
ACCELERATED COMMUNICATION

Crystal structure of viral serpin crmA provides insights
into its mechanism of cysteine proteinase inhibition
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Abstract

CrmA is an unusual viral serpin that inhibits both cysteine and serine proteinases involved in the regulation of host
inflammatory and apoptosis processes. It differs from other members of the serpin superfamily by having a reactive
center loop that is one residue shorter, and by its apparent inability to form SDS-stable covalent complexes with cysteine
proteinases. To obtain insight into the inhibitory mechanism of crmA, we determined the crystal structure of reactive
center loop-cleaved crmA to 2.9 Å resolution. The structure, which is the first of a viral serpin, suggests that crmA can
inhibit cysteine proteinases by a mechanism analogous to that used by other serpins against serine proteinases. However,
one striking difference from other serpins, which may be significant for in vivo function, is an additional highly charged
antiparallel strand forb sheet A, whose sequence and length are unique to crmA.
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Interest in crmA first arose from it being identified as a cowpox
viral inhibitor of inflammation, mediated through the specific in-
hibition of interleukin 1b-converting enzyme~ICE!, a cysteine
proteinase of the caspase family~Ray et al., 1992!. It has sub-
sequently been shown that crmA can inhibit other caspases involved
in both host inflammatory and apoptotic processes~Gagliardini
et al., 1994; Garcia-Calvo et al., 1998!. Such inhibition may be
employed by the virus to overcome host defense mechanisms.
CrmA is, however, a serpin, whose members are best known as
inhibitors of serine proteinases~Gettins et al., 1996!. The question,
therefore, immediately arises as to how crmA might inhibit pro-
teinases of a different mechanistic class. It is possible that crmA
might employ a conformational change-based mechanism analo-
gous to that of serpin inhibitors of serine proteinases~Stratikos &
Gettins, 1999!, but with formation of a thiol ester rather than an
oxygen ester as the kinetically trapped intermediate. However, the
failure to detect the SDS-stable complexes between crmA and
cysteine proteinases that are the hallmark of serpin inhibition of
serine proteinases, together with the shorter reactive center loop of
crmA compared with most other serpins, raise questions whether
such an inhibition mechanism is structurally possible. To address
these questions, we have determined the X-ray crystal structure of

a reactive center loop-cleaved form of crmA to 2.9 Å resolution
and made comparisons between this and cleaved forms of other
serpins that inhibit serine proteinases.

Results and discussion

The overall X-ray structure of cleaved CrmA

The X-ray structure of reactive center loop-cleaved crmA~cleaved
at the P4–P3 peptide bond! is shown in Figure 1. With the excep-
tion of the mobile N-terminal part of chain B~residues 301–309!
and 20 mainly solvent accessible charged side chains~K12, K48,
E49, D51, K52, K54, D55, I57, D83, N84, E117, D122, E144,
S147, E157, K220, D326, K328, S337, and T340!, all of the mol-
ecule is well ordered in the final crystal structure~Rcryst 22.4% and
Rfree 28.8%, Table 1!. Comparison with known structures of other
cleaved serpins~a1-proteinase inhibitor~a1PI!, PAI-1, leukocyte
elastase inhibitor, anda1-antichymotrypsin! shows a high level of
structural conservation despite the relatively low sequence identity
among these family members~20–35% for these serpins!. Root-
mean-square deviation~RMSD! between cleaved crmA and cleaved
a1PI was found to be 1.9 Å for 292a-carbons. Forty-two out of 51
mainly hydrophobic residues, which have been previously shown
to be conserved throughout the serpin superfamily~Huber & Car-
rell, 1989!, are present in crmA and perform the same role in
structural stabilization. Although sequence homology is low in
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many of the areas of essential secondary structure, such as the
strands ofb-sheet A, structural alignment shows almost exact super-
positioning~Fig. 2A!. A striking feature of the structure of crmA
is that the cleaved reactive center loop is completely inserted in the
body of the molecule as strand s4A, as with other cleaved inhib-
itory serpins. The cleavage site in our structure is between P4
~L300! and P3~V301! ~equivalent to the P5–P4 bond in other
serpins!, rather than between P1 and P19 residues. The P4 residue
is well ordered and is clearly the last residue in s4A. Residues
V301–T309, which are on the C-terminal side of the cleavage and
which should remain at the “top” of the serpin, are disordered and
not visible.

