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Background: Activated adenovirus proteinase (AVP-pVIc) is generated from an inactive form (AVP), but the structural
changes that activate AVP are unknown.
Results: The crystal structure of the AVP was determined.
Conclusion: Comparison of AVP with AVP-pVIc reveals why AVP is inactive by changes in one domain.
Significance: Activation of the enzyme may occur along a 62-amino acid pathway by contiguous conformational changes.

The adenovirus proteinase (AVP), the first member of a new
class of cysteine proteinases, is essential for the production of
infectious virus, and here we report its structure at 0.98 Å
resolution. AVP, initially synthesized as an inactive enzyme,
requires two cofactors for maximal activity: pVIc, an 11-amino
acid peptide, and the viral DNA. Comparison of the structure of
AVPwith that of an active form, the AVP-pVIc complex, reveals
why AVP is inactive. Both forms have an � � � fold; the major
structural differences between them lie in the �-sheet domain.
InAVP-pVIc, the general baseHis-54N�1 is 3.9Åaway fromthe
Cys-122 S�, thereby rendering it nucleophilic. InAVP, however,
His-54 N�1 is 7.0 Å away from Cys-122 S�, too far away to be
able to abstract the proton from Cys-122. In AVP-pVIc, Tyr-84
forms a cation-� interaction with His-54 that should raise the
pKa of His-54 and freeze the imidazole ring in the place optimal
for forming an ionpairwithCys-122. InAVP, however,Tyr-84 is
more than 11 Å away from its position in AVP-pVIc. Based on
the structural differences betweenAVPandAVP-pVIc, we pres-
ent a model that postulates that activation of AVP by pVIc
occurs via a 62-amino acid-long activation pathway inwhich the
binding of pVIc initiates contiguous conformational changes,
analogous to falling dominos. There is a common pathway that
branches into apathway that leads to the repositioningofHis-54
and another pathway that leads to the repositioning of Tyr-84.

As with many viruses, adenoviruses encode a proteinase
whose activity is essential for the production of infectious virus
(1). The adenovirus proteinase (AVP),2 whose structure we

describe here, is synthesized as an inactive enzyme (2, 3). Late in
adenovirus infection, about 50 copies of AVP (4) become acti-
vated inside young virions (5) and cleave about 1500 copies (6)
of the six different virion precursor proteins used in the assem-
bly of the virion (1). AVP is synthesized in an inactive form
because if it were not, it would cleave virion precursor proteins
before virion assembly, thereby aborting an infection (7). Two
viral cofactors have been discovered that stimulate proteinase
activity. One cofactor is pVIc,3 the 11-amino acid peptide from
the C terminus of adenovirus precursor protein pVI (2, 7, 8). Its
primary sequence is GVQSLKRRRCF. Cys-104 of AVP can
form a disulfide bond with Cys-10� of pVIc in vitro (9, 10) and
does so in vivo in the virus particle (11). A second cofactor is the
viral DNA (2, 12). The two viral cofactors increase the specific-
ity constant (kcat/Km) for substrate hydrolysis (2, 7, 12, 13). In
the presence of human adenovirus serotype 2 (Ad2) DNA, the
kcat/Km forAVP increases 110-fold (7, 12, 13); in the presence of
pVIc, it increases 1130-fold. With all three components
together, AVP, pVIc, and human adenovirus serotype 2 DNA,
the kcat/Km increases 15,800-fold.
HowAVP acquires pVIc from pVI and how active AVP-pVIc

complexes process the virion precursor proteins have pre-
sented a conundrum. AVP and pVI are sequence-independent
DNA-binding proteins (2, 12, 46). In the tightly packed interior
of a young virion, the concentration of viral DNA is 500 g/liter
(14); that plus the sieving effect of DNA (15) diminishes the
effective three-dimensional diffusion constants ofAVP andpVI
by more than 1 million-fold (46–48). A model solving the
conundrum as to how AVP is activated and how AVP-pVIc
complexes cleave the virion precursor proteins has been pre-
sented and experimentally verified. AVP binds randomly to
DNA and does not slide along the DNA (47). pVI also binds
randomly to DNA, but it slides along DNA with a one-dimen-
sional diffusion constant of 1.45 � 106 bp2/s. pVI slides into
AVP. AVP, partially activated by being bound to the viral DNA,
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cleaves pVI first at its N terminus and then at its C terminus.
pVIc, released by cleavage of pVI at its C terminus, binds to the
AVP that cut it out, and then a disulfide bond is formedbetween
Cys-10� of pVIc and Cys-104 of AVP, thereby keeping AVP
permanently activated. The processing of the virion proteins by
AVP-pVIc complexes occurs by the following mechanism (48).
Covalent, active AVP-pVIc complexes slide along the viral
DNA with a one-dimensional diffusion constant of 21.0 � 106

bp2/s and process the precursor proteins, which are also non-
specifically bound to the viral DNA. Both pVI and AVP-pVIc
complexes slide along DNA via one-dimensional diffusion
because pVIc is a “molecular sled.”4

