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ABSTRACT. Exfoliative toxin A (ETA) causes staphylococcal scalded skin syndrome which is characterized
by a specific intraepidermal separation of layers of the skin. The mechanism by which ETA causes skin
separation is unknown although protease or superantigen activity has been implicated. The X-ray crystal
structure of ETA has been solved in two crystal forms to 2.1 and 2.3 A resolutioR-$axtors of 17%

and 19%, respectively. The structures indicate that ETA belongs to the chymotrypsin-like family of serine
proteases and cleaves substrates after acidic residues. The conformation of a loop adjacent to the catalytic
site is suggested to be key in regulating the proteolytic activity of ETA through controlling whether the
main chain carbonyl group of Pro192 occupies the oxyanion hole. A unique amino-terminal domain
containing a 15-residue amphipathidielix may also be involved in protease activation through binding

a specific receptor. Substitution of the active site serine residue with cysteine abolishes the ability of
ETA to produce the characteristic separation of epidermal layers but not its ability to induce T cell
proliferation.

Staphylococcal exfoliative (or epidermolytic) toxins (ETs), are the causative agents in staphylococcal scalded skin
designated serotypes A and B (ETA and ETBYe made  syndrome (Melish et al., 1972). This illness is primarily seen
by approximately 5% oStaphylococcus aureustrains and in newborns and is characterized by specific intraepidermal
separation of the layers of skin between the stratum spinosum
" Supported by NIH Grants HL-36611, GM-54384, and Al-28401.  gn( the stratum granulosum. The illness begins abruptly with

*The coordinates of exfoliative toxin A have been deposited in the .
Protein Data Bank (entry number 1EXF for the tetragonal form; entry a generalized erythema, usually around the mouth, and

number 2EXF for the monoclinic form). spreads over the entire body. When the skin is gently rubbed
$ Department of Biochemistry, University of Minnesota Medical the epidermis irreversibly wrinkles, giving rise to the
School. ot : ; :
' Department of Microbiology, University of Minnesota Medical Ch?raCte.nStIC Nikolsky sign. Complete ;eparat|on of the
School. epidermis at the desmosomes follows with the appearance
B University of Idaho. of large sterile blisters. Although the cause of the epidermal

® Abstract publlshed idvance ACS Abstract:Eebruary 1, 1997. Separation has remained e|usive' investigators have hypoth_

! Abbreviations: ETA, exfoliative toxin A; ETB, exfoliative toxin ; ; . i
B; DFP, diisopropyl phosphofluoridate; PMSF, phenylmethanesulfonyl esized at least three mechanisms: protease activity (Wuepper

fluoride; TSST-1, toxic shock syndrome toxin 1; SE, staphylococcal €t al., 1975), ability to induce edema (Rogolsky, 1979), and

enterotoxin; PEG, poly(ethylene glycol); PBS, phosphate-buffered superantigenic activity (Marrack & Kappler, 1990).

saline; RMS, root-mean-square; Glu-SGP, glutamic acid specific . .
Streptomyces griseysotease: SGP-AS. griseuprotease A; SGP-B, The gene®taandetb have been cloned and their amino

S. griseusprotease B. acid sequences deduced (Lee et al., 1987; O'Toole & Foster,
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1987). The mature pr'oteins of ETA _a”‘?' ETB are 242 and Table 1: Data Collection, SIRAS, and Refinement Statistics
246 residues, respectively, after their signal sequences are
cleaved. The ETs are about 40% identical with each other

native native native native ammonium

) . | 1l 1} v diuranate

with no apparent sequence homology to other bacterial Sraction dat
. . . Ifrraction data

toxins. The ETs have been found to be about 25% |den§|cal space group P2, P2 P2 P42 Pa2.2
with staphylococcal V8 protease (Dancer et al., 1990; Bailey  cell dimensions
& Smith, 1990). a(A) 496 488 497 715

Several studies have suggested the ETs function as serine Séﬁ; g;g %"2‘ gz'; [
proteases though peptide bond cleavage has not been reported 4 (4eg) 034 1145 904 '