Unique structural features of crmA

There are several regions where the crmA molecule deviates from
other known structures of cleaved inhibitory serpins. Alignment of
the primary structure of crmA with those of various vertebrate
serpins reveals large differences in the structurally conserved
N-terminal helix A ~hA! ~Fig. 2A!. CrmA has the shortest hA,
missing up to foura-helical turns. Additionally, helix C~hC! is
shorter in crmA by one helical turn.

Perhaps the most striking difference in length, sequence, and
resulting structural features appears immediately after hC~Fig. 2A!.
In all other serpins, this region~residues V46 to D56 in crmA! is
both much longer and contains a well-defined loop-helix-loop mo-
tif. In crmA, however, helix D~hD! and the two loops that connect
hD with the preceding hC and subsequent strand s2A of the central
b-sheet A are entirely absent. Instead, crmA has a short loop~res-
idues 43–52! and a novel additional antiparallelb-strand ofb-sheet
A ~residues 53–57!, which we designate as s19A. The new strand
has characteristic antiparallel hydrogen bonding with s2A. This

Fig. 1. Stereoview ribbon representation of the cysteine-free mutant of crmA in the cleaved form.b-Sheets cyan anda-helices magenta
and yellow. Strands and helices are labeled as in the text. Loops 60, 260, and 270 are marked as L60, L260, and L270, respectively
~produced using MOLMOL! ~Koradi et al., 1996!.

Table 1. Crystallographic statistics

Diffraction data
Dmin ~Å! 2.90
Total reflections 318,152
Unique reflections 9,406
Completeness~%!a 99.9 ~91.1!
I0sa 15.5 ~4.9!
Multiplicity a 5.8 ~5.7!
Rmerge ~%!a,b 11.2 ~42.0!

Refinement
Data range~Å! 20.00–2.90
Reflections~F . 0! 9,238
Completeness~%! 97.9%
Reflections inRfree set 968
Number of protein atoms 2,546
Number of solvent atoms 18
RMSDS

Bond lengths~Å! 0.010
Bond angles~8! 1.25
B-factor for main-chain atoms~Å2! 1.31
B-factors for side-chain atoms~Å2! 1.83

MeanB-factor ~Å2! 35.8
Rcryst ~%!c 22.4
Rfree ~%!d 28.8

aThe statistics for the highest resolution shell are shown in parentheses.
bRmerge5 ((6I ~h!i 2 ^I ~h!&|0(^I ~h!&; whereI ~h! is the observed in-

tensity of thei th measurement of reflectionh, and^I ~h!& the mean intensity
of reflectionh; calculated after loading and scaling.

cRcryst 5 (@6Fo| 2 6Fc|#0(|Fo|, whereFo and Fc are the observed and
calculated structure factors, respectively, and the summations are over all
unique reflections.

dRfree is calculated as forRcryst except the summation is over a test set of
10% of unique reflections omitted from the refinement.
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region of crmA is also unique when compared to the very closely
related viral serpins of the SPI-2 family. Compared with crmA,
these other viral serpins have extremely high sequence identity
throughout~.90%!, with the sole exception of residues D51 to
D56 ~crmA numbering!. This region in crmA is shorter by three
residues and contains a completely unrelated and very highly charged
sequence~DKNKDD in crmA vs. NMDKVSAQN, which is con-
served in other SPI-2 serpins! ~Fig. 2B!. The electron density for
residues 51 and 52 in our structure is weak, but the rest of the loop
and the new s19A b-strand are interpretable, thereby restricting the
location of residues 51 and 52. At this resolution almost all the side
chains in the region D51–D56 are disordered, and the backbone
atoms have relatively highB-factors. Further inspection shows that
crmA is more compact and adopts a somewhat flatter surface in
this part of the molecule compared to other serpins. This flattening
is extended to the region of helix E~hE; residues 72–83 in crmA!,
which is shorter in crmA by one turn. This is a direct consequence
of a four residue deletion in the crmA sequence relative toa1-PI.
Consequently, the loop between hE and strand s1A has a different

conformation than in other serpins, which thereby allows preser-
vation of strand s1A.