An active form of AVP, the AVP-pVIc complex, has been
crystallized (16, 17), and its structure has been determined at
2.6 Å resolution (9) and later at 1.6 Å resolution (10). The AVP-
pVIc complex is a cysteine proteinase. The peptide cofactor
pVIc binds tightly to AVPwith extensive contacts. The equilib-
rium dissociation constant, Kd, for pVIc and AVP is 4.4 �M; in
the presence of DNA, the Kd drops to 90 nM (7). Between pVIc
and AVP, there are 26 hydrogen bonds, four ion pairs, and a
disulfide bond (18). Surprisingly, pVIc, which exerts a powerful
control on the rate of catalysis by AVP, binds quite far from the
active site residues involved in catalysis; Cys-104 of AVP, which
forms the disulfide bond with Cys-10� of pVIc, is 32 Å away
from Cys-122, the active site nucleophile.
The AVP-pVIc complex consists of two domains. Cys-122

resides in one domain, whereas His-54 and Glu-71 reside in
the other. pVIc appears to form a “strap” that may help posi-
tion the two domains in a configuration for optimal catalysis.
Comparison of the amino acid residues involved in catalysis
by the canonical cysteine proteinase papain with those
amino acids in similar positions in the AVP-pVIc complex
revealed that they can be superimposed. However, even with
these juxtapositions, because the order along the polypep-
tide chain of these amino acids in AVP and papain is differ-
ent, AVP is the first member of a new class of cysteine pro-
teinases. The remarkable juxtaposition of catalytic elements
strongly suggests that AVP employs the same catalytic
mechanism as papain (19).
Although analysis of the structure of the active enzyme,

the AVP-pVIc complex, has revealed its catalytic machinery,
little information could be discerned as to why in the absence
of pVIc, the enzyme is inactive.We crystallized AVP (20) and
here present its structure at a resolution of 0.98 Å as deter-
mined by x-ray diffraction.With the structure of the inactive
form of the enzyme now available, comparison of it with the
structure of an active form of the enzyme, the AVP-pVIc
complex, revealed at the structural level why AVP is inactive
and provided insights as to how the binding of pVIc to AVP
activates the enzyme. Furthermore, this high resolution
structure revealed novel targets for compounds that may act
as antiviral agents.5

EXPERIMENTAL PROCEDURES

AVP—Recombinant AVP was purified from Escherichia coli,
as described previously (13, 21). The concentration of AVPwas
determined using a molar absorbance coefficient at 280 nm of
26,510 calculated according to the method of Gill and von Hip-
pel (22).
Crystallization—Crystals of AVP were obtained by vapor

diffusion with microseeding as described previously (20).
Prior to data collection, crystals were equilibrated with a
cryoprotectant buffer consisting of 0.4 M sodium citrate, pH
5.6, 0.8 M sodium acetate, and 40% (v/v) glycerol. The glyc-
erol concentration in the crystal droplets was increased in
4% increments at 5-min intervals until the glycerol concen-
tration reached 25%. Crystals were then placed in cryoloops
and cryo-cooled in the 100 K nitrogen stream. (Oxford Cryo-
systems, Oxford, UK).
Data Collection—X-ray diffraction data were collected at

Beamline X25 at the National Synchrotron Light Source at
Brookhaven National Laboratory. The intensities were re-
corded using a Brandeis 4k charge-coupled device detector (23,
24). The wavelength was 0.92 Å. High resolution data were col-
lected with 60-s exposures, at a crystal to detector distance of
71.8 mm, with 0.6° oscillations. The low resolution data were
obtained at the samedistance alsowith 0.6° oscillations using an
attenuated beam and 10-s exposures. The data were integrated
and scaled with the software package HKL2000 (25), and Rp.i.m.
assessment was determined using SCALA from the CCP4 pro-
gram suite (26) Analysis of the data indicated that the AVP
crystals belonged to the P21 space group with unit cell param-
eters a � 36.3, b � 54.5, c � 42.4 Å, � � 100.1°.
Structure Refinement—A clear molecular replacement solu-

tion was obtained with the starting model the coordinates of
AVP from the AVP-pVIc structure (Protein Data Bank (PDB)
code 1NLN) (10) using the program AMoRe (27). The refine-
ment was cross-validated by the Rfree index (28), calculated
using 5% of all reflections. The refinement was initiated using
the program REFMAC (29). The energy function as well as
x-ray termswere used as targets in theminimization procedure,
and themodel was refined using isotropic atomic displacement
parameters. Rigid body refinement in the resolution range of
8.0–3.0 Å was performed to compensate for any small differ-
ences in unit cell parameters between the 1NLN structure and
the current structure. This refinement was followed by posi-
tional and overall B factor refinements with the resolution
range extended to 1.5 Å. After each round of refinement, visual
inspection and model corrections were made using the pro-
gramQuanta (Molecular Simulations, Inc). B factors were indi-
vidually refined for all non-hydrogen atoms. All reflections
were used in all steps of both the refinement and the map
calculations.
After several rounds of refinement, the diffraction data were

extended to their highest resolution, 0.98 Å, and refinement
continued using the programSHELXL (30). During the first five
cycles of refinement, isotropic B factors were refined for all
atoms. Later, non-hydrogen atomswere refined using anisotro-
pic displacement parameters. At this stage, hydrogen atoms
were introduced into well ordered parts of the structure at ste-