[for a review see Bailey et al. (1995)]. Early studies were  mol/ASU 2 1 2 1 1
unable to demonstrate inhibition of skin separation in vivo rezoluctjion * 23&52-1 24&32-3 1455.5 17;2.1 1722(‘).8
[ ; ik . redundancy . . . . .
orl_ln vitro Fy var|0l'Js prﬁ_tesse |nh||b|tors (McLay et al., 1975; completeness (%) 670 980 920 920 90.0
Elias et al., 1977; Nishioka et al., 1981). Later Dancer et g erge (o063 555 645 7.5 7.23 8.40

al. (1990) reported the serine protease inhibitors DFP andsiras

PMSF increased the time needed for ETA to show skin  AF/F (%) 10.2
separation of newborn mice in vivo. Bailey and Smith Cﬁggace”;c& 2'(251
(;990) predicted that Ser195 of ETA is the catalytic rgsidue, ﬁgure Sf?nerit 0.39
similar to the active site Serl95 of chymotrypsin, by refinement

radiolabeling with the JH]DFP which covalently modifies reflections 10963 16869

the catalytic serine residue in serine proteases even though R‘facf;’r (%) 215-79 21552

only 6% of the ETA s_ample was Iabel.ed. Other reports have 2‘,’\73( t;’()md length (A) 0,006 0.006
demonstrated that single site mutations of the Ser, His, or  RMs bond angle (deg) 1.7 1.5

Asp residues proposed to be part of the catalytic triad of averageB-factor (4?) 29.4 22.2

ETA abolished skin separation activity (Redpath et al., 1991;  armerge= SuiSilli(hkl)i — D(hK)IVS a3 ili(hkl). ® AF/F = S|Fp

Prevost et al., 1991, 1992) - FPHVZFP- ¢ CullR_centric= Snul|Fen £+ Fp| — FH(caIc)|/thI|FPH -
Other studies have suggested that the ETs belong to thel+l- © Phasing power 3 niFu/3 nalFerbs) — Fencai.

family of proteins referred to as superantigens [for a review ] ] ] B

see Marrack and Kappler (1990)]. Initial reports of Morlock 3-5-10 gradientand then in a pH® gradient. The purified

et al. (1980) demonstrated that ETA is mitogenic for murine toxins were dialyzed 4 days against distilled water to remove

T lymphocytes. Later Marrack and Kappler (1990) indicated @mpholytes. Typically 2 mg of ETA was obtained per liter

that ETA is a superantigen which stimulates the expansion Of culture fluid. _

of human \32* T lymphocytes as does toxic shock syndrome ~ Structure DeterminationCrystals of wild-type ETA were

toxin 1 (TSST-1). Superantigens with known tertiary Obtained by vapor diffusion using the hanging drop method.

structures include TSST-1 (Prasad et al., 1993; Acharya etPurified ETA protein was concentrated to 10 mg/mL using

al., 1994) and the staphylococcal enterotoxins (SE) SEA @ Centricon-3 microconcentrator (Amicon, Beverly, MA).

(Schad et al., 1995), SEB (Swaminathan et al., 1992), SEC2TWo microliters of this solution was mixed with 2L of

(Papageorgiou et al., 1995), and SEC3 (Hoffmann et al., 100 mM cacodylate buffer, pH 6.5, 29% PEG 8000, and

1994). 200 mM ammonium sulfate on a siliconized cgyersllp. The
We report the structure of two crystal forms of ETA to coverslip was then inverted over a well containing 1 mL of

high resolution and suggest that skin separation is causeotpr:i dﬂgézeilyslig{ %rr‘g]isnfultl)a;% ?ﬁ@;l tr;rohuegsr? r?gr:j(:i;ip?r;]z d
by proteolytic activity independent of mitogenicity. more than one crystal form. Crystal form IV was similarly

