PDZ Domains

In metazoans, PDZ domains are known to regulate protein-

protein interactions, acting via the carboxylate-binding loop

(Doyle et al., 1996; Harris et al., 2001). Thus far, however,

only three bacterial proteins, HtrA, Tsp (tail-specific protein),

and YaeL, have been determined to actually harbor PDZ

domains (Ponting et al., 1997; Pallen and Ponting., 1997).

Spiers et al. has suggested that the E.coli PDZ domains are

also able to recognize the C-teminal regions of substrates, on

the basis of their carboxylate-binding loops (Songyang et al.,

1997; Spiers et al., 2002). Structural studies of DegP and

DegS have determined that their PDZ domains perform

different functions. The PDZ domain of DegS operates as a

switch for a cellular stress response via the recognition of the

C-terminal peptide of OMP, a stress signal (Wilken et al.,

2004). In DegP, however, two PDZ domains function as

proteolytic activity regulators, which restrict substrate access,

functioning as gatekeepers of the proteolytic chamber (Krojer

et al., 2002). However, it appears that the second PDZ domain

of Tm HtrA is unrelated to the regulation of activity, but is

involved in dimerization, as the isolated second PDZ domains

retain the ability to form stable dimers (Kim, D. Y. and Kim, K.

K., unpublished results). This functional divergence was

expected, due to the fact that the sequences of the second PDZ

domains are not very well conserved, unlike those of the

protease domain or the first PDZ domain.

In the currently-determined crystal structures, the catalytic

triads of the HtrA family proteins appear disordered, which is

consistent with several previous findings, namely, that the

protease domain of E. coli DegP exhibits no protease activity,

and that the protease domain of T. maritima HtrA exhibits

only a very low level of activity. Therefore, the PDZ domains

of the HtrA family may well be a prerequisite for proteolytic

activity, due to their regulation of the rearrangement of the

catalytic triad, as well as their substrate access-limiting

properties.

Conclusion

HtrA is known as a key player in the protein quality control

system in the bacterial periplasmic space. Recent biochemical

and structural analyses have suggested that both bacterial

responses against a variety of stresses, and protein quality

control, are subtly controlled by structural and functional

changes occurring in the HtrA family proteins. However, the

molecular mechanisms underlying protein quality control

have yet to be definitively elucidated. In this review, we have

briefly summarized the status of current studies into the

structures and functions of HtrA family proteins, DegP, DegQ,

DegS, and HtrA2. In order to elucidate the roles of the HtrA

family proteins and identify their substrates, further genetic

and proteomics studies will be required. Additionally,

structural and biochemical studies may further our

understanding of the molecular functions performed by these

proteins, as well as the mechanisms underlying their

regulation.
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Fig. 5. Active sites of E.coli DegP, Tm HtrA, and E. coli DegS. The amino acid residues in the catalytic triads and the three residues

preceding the active site Ser, are depicted as ball-and-stick models, and labeled. The putative oxyanion hole of Tm HtrA is denoted by

red balls. Dashed lines represent possible hydrogen bonds in the active site. Hydrogen bonds in the catalytic triad and the oxyanion

hole, both of which are required for proper protease activity, are not fully formed in three of the proteases, showing the inactive

conformations. The HL and LA of Tm HtrA and E. coli DegP are shown in magenta, respectively, and LA*, a loop that reaches into

the active site of E. coli DegP from the opposite subunit, is shown in pink.
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