4 P. C. Blainey, V. Graziano, W. J. McGrath, G. Luo, X. S. Xie, and W. F. Mangel,
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reochemically calculated positions. For all hydrogen atoms
included in the refinement, isotropic B factors that were 20%
higher than those of the parent atoms (50% higher in the case of
methyl hydrogens) were applied. Manual adjustments of the
model were performed with the program Quanta. The occu-
pancies of atoms present in double conformations were refined
as constrained (x) and (1 � x). Water molecules were classified
as either fully occupied or half-occupied on the basis of their
electron density and their distance to neighboring atoms. Their
occupancies were not refined because refinement of both occu-
pancies and temperature factors at resolutions approaching 1Å
is generally not stable (31). The quality of the geometrical and
stereochemical indices was continuously monitored using the
program PROCHECK (32) and MOLPROBITY (33).

RESULTS

X-ray Diffraction Data—The unit cell dimensions and mass
of the molecular species in the crystal were consistent with
there being one 23,087-Da monomer of AVP per asymmetric
unit, which gives a Matthew’s coefficient of 1.75 Å3/Da (34).
This corresponds to a solvent content of 29.2%, which may be
why this crystal diffracted to such high resolution. Overall, the
model consisted of 1786 non-hydrogen atoms, with 194 resi-
dues, 258 waters, and 1 sodium ion. The data collection statis-
tics are listed in Table 1.
Quality of the Model—The structure of AVP was solved with

molecular replacement. The finalmodel refined against the dif-
fraction data measured from crystals of the native protein gave

a crystallographic R factor of 13.5% (Rfree � 16.8%) for the data
from 20 to 0.98 Å. An example of the high resolution of the
electron density is shown in Fig. 1. Residues 29–32, highly con-
served among AVP genes, are depicted with the 2Fo � Fc map
contoured at 1.5 �. Residues 48–51 and 97–104 could not be
modeled due to poorly defined or missing electron density in
those regions. These two “disordered” regions lie within loops
of the AVP-pVIc structure used to initiate the molecular
replacement solution. Seven residues were found whose side
chains exhibited multiple conformations: Glu-7, Asp-26, Cys-
67, Arg-169, Gln-173, Ser-176, and Ser-194. The weights of the
stereochemical restraints used during the refinement together
with the final deviations of the geometrical parameters from
ideal values are shown in Table 1.
The Ramachandran plot (35) shows 92.3% of the non-pro-

line, non-glycine residues inmost favored regions, 6.1% in addi-
tional allowed regions. The average B value for the main chain
atoms was 11.63 Å2, and 18.43 Å2 for side chain atoms. The
overall B value from the Wilson plot was 9.9 Å2.
Overall Fold—Secondary structure elements of AVP and of

the AVP moiety in the AVP-pVIc complex are listed below the
amino acid sequence in Fig. 2,A andB, respectively. AVPhas an
� � � fold structure, ovoid in shape with dimensions of �45 �
35 � 33 Å. The structure contains five �-strands, six �-helices,
and two 3-10 helices and is arranged into two domains with the
active site situated at the domain interface (Fig. 2C). One
domain, the �-helical domain, is composed of four �-helices

TABLE 1
Data collection and refinement statistics

Parameter Value

Data collection
Wavelength (Å) 0.92
Resolution (Å) 20-0.98 (1.00-0.98)
Space Group P21
Cell Dimensions
a, b, c a � 36.27 Å, b � 54.54 Å, c � 42.41 Å
�, �, � � � � � 90°, � � 100.1°

Matthews Coefficient (molecules/asymmetric unit) 1.75 Å3/Da (1)
Redundancy (overall/outer shell) 4.9 (2.2)
I/�I 25.4 (1.6)
Rmerge

a (overall/outer shell) 0.057 (0.594)
Rp.i.m.

b 0.041
Rmeas.

c 0.144
Completeness (%) (overall/outer shell) 99.1 (97.1)

Refinement statistics
Resolution range (Å) 20–0.98
No. of reflections 90549
Completeness (working � test) (%) 97.3
R factor 0.1354
Rfree 0.1678
No. of protein atoms 1535
No. of sodium ions 1
No. of water molecules 258
B values
FromWilson plot (Å2) 9.93
Mean B value (overall, Å2) 18.43

Root mean square deviation bonds (Å) 0.029
Root mean square deviation angles (degrees) 0.045
Ramachandran plot analysis
Favored region (%) 98.4
Allowed region (%) 1.6

a Rmerge � �hkl�i�Ii(hkl) � �I(hkl)	/�hkl�i(hkl), where Ii(hkl) is the integrated intensity of a given reflection and �I(hkl)	 is the mean intensity of multiple corresponding sym-
metry-related reflections.