obtained with the inclusion of 10% 2-propanol. Crystal form
| had been reported earlier under slightly different conditions
(Yoo et al., 1978). Form Il crystals were small, requiring
Protein Purification. Exfoliative toxin A was purified  macroseeding. Diffraction data were collected on a Siemens
from S. aureusstrain MN EV (Lee et al., 1991) as well as  area detector using monochromated Ca #diation pro-
from S. aureuRN4220 containing pCE104 (a shuttle vector duced by a Rigaku RU-200B rotating anode and processed
consisting of the staphylococcal plasmid pE194 and pUC18) ysing the XENGEN software package (Howard et al., 1987).
in which the wild-type and mutant S19%€agene had been  Data collection statistics for the four crystal forms of ETA
inserted (Murray et al., 1995). For the S195C mutant the are presented in Table 1.
entire gene was .sequenced to ensure that the only change Soaking form IV crystals of ETA for 3 weeks at°€ in
occurred at position 195. mother liquor saturated with ammonium diuranate produced
Bacteria were grown at 37C with aeration in a dialyzed a single site derivative that could be solved by Patterson
beef heart medium, either with or without the addition of methods. Single isomorphous replacement with anomalous
2% tryptone, until stationary phase (Bohach et al., 1990). signal (SIRAS) phases were calculated using MLPHARE and
Cultures of RN4220 containing the mutagth included 5 the CCP4 program suite (Collaborative Computational
ug/mL erythromycin. Upon harvesting, the cultures were Project, 1994). Solvent flattening with the DM program
treated with 4 volumes of absolute ethanol for 2 days. The (Cowtan, 1994) (60% solvent content and automated skel-
precipitates were collected, suspended in distilled water, etonization) produced an interpretable electron density map.
centrifuged to remove insoluble material (109080 min), The initial ETA model was built in a 2.8 A resolution
and dialyzed for 24 h at 4C against water. The dialyzate electron density map with the program MAID (Levitt &
was subjected to thin-layer isoelectric focusing first in a pH Banaszak, 1993). Refinement of the initial model using the

METHODS
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Ser(195) were omitted. The map is contoured atth the final model of crystal form IV included. In this and subsequent stereo
drawings residues are numbered on the basis of chymotrypsin numbering, and the left pair of figures gives a “wall-eye” stereo while the
right pair gives a “cross-eye” stereo.

simulated annealing protocol in X-PLOR (Brger, 1990) correction has afR-factor of 18.9% and aRge. Of 26.7%.
with data between 5 and 2.8 A ad> 20 resulted in an Table 1 summarizes the data collection, SIRAS, and refine-
R-factor of 25% and anRy. (10% removed) of 34%. ment statistics for the various crystal forms of ETA.
Subsequent model building including positional &ithctor Visualization of the molecules and least squares super-
refinement using all datd&5(> 0) between 17 and 2.1 Aand  position were done using O (Jones et al., 1991). Geometric
a bulk solvent correction brought thefactor to 18% and parameters of the models were checked using PROCHECK
the Ryee to 23%. Water molecules were added with the (Laskowski et al., 1993).
following criteria: F, — F¢ density>4o, 2F, — F. density Biological Assays.The capacity of recombinant wild-type
>10, and within 3.4 A of a hydrogen bond donor or acceptor. and S195C ETA to induce proliferation of human T
A +8o feature in theF, — F. map was interpreted in the lymphocytes was evaluated in quadruplicate by measuring
last stages of refinement as a free glycine (Gly300) due to the incorporation of3H]thymidine into DNA ove a 4 day
the shape of the feature and its surrounding environment,period (Barsumian et al., 1978). The ability of ETA to cause
i.e., residues Lys32(28)Arg38(26A), and Asn91(71). The the separation of layers of the skin was evaluated-i8 2
feature was not consistent with any component in the day old BALB/c mice (National Cancer Institute, Freder-
crystallization solutions, e.g., cacodylate. There have beenicksburg, MD) (Melish & Glasgow, 1972). Ten micrograms
no reports of glycine associating with or affecting the activity of wild-type and mutant ETA was injected with phosphate-
of ETA. The final refined model of ETA in crystal form  buffered saline (PBS) (0.005 M sodium phosphate, pH 7.2,
IV includes 241 residues, 107 water atoms, and a free 0.15 M NacCl) intracutaneously in the nape of the neck in
glycine. TheR-factor including all dataK > 0) from 17 to 50 uL volumes (3 mice/group). Control mice received 50
2.1 A with a bulk solvent correction is 17.2% and tRe. uL of PBS. Three mice per group also receivedof
is 20.5%. Representative electron density for the refined either trypsin type Il (Sigma Chemical Co., St. Louis, MO)
model is shown in Figure 1. or subtilisin (Sigma). Animals were examined for positive
The positions of the molecule(s) in crystal forms |, Il, and Nikolsky signs (irreversible wrinkling) hourly by gentle
Il were determined using AMORE (Navaza, 1994) and the stroking of the neck.
molecular replacement package in CCP4 with a partially
refined model from crystal form IV. The rotation and RESULTS AND DISCUSSION

translation solutions were unambiguous. Rigid body refine- ' ,

. The final model of ETA in crystal form IV has 91% of
][grenr;tslr: X”P;%T ﬁlr o(ﬂuzgggfaec)t?%;)s fg;;hzgzdflessofec;?\i?l the residues in the most favorable Ramachandran regions
: Y ) ' ' ' P Y- with only one residue [Leu217(220)] in a disallowed region.