Charge distribution analysis with the program GRASP~Nicholls
et al., 1991! demonstrated that two areas of the surface of crmA are
highly acidic. The first area is located around and above strand
s19A ~residues E47, E49, D55, D56, E142, E169, and D224!,
whereas the second one is in the area ofb-sheets B and C and hA
~D2, E14, E40, D92, D97, D116, E117, D122, E157, E257, and
D276!. Such a markedly nonrandom charge distribution has no
precedent in other known serpin structures, which are character-
ized by small charge patches distributed more randomly through-
out the molecule. These differences, taken together, suggest a
functional significance for strand s19A and the acidic regions.

Significance of the structure for the mechanism
of proteinase inhibition

In a key aspect, namely having the cleaved reactive center loop
completely inserted into the centralb-sheet A forming strand s4A

Fig. 2. A: Sequence alignment of cysteine-free crmA anda1-PI. The upper numbering scheme is for crmA, while the lower one is
derived froma1-PI. Numbers used in the text are for the crmA sequence. Secondary structure elements are indicated for both proteins;
arrows representb strands, whereas coils representa-helices. Dotted line in the extension of s4A designates the missing P3–P1 region
in crmA, which is predicted to be inb conformation. Conserved residues are highlighted in black.B: Excerpt from the sequence
alignment of viral serpins of the SPI-2 family~cowpox, ectromelia, rabbitpox, vaccinia, and variola virus! demonstrating the unique
sequence length and amino acid composition in crmA in the region of the novelb-strand s19A. Protein sequences are more than 90%
identical in the rest of the molecule. Numbering is for crmA, and identical residues are highlighted in black.
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~Fig. 1!, the structure of reactive center loop-cleaved crmA is
analogous to that of other cleaved serpins that inhibit serine pro-
teinases~Löbermann et al., 1984; Baumann et al., 1991, 1992;
Mourey et al., 1993!. This clearly establishes that crmA, like other
inhibitory serpins, exists in a metastable state that can spontane-
ously convert to a much more stable state through insertion of the
reactive center loop intob-sheet A. However, crmA has another
structural feature that distinguishes it from most other inhibitory
serpins and that is relevant to the mechanism of inhibition, namely
that the reactive center loop of crmA is one residue shorter than in
most serpins. Because it has been suggested that the length of the
reactive center loop is of critical significance for serpin function-
ing ~Wright & Scarsdale, 1995!, we have examined the conse-
quences of the shorter reactive center loop for the inhibitory
mechanism of crmA by comparing the position of the P1 residue in
crmA relative to the body of the serpin with that of P1 in other
serpins. Because our crmA was cleaved at P4–P3 rather than P1–

P19, we modeled the P3–P1 residues~equivalent to P4–P2 in other
serpins! according to their average positions in cleaveda1-PI,
PAI-1, leukocyte elastase inhibitor, anda1-antichymotrypsin. Our
measurements show that the P1 residue in crmA, in relation to the
strands ofb-sheet A, is shifted upward by more than 2 Å compared
to the P1 position in other serpins~Fig. 3A!. However, the 260s
and 270s loops adopt an altered conformation, also being raised
upward and inward~Fig. 3A!. As a result, the position of the P1
residue in crmA relative to the bottom of the molecule is similar to
that of other serpins~Fig. 3B!, suggesting that crmA has adapted
the conformation of the two loops at the bottom of the molecule
~260s and 270s loop! in such a way that the reactive center loop is
long enough to have the covalently linked active site cysteine of
the proteinase in covalent complexes be at the same position as the
active site serine in other inhibitory serpins, and hence, be kinet-
ically trapped by the same kind of structural distortion of the
proteinase.

Fig. 3. A: Superposition of cleaved crmA~modeled backbone of P3–P1 cyan sticks, red thin ribbon elsewhere! and cleaveda1-PI
~7API! ~backbone of P4–P1 green sticks, green thin ribbon elsewhere! showing the distance between P1 of crmA and P1 ofa1-PI, and
changed conformation of 60s, 260s, and 270s loops in cleaved crmA~marked as L60, L260, and L270!. C-terminal ends of s4A~P1
residue! are color coded: oxygen atoms in red and carbon atoms in white. P3–P1 residues are modeled as polyalanine in crmA according
to their average position in other cleaved serpins, because the cleavage site in our structure is between P4 and P3~see text!. The view
is rotated approximately 908 about the vertical axis relative to Figure 1. Figure was prepared using the program QUANTA~1997!.
B: Comparison of the surface representations of cleaved crmA~left! and cleaveda1-PI ~right!, showing the height between the
C-terminus of s4A and the bottom of the serpin body in each case. Theb-strand s4A was excluded from the molecular surface
calculation and is represented by sticks and color coded: oxygen in red, nitrogen in blue, sulfur in green, and carbon in white. P3–P1
residues are modeled as polyalanine in crmA. The view is rotated;908 about the vertical axis relative to Figure 1. Figure was prepared
using the program GRASP~Nicholls et al., 1991!.
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Materials and methods