b Rp.i.m. � �hkl[1/N � 1]1⁄2�i�Ii(hkl) � �I(hkl)	/�hkl�i(hkl), where Ii(hkl) is the integrated intensity of a given reflection, �I(hkl)	 is the mean intensity of multiple corresponding
symmetry-related reflections and N is the multiplicity of a given reflection.

c Rmeas. � �hkl[N/N � 1]1⁄2�i�Ii(hkl) � �I(hkl)	/�hkl�i(hkl), where Ii(hkl) is the ith measurement of the intensity of reflection hkl, �I(hkl)	 is the mean intensity of reflection hkl,
and N is the number of observations of intensity I(hkl) (multiplicity).
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and both 3-10 helices, encompassing the N-terminal 15 resi-
dues and residues 113–204. The other domain, the �-strand
domain, contains five �-strands arranged in a �-sheet that is
sandwiched between a long �-helix and the helical domain,
encompassing residues 16–112. The molecule contains 204
amino acids, 194 of which could be mapped into the electron
density. The �-sheet domain contains the two loops whose
backbone positions could not be mapped due to a lack of elec-
tron density.
Overall Structure—The structure of AVP was solved by

molecular replacement using as a searchmodel the structure of
the proteinase from the AVP-pVIc covalent complex (PDB
entry 1NLN) (Fig. 2D). The aligned structures ofAVP andof the
AVP-pVIc complex are shown in Fig. 2, E and F, with the root
mean square differences between each highlighted in color and
the similarities between the two colored in beige. Overall, the
structures of AVP and the AVP-pVIc complex are very similar,
with an r.m.s.d. for 680 backbone atoms of 0.78 Å; for 1024
atoms from all aligned residues, the r.m.s.d. was 0.37 Å. The
similarities and differences seem to be domain-specific.
The similarities in the two structures aremostly in the�-hel-

ical domain. The backbone in the �-helical domain is practi-
cally identical between the two structures; only the last 3 resi-
dues at the C terminus of the protein diverge in position
between the two structures. The r.m.s.d. for the 404 backbone
atoms of the helical domain between the two structures is 0.32
Å. The 2 catalytic residues of this domain, Gln-115 (oxyanion
hole) andCys-122 (active site nucleophile), are in virtually iden-
tical positions.
The major differences between the two structures are found

in the �-sheet domain. Here, the r.m.s.d. for the 380 backbone
atoms whose positions are defined in this domain between the
two structures is 3.23 Å. The �-strands at each end of the cen-
tral �-sheet are altered when compared with the AVP-pVIc
structure. Strand S1 is extended by one residue in AVP encom-
passing residues 21 through 26. Strand S5 is 3 residues shorter,
extending from residues 106 through 109 rather than from res-
idues 104 through 110. The region connecting strands S1 and
S2 has residues that have undergone a significant backbone

rearrangement, resulting in a different arrangement of their
side chains. The most significant difference in structure in the
�-sheet domain is in the long helix above the�-sheet, extending
from residues 78 through 95 in AVP. In the AVP-pVIc struc-
ture, a helix-coil-helix motif extends from residue 77 through
98 followed by a small coil from residues 99 through 103. There
are two loops whose backbone could not be completely traced
in the �-sheet domain. One of these loops extends from resi-
dues 45 through 53. There is insufficient electron density to
map residues 48 through 51. This loop connects strands S2 and
S3. Because one end of this undefined loop lies close to the
catalytic His-54, the fit of the model to the density was exam-
ined using an averageB factor per residue analysis. The residues
at the apex of the loop in the AVP-pVIc structure, residues
48–51, have the highest average B factors found in the struc-
ture. These are the residues whose positions could not be
mapped in the AVP structure. In keeping with the flexible
nature of this region of AVP, the average B factors for residues
on each end of the undefined region of AVP have the highest
average B factors. The analysis supports the altered positions of
the residueswithin this region of theAVP structurewhose posi-
tions could be refined, as exemplified by the fit of the model to
the density (Fig. 3, A and B). The second loop extends from
residues 96 through 105. Residues 97 through 104 could not be
mapped in the structure. This loop extends from the C-termi-
nal end of the long helix to strand S5.
The Active Sites and the Amino Acid Residues Involved in

Catalysis—In the AVP-pVIc complex, the active site is located
within a 25 Å long bent groove that is �8 Å wide (Fig. 3C).
Cys-122 and His-54, the active site nucleophile and the general
base, respectively, are located in themiddle of the groove. These
amino acids are conserved among adenovirus serotypes. The
distance between atoms S� ofCys-122 andN�1 ofHis-54 is 3.87
Å. This is probably a thiolate-imidazolium ion pair, like the
nucleophilic Cys-His ion pair in papain (36), because a thiolate
anion in AVP can be titrated at pH 5.0 with dithiodipyridine
(13). Glu-71, probably the third member of the charge-relay
system (37), lies on the other side of the imidazole ring ofHis-54
from Cys-122. A hydrogen bond is formed between atoms O�2
of Glu-71 and N�2 of His-54. Glu-71 is replaced only by Asp
among adenovirus strains. The backbone nitrogen of Cys-122
and side chain nitrogen of Gln-115 form the presumed oxyan-
ion hole (Fig. 3C).
In the AVP structure, the active site is in a similar position to