Simulated annealing was used as for crystal form IV. Forms . . . T
I and lll failed to refine properly as indicated by increases The ammo—termmal reS|dqe was not visible in thé’.% Fe .
map and was not included in the model. Also, the side chains

in their respectiveRrees While their R-factors fell. The
X L y of GIu5(1E), Glu6(1F), Lys36(25), and Arg219(221A) had
model for crystal form Il refined well giving aR-factor of no 2, — F. density beyond 8 and were modeled as

0, 0, 1
18% and anRyee Of 27%. Subsequent refinement of the - L oo E1a'n crystal form Il has 90% of the residues in

model for crystal form Il proceeded as with that for crystal the most favorable region with Leu217(220) again being the

form IV including the addition of a free glycine. The final . ; . . 2.
. . only outlier. The amino terminal residue was also not visible
model for crystal form Il includes 241 residues, 40 water . . . : .
in the 2/, — F; map and not included in the final refined

molecules, and a free glycine. Using all data between 25 model. The four side chains mentioned above were
and 2.3 A resolution the final model with a bulk solvent however, visible in the B, — F. map of ETA form II. The

conformations of these side chains were included in the final

2 Primary sequence numbers refer to the linear sequence of the mature=TA model of crystal form IV with zero occupancy
protein except where noted. The residue numbers enclosed in paren- )

theses refer to topological equivalencesoséhymotrypsinogen [see Two crystal forms of ETA (I and IIT) fa_”ed to refine
Bode et al. (1989)]. properly. Calculation of the Pattersons using data from 10
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Ficure 2: Ribbon diagram of the structural elements of ETA.
Helices are in redf strands are in blue; loops 1, 2, and D are in
magenta, cyan, and yellow, respectively. This figure defines the
standard orientation used in the other figures.

to 4 A resolution for these crystal forms had extremely strong
features {£30% of the origin peak) atu(= 0.6, v = 0.0,w

= 0.5) and ( = 0.5,» = 0.0,w = 0.5), respectively. For
crystal form IlIl, the peak was consistent with pseudo-B-
centering. Exact B-centering reduces the unit cell of crystal
form 11l to the primitive unit cell of crystal form II. In crystal
form | the Patterson feature indicates that the identically
oriented molecules are5 A closer together than in crystal
form 1ll. Thus small shifts in half the molecules in the

crystals produced the three observed crystal forms. This

relation suggests that some form of translational twinning

Accelerated Publications

pairs producing RMS deviations ranging from 1.49 A for
a-thrombin (Bode et al., 1989) (see Figure 3) to 2.05 A for
collagenase. Superimposition of thec@ace of ETA with
those of the microbial serine proteases finds 1188
homologous pairs producing RMS deviations ranging from
1.71 A for Achromobacteprotease to 2.07 A for glutamic
acid specific Streptomyces griseuprotease (Glu-SGP)
(Nienaber et al., 1993). From the structural homology the
amino acid sequence of ETA can be aligned with those of
other serine proteases (see Figure 4). The positions of the
three residues involved in the catalytic triadis72(57),
Asp120(102), and Ser195(195), predicted in earlier reports
(Bailey & Smith, 1990; Dancer et al., 19963uperimpose
with those ofa-thrombin with an RMS deviation for all
atoms of 0.45 A.