Protein expression and purification

To prevent disulfide-mediated aggregation, we prepared a cysteine-
free variant of crmA, which was found to retain normal inhibitory
activity against ICE~data not shown!. This crmA variant was
expressed as inclusion bodies inEscherichia coliat 378C using the
pQE-60 expression system~Qiagen, Hilden, Germany!. Inclusion
bodies were isolated, and the protein was refolded and purified as
previously described fora1PI ~Kwon et al., 1995!. The activity
was assayed by inhibition of the activity of ICE.

Crystallization

Although native cysteine-free crmA was used, the crystals obtained
were of reactive center loop-cleaved crmA, presumably from con-
tamination with a bacterially derived proteinase. Cleavage was shown
to be between residues P4~L300! and P3~V301! by dissolution of
the crystals followed by N-terminal sequencing and electrospray mass
spectroscopy. The latter gave two peaks corresponding to residues
1–300~predicted 33,437.6 Da; measured 33,438 Da! and residues
301–341~predicted 4,513 Da; measured 4,513.5 Da!.

Crystallization conditions were identified in Hampton crystalli-
zation screens~Jancarik & Kim, 1991!. Crystals were obtained at
208C using the hanging-drop vapor diffusion method, mixing equal
volumes of the protein~20 mg0mL! and the well solution~1.6 M
Na0K–H2PO4, 0.1 M HEPES, pH 7.50!. Rice grain-shaped crys-
tals grew within a month to average dimensions of 0.153 0.063
0.04 mm3. The crystals belong to space-group P212121 ~a542.67 Å,
b5 93.15 Å, andc5 101.63 Å! with one molecule per asymmetric
unit and approximately 56% solvent content.

Data collection and processing

A single crystal was harvested from the drop, soaked for 15–30 s in
mineral oil~Sigma, St. Louis, Missouri! as a cryoprotectant, mounted
on a nylon loop~Hampton Research, Laguna Niguel, California!,
and flash frozen in liquid nitrogen. X-ray diffraction data to 2.9 Å
were collected at liquid nitrogen temperature on the BioCARS
14BMC synchrotron beamline source~Advanced Photon Source,
Argonne National Laboratories! at a wavelength of 1 Å, on a CCD-Q4
detector. Details of the data collection were described earlier~Simo-
novic et al., 2000!. The data were indexed with DENZO, and scaled
and reduced with SCALEPACK~Otwinowski & Minor, 1997!.

Structure determination and refinement

Molecular replacement calculations were performed with CNS
~Brünger, 1998!. A search model was constructed based on the
coordinates of cleaveda1-PI ~7API!, cleaved PAI-1~9PAI!, cleaved
a1-antichymotrypsin~1AS4!, and cleaved leukocyte elastase in-
hibitor ~1HLE!, all without hD. The rotation search gave a 6.25s
peak, while the translation search gave a solution with a correlation
coefficient of 0.64~next highest peak 0.46!. The oriented search
model was then divided into several segments and refined as rigid
bodies followed by cycles of simulated annealing. Electron-density
maps were interpreted using the program QUANTA~1997!. Re-
gions of the model with poor density were deleted and regions of
insertions were identified. Ten percent of the data were randomly
assigned to anRfree test for cross-validation~Brünger, 1998!. The
model was progressively refined using simulated annealing proto-
cols ~5,000 K! with all data, followed by energy minimization and

manual inspection and rebuilding. OnceRcrystdropped below 35%,
bulk solvent and isotropicB-factor corrections were introduced.
The final stages of refinement, including individualB-factor re-
finement, were performed using PROFFT~Hendrickson, 1985!,
and the final model statistics were calculated in CNS~Brünger,
1998!. Coordinates have been deposited in the Protein Data Bank,
with accession code 1C8O.
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