its location in the structure of the AVP-pVIc complex (Fig. 3D).
Comparison of the positions of the 4 amino acids involved in
catalysis by the AVP-pVIc complex to the positions of those
amino acids in AVP reveals why AVP is inactive (Fig. 3E). In
AVP, 3 of the catalytic amino acids, Cys-122, Glu-71 and Gln-
115, occupy nearly identical positions to the ones they have in
the active AVP-pVIc complex. However, the position of His-54
in AVP is different from its position in the AVP-pVIc complex
(Fig. 4, A and B). The His-54 N�1 has moved from being 3.87 Å
away from the Cys-122 S� nucleophile in the AVP-pVIc com-
plex to 7.0 Å away from Cys-122 S� in AVP. This movement is
a consequence of the repositioning of the loop containing resi-
dues 46–54 in AVP. In place of the His-54, there is a series of
watermolecules that formahydrogen-bondnetwork extending

FIGURE 1. Example of high resolution (0.98 Å) data. A region of the AVP
structure is depicted with the 2Fo � Fc map contoured at 1.5 �. The amino acid
residues, Phe-29, Pro-30, Gly-31, and Phe-32, are conserved among AVP
genes and lie in the His activation pathway. All figures were generated with
PyMOL (49).
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from the surface down toward Glu-71. In the AVP structure,
His-54 is the third residue with defined density extending from
the C-terminal side of the disordered loop from residues
48–51. The backbone atoms of this portion of the loop have
undergone significant �/� rotations that result in the reposi-
tioning of the amino acid residues. With His-54, carbonyl and
�-carbon atoms sit in the same positions as in the AVP-pVIc
structure (Fig. 3, A and B). However, there is an approximate

80° rotation of the� angle that results in the repositioning of the
histidine side chain away from Cys-122. This repositioning is
why AVP has little or no enzymatic activity. NowHis-54 and its
N�1 atom are at a distance and in an orientation by which it can
no longer abstract the proton on the Cys-122 S�. Thus, a thio-
late-imidazolium ion pair cannot form to render Cys-122
nucleophilic. As a consequence, AVP would have little or no
catalytic activity.

FIGURE 2. Structural comparisons between AVP and the AVP-pVIc complex. A and B, secondary structure elements of AVP are depicted below the amino
acid sequence for both AVP (A) and the AVP-pVIc complex (B). The two structures, AVP and the AVP-pVIc complex, were superimposed by least squares fitting.
For C and D, helices are colored red, strands are colored yellow, and coils are colored green. In C, the secondary structure representation of AVP is shown. In
D, the secondary structure representation of the AVP-pVIc complex is shown with the pVIc peptide depicted in magenta. N-term, N terminus; C-term, C terminus.
In E and F, the aligned structures of C and D have been rotated �60° on the x axis and 20° on the y axis to highlight the structural changes. In E, the aligned
structural graphic of AVP is shown with residues colored by r.m.s.d. using a spectrum from blue, similar in structure, through red, highly different in structure.
Those amino acid residues that are essentially identical in structure are colored tan. In F, the alignment of AVP-pVIc with AVP is shown with residues colored as
in C.
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There is a fifth amino acid involved in catalysis by the AVP-
pVIc complex. In the AVP-pVIc complex structure, His-54
forms a cation-	 interaction with Tyr-84 (Fig. 4C). The pre-
ferred mode for such an interaction is usually stacked offset
(face-to-face with the rings in a staggered arrangement) (38). In
barnase, Tyr-94 interacts more strongly with the protonated
form of His-18 (39). This aromatic-histidine interaction stabi-
lizes the protonated form of histidine by 0.8–1 kcal mol�1 rel-
ative to the unprotonated form, and thereby, increases its pKa
value. This function of the aromatic group would be analogous
to that of the aspartic residue in the catalytic triad of the serine
proteinase (40), i.e. to stabilize the protonated form of histidine
in a transition state of a reaction in which the histidine acts as a
proton acceptor. A second function of the cation-	 interaction
between Tyr-84 and His-54 may be that it prevents the imidaz-

ole ring from rotating, thereby freezing its N�1 atom in a posi-
tion that is optimal for the ion pair interaction with Cys-122. In
AVP, Tyr-84 is more than 11 Å away from its position in the
AVP-pVIc complex (Fig. 4D). Thus, another reason AVP is
inactive is because Tyr-84 is too far away from His-54 for a
cation-	 interaction to take place.
Substrate Binding Site in AVP—In AVP, a substrate cannot

bind in the active site (Fig. 4E). In the AVP-pVIc complex, the
active site lies with a long deep curved groove at the domain
interface that extends across one face of the structure (Fig. 4F).
Near the middle, at the bend of the curve, is Cys-122. A salt
bridge betweenGlu-5 andArg-48, located�13Åaway from the
Cys-122 S�, effectively seals one end of the groove. This salt
bridge forms an end wall of the groove and forms part of a
pocket deep enough to accommodate the P4 residue (Leu, Ile,