ETA Has a Unique Amino-Terminal Domaitunlike the
other members of the chymotrypsin-like family ETA has an
amino-terminal domain which includes an amphipathic 15-
residuea helix (aN), an extended segment containing a
helical loop, a 3-residug strand N) which makes three
hydrogen bonds with residues His170(155%er172(157) of
the carboxyl-termingb barrel (see Figure 2), and a 4-residue
helix aNa. This domain is somewhat similar to the separate
A-chain of thrombin in terms of secondary structure ele-
ments, but they differ in their relative positions (see Figure
3). Helix aN of ETA is highly charged with four lysine
and four glutamic acid residues in the four-turrhelix. As
can be seen in Figure 4, the amino acid sequence of ETB
has a similarly charged amino terminus with most of these
residues conserved. That the amino-terminal domain of the
ETs is unique suggests this region is likely an important
feature of the toxins and may participate in binding a specific
receptor.

Helix aN extends across the bottom of the carboxyl-

may be responsible for the inability to obtain accurate models terminal -barrel adjacent to the Sbinding site of chy-

for crystal forms | and Ill.

The only agents shown to inhibit the skin separation
activity of ETA in vivo or in vitro have been chelating agents.

Because of these results it has been proposed that ETA bind

a metal cofactor such as calcium (Sakurai & Kondo, 1978).

Dancer et al. (1990) proposed a calcium binding site based

upon sequence identity with a known calcium binding motif.
A careful examination of the electron density maps of both
crystal forms Il and IV revealed n&, — F. feature or
geometry consistent with a metal ion binding site.

The structural models of ETA in crystal forms Il and 1V
are very similar. The root-mean-square (RMS) deviation for
the Qu trace is 0.44 A while that for all atoms is 0.90 A.

The largest deviations in side chain conformations occur on
the surface generally near those residues involved in differing
intermolecular contacts. Consequently, further discussion of

the structure of ETA will refer to that of crystal form IV
unless otherwise noted.

ETA Is a Serine ProteaseThe overall structure of ETA
is similar to the chymotrypsin-like serine protease family of
enzymes (see Figure 2). Like other members of this proteas
family ETA has two perpendiculgi-barrel domains with a
carboxyl-terminal helix¢C). Structurally ETA appears to

e

motrypsin-like proteases contacting residues of lodp 1
[residues 187(184)189(189)] (see Figure 2). With the
location of helixaN, loop 1 is shorter than that of thrombin

gnd is similar in length to that of the microbial protease Glu-

SGP (Nienaber et al., 1993). The hetiN also contacts
loop 2 [residues 213(216221(223)] and prevents this loop
from folding into the conformation seen in other serine
proteases (see Figures 2 and 3). Loop 2 is thought to be
important for the proper positioning of substrate in the active
site of serine proteases as residues along the loop form
hydrogen bonds with substrate (Perona & Craik, 1995).
Leu217(220), whose main chain conformation is in a
disallowed region of the Ramachandran plpt=f 72.C°, v

= —56.7), is located near the tip of loop 2. In ETA this
loop forms an open groove on the surface of the protein as
in the microbial proteases SGP-A, SGP-B, and Glu-SGP
instead of a pocket as in the mammalian proteases, e.g.,
thrombin. However, in ETA the surface groove is much
wider than those in the microbial enzymes because of the
position of theaN helix.

ETA Cleaes on the Carboxyl-Terminal Side of Glutamic
Acid. A superposition of the & trace of Glu-SGP containing

be more closely related to the mammalian serine proteases *Substrate residues are represented iny.P, P2, P1, P1P2, ...,

than to the relatively smaller microbial serine proteases.
Superimposition of the & trace of ETA with those of the
mammalian serine proteases finds +48%5 homologous

Pn', where the bond is cleaved betweenHP1l', while &, ..., S2, S1,
ST, S2, ..., $' represents the corresponding binding sites on the protein
following the convention of Schechter and Berger (1968).

4Loops are named as described in Perona and Craik (1995).
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Ficure 3: Superimposition of @ traces of ETA (solid lines) with both the A (dashed lines with markeistand B (dashed lines) chains
of thrombin.