FIGURE 3. Repositioning of His-54 and comparisons of the active site of AVP-pVIc complexes with the “active” site of AVP. Repositioning of His-54 was
determined. In A, residues 52 through 56 of AVP are shown with the 2Fo � Fc electron density map describing the model contoured at 1.5 � around the residues.
In B, residues 52 through 56 of the AVP-pVIc complex are shown with the 2Fo � Fc electron density map describing the model contoured at 1.5 � around the
residues. The nucleophile Cys-122 is shown without electron density to indicate its position relative to His-54 in both A and B. Nitrogen atoms are colored blue,
oxygen atoms are colored red, sulfur atoms are colored light orange, and carbon atoms are colored gray except for those on His-54, which are colored yellow.
Comparisons of the active site of AVP-pVIc complexes with the “active” site of AVP and repositioning of His-54 are shown. In C, the secondary structure
representation of the AVP-pVIc complex is shown with the residues involved in catalysis shown in stick form and colored green. The pVIc peptide is colored
yellow. In D, the secondary structure of AVP is shown with the same residues depicted in stick form and colored red. In C and D, the positions of the residues that
block the active site groove in AVP are colored semitransparent spheres. In E, the positions of the amino acids involved in catalysis in AVP (red) and in the AVP-pVIc
complex (green) are overlaid to reveal the differences in position. Only His-54 and Tyr-84 are in different positions in the two structures. Hydrogen bonds from
Glu-71 to His-54 and His-54 to Cys-122 are depicted as dashed lines.
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or Met) of substrates containing AVP consensus cleavage sites.
In the AVP structure, that salt bridge is absent. Furthermore,
part of the loop containing His-54 that connects �-strands S2
and S3 is repositioned. In AVP, residues 52 through 54 extend
across the active site groove, effectively blocking it at Cys-122
(Fig. 4E). This leaves Cys-122 at the base of this new wall. The
repositioned portion of the His-54 loop that lies across the
active site groove also shortens the groove by about 11Å. These
changes render the active site unable to bind an AVP substrate.
pVIc Binding Site on AVP—In the AVP-pVIc structure, pVIc

appears to function as a strap holding together one domain
containing Cys-122 with the other domain containing His-54
and Glu-71 in a configuration for optimal catalysis (Fig. 3A).
The N terminus of pVIc (Gly-1�, Val-2�, and Gln-3�) binds in a
pocket, the “NT-pocket,” which is an invagination within the
helical domain of AVP (Fig. 5A). Binding displaces a well
ordered sodium atom in the NT-pocket. That this pocket is
structurally conserved between AVP (Fig. 5A) and AVP-pVIc
(Fig. 5C) implies that perhaps the first step in the interaction of

pVIc (Fig. 5B) with AVP is the binding of the N terminus of
pVIc in this pocket. The binding of the next 3 amino acids
of pVIc (Ser-4�, Leu-5�, and Lys-6�) also does not alter the struc-
ture of AVP; only surface side chain movements are necessary
to accommodate these residues binding as an extended
�-strand. It is at Arg-7� and beyond that the binding of pVIc
begins to induce significant rearrangements in AVP. The net
results of these changes are formation of a disulfide bond
between Cys-10� of pVIc and Cys-104 of AVP and the forma-
tion of a new pocket in AVP, the “CT-pocket,” into which Phe-
11� of pVIc binds (Fig. 5C). Because in AVP, the location of
Cys-104 could not be defined, the extension of strand S5 and
the formation of the disulfide bond between Cys-104 and Cys-
10� can only happen as the binding of pVIc induces the forma-
tion of the CT-pocket.

DISCUSSION

We have solved the structure of AVP to 0.98 Å resolution.
Comparison of the similarities and differences between this

FIGURE 4. Movements of amino acids in the activation of AVP by pVIc. In A, the orientation of the Cys-His-Glu triad of the AVP-pVIc complex is shown. In B,
that triad in AVP is shown along with the position of the His from the AVP-pVIc complex. The arrow indicates the rotation and distance His-54 must move to
align with the catalytic Cys. In C, the catalytic triad of AVP-pVIc and Tyr-84 is shown in an orientation to highlight the cation-	 interaction of Tyr-84 with His-54
(green mesh). In D, the location of Tyr-84 (red) in AVP, with an arrow showing the direction and distance it must move to form the cation-	 interaction in
AVP-pVIc, is shown. In E and F, the occlusion of the active site groove in AVP by the loop containing His-54 is shown. In E, the location of the loop relative to the
active site residues in AVP is shown. The residues extending across the loop blocking the groove (Gly-52 and Val-53) are colored red, and the active site residues
are shown in stick form and colored green. In F, the location of the same residues in the AVP-pVIc complex structure indicating that the groove is no longer
blocked is shown. Unblocking the groove also enabled His-54 to move opposite the Cys-122 to render it nucleophilic.
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structure and that of the AVP-pVIc complex revealedwhyAVP
is inactive and provided insights into the mechanisms of acti-
vation of AVP by the binding of pVIc. In AVP and in AVP-pVIc
complexes,most of their�-helical domains are almost identical
in structure. The orientation of the nucleophile and the oxyan-
ion hole is maintained, as is the region of the molecules that
interactwith theN terminus of pVIc. There are, however,major
differences in structure within the �-sheet domain between the
active and inactive forms of the enzymes. Loop flexibility, in
particular, plays a significant role in the change from the inac-
tive to the active state.
The observation that the region of AVP quite far from the

active site where the disulfide bond forms betweenCys-104 and
Cys-10� of pVIc has an altered structure in the AVP-pVIc com-

plex suggests this region of themolecule as a potential initiation
point for the conformational changes that result in the activa-
tion of the enzyme. The changes from a single long helix to a
helix-coil-helix and the rearrangements of the two disordered
loops have two major consequences. Firstly, His-54 moves to a
position in the structure where it can interact with the nucleo-
phile, Cys-122. Secondly, Tyr-84 moves to a position over
His-54 such that a cation-	 interaction occurs; this undoubt-
edly adds to the nucleophilicity of the active site and a rigidifi-
cation of the position of His-54 relative to Cys-122.
pVIc, which exerts powerful control on the rate of catalysis

by AVP, binds quite far from the active site residues involved in
catalysis; Cys-104 of AVP, which forms the disulfide bond with
Cys-10� of pVIc, is 32 Å away from Cys-122, the active site
nucleophile. One reason for this is that pVIc is a molecular sled
that slides the AVP-pVIc complex along the viral DNA via one-
dimensional diffusion to process the virion precursor proteins
also bound to the viral DNA (48).4 If the active site were too
close to pVIc, and therefore, close to the DNA, it might be
difficult for the active site to interact with the precursor protein
substrates. However, this then raises the question as to how the
binding of pVIc far from the active site influences the active site
residues involved in catalysis.
Model for the Activation of AVP by pVIc and the Activation

Pathways—Wepropose amodel for the activation ofAVPupon
the binding of pVIc that is consistent with the structural differ-
ences between AVP and AVP-pVIc complexes. The structural
changes that occur upon the binding of pVIc to AVP are local-
ized to more than half of the �-strand domain and appear to
involve a path over 62 amino acids long (Fig. 6). This implies
that there may be an activation pathway in which contiguous
conformation changes occur, analogous to falling dominos.
The secondary structure changes seen in the AVP-pVIc struc-
ture relative to this AVP structure (Fig. 6A) imply that pVIc
binding initiates the extension of the S5 � strand and the loop
rearrangements involving residues 97–104 necessary for the
CT-pocket to form. Our working model is as follows. Upon the
binding of pVIc to AVP, a series of structural transitions occurs
in AVP beginning with the induction of the CT-pocket (Fig.
5C). There is a common pathway, green in Fig. 6B, that then
bifurcates into pathways that lead to the repositioning of His-
54, blue in Fig. 6B, and to a repositioning of Tyr-84, yellow in
Fig. 6B. His-54 and Tyr-84 are the 2 amino acids in AVP that
must be reoriented in order for the AVP-pVIc complex to
become active.
Common Activation Pathway—The activation pathway is

triggered when the 3 N-terminal amino acids of pVIc bind in a
preformed, hydrophobic pocket, the NT-pocket, on AVP.
Beginning with Leu-5�, the remaining amino acids of pVIc lay
down upon AVP as an extended �-strand. Cys-10� of pVIc
forms a disulfide bond with Cys-104 of AVP. The C-terminal
amino acid, Phe-11�, binds in an induced, hydrophobic pocket.
The differences in the structure of AVP and the AVP-pVIc
complex indicate that pVIc binding causes an extension in the
S5 �-strand of the �-sheet by 3 amino acids: Cys-104, Ile-105,
and Ser-110. The CT-pocket formation is coincident with the
formation of the tight turn involving residues 100–103; the C
terminus of the long helix is extended from Ser-95 to Ser-99.

FIGURE 5. The NT- and CT-pockets on AVP and the AVP-pVIc complex into
which the two termini of pVIc bind. In A, the accessible surface of AVP is
shown with the active site cysteine colored orange, residues that form the
NT-pocket in the AVP-pVIc complex colored dark pink, and those residues
whose positions could be determined in the structure that aid in forming the
CT binding pocket colored tan. In B, pVIc is shown in green with the residues
that interact in the binding pockets shown as van der Waals spheres; the NT-
pocket residues are in olive, and the CT-pocket residues are in blue. Those
residues of pVIc that aid in forming the CT-pocket are shown as a light brown
surface. In C, the AVP-pVIc complex is shown with the NT- and CT-pockets
colored as in A and the pVIc colored as in B. Three residues that aid in forming
the CT-pocket are undefined in the AVP structure.
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Then, this portion of the helix rotates �20° from the long helix
axis and changes its pitch by a similar amount. This is the com-
mon activation pathway, colored green (Fig. 6).
His-54 Activation Pathway—The extension of the lower end