1a 1L 10 20 26 27 38
THROM : ccj;lrplfekksledkterel%(?yidngVEGSDAEIGM——4—0——SPWQVMLFRKSPQELLCGA%(])’.,ISD——
ETA :  EVSAEEIKKHEEKWNKYYGVNAFNLPKELFSKVDEKDRQKYPYNTIGNVFVK-~GQTSATGVLIGK--
ETB : KEYSAEEIRKLKQKFEVPPTD-~--—~ KELYTHITDNARS--PYNSVGTVFVK-~-GSTLATGVLIGK~~
<————- ON - -~~~ > B N <oNa> <fBa1 > < BBl >
v8 : VILPNNDRHQITDTTNGHYAPVTYIQVEAPT-GTFIASGVVVGK--
GLUSGP: VLGGGAIYG---GGSRCSAAFNVTKG
50 62A 63 70 758 80A 922 100
THROM : --RWVLTAAHCLLYPPWDKNFTENDLLVRIGKHSR--TRYERNIEKISMLEKIYIHPRYNWRENLD
80 100
ETA : HTAKFANG----DPSKVSFRPSINTD-DNGNTETPYGEYEVKEILQEPFGA-—-—-— GV
ETB : ——-NTIVTNYHVAREAAK----NPSNIIFTPAQNRDAEKNEFPTPYGKFEAEEIKESPYGQ---—~ GL{D
OA -> Dla Dlb Ela El
V8 : —-DTLLTNKHVVDATHG---DPHALKAFPSAINQD-—-~~- NYPNGGFTAEQITKY-~~~--~ SGEGD]
GLUSGP: GARYFVTAGHCTNIS---------- ANWSASSGGS-—--~~——-——~ VVGVREGTS--~~-—- FPTND
*
110 111 118 126 128 145 151

THROM : ALMKLKK——-PVAFSDYI%EyCLPDRETAASLLQAGYKGRVT?&FNLKETWTANVGKGQPSVLQVVNLP
ETA : ALIRLKPDONGVSLGDKISPAKIGTS----NDLKDGDKLELIGYPFDH---—---~--- KVNOMHRSEIE
ETB : AIIKLKPNEKGESAGDLIQPANIPDH----IDIQKGDKYSLLGYPYNY--—---—--—-—- SAYSLYQSQIE

<BrFi> <-pa2-> <--BB2-
v8 : AIVKFSPNEQNKHIGEVVKPATMSNN----AETQVNONITVIGYPGDK-—--~-—--—-—— PVATMWESKGK
GLUSGP: GIVRYTDGSSPAGTVDLYNGSTQDISSAAN--AVVGQAIKKSGSTT-----————-—-—-==—=—— RVTSGT

166 180 188 202 206

THROM : IVE%gyCKDSTRIRITDNMFCAGYKPDEGKRGDACEGIS GPFg%FSPFNNRWYQMGIVSWGEGCDRDG
ETA : LTTLS---———-———==-~ RGLRYY---—~~-- GHTVPGNS[GSGIFNS——-——— NGELVGIHSSKVSHLDRE
ETB : MFND----—---—=~~—--—— SQYF—=w=-=———— GY[TEVGNSGSGIFNL————~~ KGELIGIHSGKGGQHNLP

-> Bc2 BD2 <-- BER-=>
V8 : ITYL~-m——m === KGEAMQY—~=~=—~ DLIYTI'GGNSGSPVFNE-———~ KNEVIGIHWGGVPNEFNG
GLUSGP: VTAVNVTVNY-GDGPVYNMVRTT-----—-—-— ACSAGGOSIGGAHFAG--—-—-—— SVALGIHSGSS-GCSGT

* # #
224 233 243 #
THROM : ;5¥GFYTHVF—RLKKWIQK¥£DQ
ETA : HQINYGVGIGNYVKRIINEKNE
ETB : IGVFFNRKISSLYSVDNTFGDTLGNDLKKRAKLDK
<-pF2-> <---0C--->

V8 : AVINENVRNFLKQNIEDIHFANDDQPNNPDNPDNPNNPDNPNNPDEPNNPDNPNNPDNPDNGD

GLUSGP: AGSAIHQPV-TEALSAYGVTVYAAPE

Ficure 4: Amino acid alignment of thrombin (including the A-chain in lower case), ETA, ETB, staphylococcal V8 protease, and Glu-SGP.
Sequential numbering of ETA residues is above its amino acid sequence; chymotrypsin humbering is above the sequence of thrombin.
Secondary structural elements of ETA are indicated under the sequence of ETB. Residues of the catalytic triad (*) and those that bind
acidic residues at the S1 site (#) are indicated.

its bound inhibitor (Nienaber et al., 1993) with that of ETA of Glu P1. However, there is no comparable triad of histidine
indicates that the S1 binding site of ETA is complementary residues in ETA.

to a glutamic acid residue (Glu P1; see Figure 5a). The Pprior to the determination of the structure of Glu-GSP it
conservation of the histidine direCtIy interacting with Glu was predicted that a |ysine or arginine would be involved in
P1in Glu-SGP and of a threonine/serine side chain hydroxyl the charge stabilization of an acidic residue in the S1 binding
presumably critical for the positioning of substrate, i.e., site (Graf et al., 1987; Koniyama et al., 1991). Although
His210(213) and Thr190(190) in ETA, led Nienaber et al. this prediction was incorrect for Glu-SGP, it does seem to
(1993) to suggest a similar motif for proteases that cleave be the case for ETA where Lys213(216}% ¢ 2.8 A from
after acidic residues. In Glu-SGP a novel triplet of histidine a carboxyl O of the glutamic acid modeled in the S1 binding
residues is responsible for neutralizing the negative chargesite (Figure 5a). This lysine is conserved in ETB, but the
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(a)

Ser(195) Ser(195)

FiGure 5: (a) Stereo drawing of the S1 binding site of Glu-SGP (dashed thick bonds) with bound inhibitor (dashed thin bonds) superimposed
on that of ETA (solid thick bonds). Carbon atoms are in white; nitrogen atoms are in dark gray; oxygen atoms are in light gray. Distances
from ETA atoms Thr190(190) Q His210(213) N2, and Lys213(216) K to the modeled Glu P1 are shown. (b) Stereo drawing of the
active site of thrombin (dashed thick bonds) with bound inhibitor (dashed thin bonds) superimposed upon that of ETA (solid thick bonds).
Hydrogen bonds for thrombin (thin dashed lines) and ETA (thick dashed lines) are inclugédhao@s (thick solid lines) are that of ETA.

The flipped peptide bond in ETA is shown with black bonds.

homologous residue in staphylococcal V8 protease is aof ETA is essentially as mitogenic as wild-type protein. Thus
glycine leaving its counterion for Glu P1 open to speculation. mitogenic and proteolytic activities are distinct and separable
Biological Actiity of ETA and the S195C MutanfThe properties of the ETs. This multifunctionality of staphylo-
unique property of ETA is the ability to cause the specific coccal or streptococcal toxins is not new. TSST-1 despite
separation of epidermal layers. Previously, it was reported strong structural homology with the staphylococcal entero-
that the S195C mutant of ETA is incapable of causing the toxins is not emetic even though it has full mitogenic activity
positive Nikolsky sign (Prevost et al., 1990). This observa- [for a review see Bohach et al. (1990)]. More recently,
tion was confirmed in the present study. All three mice Murray et al. (1995) have demonstrated that lethality and
receiving wild-type ETA showed skin separation while none mitogenicity are separable properties in TSST-1. The
of the three mice receiving the S195C mutant showed a Significant drop in mitogenicity at high concentrations of the
positive response after 3 h. Injection of mice with subtilisin S195C mutant as seen in Figure 6 is interesting and warrants
showed a general necrosis at the site of injection while further study.
injection with trypsin caused inflammation but no skin  Proteolytic Actiity of ETA. The structure of ETA and
separation. These results suggest that skin separation is théhe inability of the S195C mutant to produce the positive
result of a very specific proteolysis by ETA. Nikolsky sign imply that ETA has proteolytic activity in vivo.
The second property of ETA is its mitogenicity. Studies Accepting this, the question is why do the ETs not display
shown in Figure 6 reflect two important results. First these any proteolytic activity in vitro? The answer appears to
studies verify that ETA is mitogenic. The previous sugges- reside in the observation that the peptide bond between
tion that the reported mitogenicity of ETA was due to Pro192(192) and Gly193(193) is flipped raelative to that
contamination by another superantigen (Fleischer & Bailey, typically seen in other serine proteases (see Figures 1 and
1992) is unlikely as the recombinant wild-type and mutant 5b). The main chain nitrogen of the conserved Gly193(193),
ETA were purified from a superantigen-free strain Sf which has been shown to be important for stabilization of
aureus The second observation is that the S195C mutant the tetrahedral intermediate, forms a hydrogen bond with the
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100000 a hydrogen bond between the carbonyl O of Pro192(192)
and the amide N of Aspl64(144) leading to protease

—O— Wiy BIA activation. There are several example of other proteases

ca0-- SSCEIA whose activities are controlled by other molecules. These

include thrombin [see Gerskkovich (1996) for a recent
review] and hepatitis C virus NS3 protease where the NS4A
cofactor peptide is inserted into the N-termiyfabarrel of

the protease (Kim et al., 1996).