of the helix by a full turn and itsmovement alter the positions of
its side chains and their interactionswith the residues in the coil
connecting strands S1 and S2 (colored yellow in Fig. 6,A andB).
This results in repositioning of the backbone between amino
acid residues 26 and 33 as indicated by the extensive � and �
angle differences observed between the two structures (Table
2). With these changes in the AVP structure, different portions
of the coil interact with the repositioned helix, and other resi-
dues are now in positions to interact with the region of the
undefined loop between residues 47 and 52 in AVP; this change
allows hydrogen bonding to occur between residues 26 and 28
and residues within the undefined loop such that it now
becomesmuch less flexible. A further consequence of this rear-
rangement is that the backbone moves, allowing the �/� rota-
tion of the His-54 backbone, which would enable its side chain
to drop down to a position where it forms a hydrogen bond to
Glu-71 and thus be in a more optimal position for interacting
with Cys-122.

Tyr-84Activation Pathway—Triggering of the common acti-
vation pathway also initiates changes in the Tyr-84 branch of
the activation pathway (Fig. 6, A and B, colored blue). At Tyr-
88, the long helix breaks, extending into a coil through Tyr-84.
The extension of this portion of the long helix into a coil, along
with the anchoring of its lower end due to the disulfide bond
formation with pVIc and the “tethering” of the N-terminal por-
tion of the helix to the central strand of the � sheet, makes the
N-terminal portion of the long helix rotate roughly 105°, gen-
erating the helix-coil-helixmotif of AVP-pVIc. Thismovement
also completes the formation of the active site groove across the
domain interface. These events allowTyr-84 tomove almost 11
Å so that it can now form a cation-	 interaction with His-54.
How Does AVP Cut Out pVIc from pVI?—The structure of

AVP reported here revealedwhy it is inactive. An obvious ques-
tion is because AVP is inactive, how does it cut out pVIc from
pVI, thereby enabling AVP-pVIc complexes to form? We have
shown that for this to happen, both AVP and pVI must be
bound to DNA (47). The kcat/Km for substrate hydrolysis by
AVP is stimulated 200-fold by AVP being bound to DNA such
that when pVI slides into AVP, it is active enough to cut out
pVIc.
The Four Amino Acids Involved in catalysis in AVP andAVP-

like Proteins—Upon activation by pVIc, only one of the 4 amino
acids involved in catalysis, His-54, changes position. This is
brought about by structural changes in one of the two domains
of AVP in a region in that domain encompassing 62 amino
acids. The 4 amino acids involved in catalysis by AVP-pVIc
complexes are in a similar position as in papain; however, the
folds of AVP-pVIc complexes and papain are totally different,
an example of convergent evolution (9). Recently, other protei-
nases have been added to the AVP family. Among viruses, this
includes vaccinia virus (41) and African swine fever virus (42).
Chlamydia trachomatis has a gene similar to that of AVP (43).
In yeast, Ulp1 is amember of a family of proteinases involved in
desumoylation (44). YopJ from Yersinia pestis is an acetyltrans-
ferase involved in the inhibition of mitogen-activated protein
kinase and nuclear factor 
B signaling in animal cells and in the
induction of localized cell death in plants (45). The high reso-
lution crystal structure reported here should facilitate the iden-
tification of compounds that prevent AVP from being active
and therefore act as antiviral agents.

FIGURE 6. Structural transition in the activation of AVP by pVIc via the
activation pathways. A top view of the aligned structures is shown in
graphic form. In A, AVP is shown with the residues involved in the common
pathway colored green, the His-54 pathway colored yellow, and the Tyr-84
pathway colored blue. His-54 (pink) and Tyr-84 (tan) are shown in stick form. In
B, the orientations of those residues are depicted in the AVP-pVIc structure.
The cation-	 interaction of His-54 and Tyr-84 is shown by the overlapping
side chains, and pVIc is colored red.

TABLE 2
Phi and Psi angles and alignment r.m.s.d. in residues between
�-strands S1 and S2 in AVP versus AVP-pVIc
r.m.s.d. values are calculated with AVP as the reference molecule. The largest devi-
ations are between residues 28 through 32.

AVP
r.m.s.d.

AVP-pVIc
� 	 � 	

Å
Tyr-25 �128 148 0.534 �137 163
Asp-26 �99 107 1.488 �89 �172
Lys-27 68 �49 1.120 �60 �13
Arg-28 �89 159 2.595 �85 9
Phe-29 �72 164 2.109 �46 122
Pro-30 �55 157 2.907 �66 �30
Gly-31 �57 �43 3.655 120 �176
Phe-32 �156 160 2.889 �98 131
Val-33 �123 153 2.513 �118 79
Ser-34 �105 146 0.926 �158 66
Pro-35 �71 �4 0.967 �62 �23
His-36 �113 �2 0.324 �129 15
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