The novel conformation of Pro192(192) and Gly193(193)
in ETA suggests that the side chain of His72(57) of the
catalytic triad may be protonated. In the conformation seen
in ETA, the hydrogen on the side chain hydroxyl of
Ser195(195) is participating in a hydrogen bond with the
carbonyl oxygen of Pro192(192)d(©--*N) = 3.1 A).
However the distance between His72(5¢2Mnd Ser195(195)
Oy of only 3.0 A suggests a hydrogen bond between these
residues requiring a proton on the nitrogen atom.

Mitogenic Actiity of ETA. Currently the mechanism by
which ETA acts as a mitogen is unknown. The pyrogenic
toxin superantigens stimulate T cells by forming a bridge
between thex chain of a class Il major histocompatibility
complex molecule (Jardetsky et al., 1994; Kim et al., 1994)
and the variable region of thgchain of the T cell receptor
. o . (Fields et al., 1996). As there is no structural homology
FiGURE 6: Mitogenicity of wild-type and S195C ETA measured pahveen ETA and any of the pyrogenic superantigens, the

by incorporation of jH]thymine in human lymphocytes. Each . . . SR - .
myeasurel?nent was d{or]ue %n quadruplicate, ;ndp all )érror bars areStructural basis for its mitogenicity is uncertain. Studies by

indicated (in some cases the error bars are hidden behind theBar-Shavit et al. (1986) have suggested that thrombin is
symbol). mitogenic for macrophage-like cells independent of its
protease activity. The region of thrombin believed respon-
side chain carboxyl of Asp164(144) in loop D [residues 163- sible for its protease-independent mitogenic activity has been
(143)-168(153)]. This arrangement places the carbonyl proposed to be an insertion loop not seen in other serine
oxygen of Pro192(192) within 3.1 A of the reactive Ser195- proteases involving residues Tyr60A-Pro60H (chymotrypsin
(195), blocking substrates and inhibitors from binding in the numbering) (see Figure 4). This loop is also absent in ETA.
oxyanion hole and forming the proper tetrahedral intermedi-  The role of mitogenicity in staphylococcal scalded skin
ate. In thrombin the carbonyl oxygen of Glu192 forms a syndrome is also poorly understood. Mitogenicity (or
hydrogen bond with the main chain N of Asn143 of loop D superantigenicity) may be involved in the edema or redness
while the analogous hydrogen bond found in Glu-SGP is associated with the syndrome. The proliferation of T cells
with the side chain of Thr142. in scalded skin syndrome is limited or may not occur
The backbone conformation of the segment of ETA systemically when compared to that which occurs in toxic
containing the PreGly bond is not unique to ETA. shock syndrome since it is normally nonfatal with a minimal
Pro192(192) has a helical conformation with— —46.4 fever.
and vy = —40.8 while Gly193(193) also has a helical
conformation withp = —59.1° andy = —21.3. There are CONCLUSION

three examples in the most recent release of the Protein Data The structure of ETA conclusively shows that the ETs are
Bank of hexapeptides with backbone atoms differing from serine proteases which cleave after acidic residues as
those seen in residues 190(19aP5(195) of ETA by less  previously predicted. Catalytic activity of ETA appears to
than 0.4 A (RMS). In addition, Allaire et al. (1994) reported  pe regulated through a novel conformational flip of a main
a similar orientation of the PreGly peptide bond ina mutant  chain peptide bond. Thus the specificity of proteolysis may
of hepatitis A virus 3C protease in which the active site be modulated through a specific interaction of the unique
cysteine had been changed to an alanine. The authors\-terminal domain and loop D with another molecule. The

concluded, however, that this conformation is not biologically mitogenic and proteolytic properties of ETA are independent.
relevant as the sulfur of the cysteine in the wild-type enzyme

would likely prevent the flipping of the carbonyl oxygen of ACKNOWLEDGMENT
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proteolytic activity of ETA appears to be regulated through
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