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DNA Binding Provides a Molecular Strap
Activating the Adenovirus Proteinase*□S

Sayan Gupta‡, Walter F. Mangel§, William J. McGrath§, Jennifer L. Perek§,
Donna W. Lee§, Keiji Takamoto‡, and Mark R. Chance‡¶

Human adenovirus proteinase (AVP) requires two cofac-
tors for maximal activity: pVIc, a peptide derived from the
C terminus of adenovirus precursor protein pVI, and the
viral DNA. Synchrotron protein footprinting was used to
map the solvent accessible cofactor binding sites and to
identify conformational changes associated with the bind-
ing of cofactors to AVP. The binding of pVIc alone or pVIc
and DNA together to AVP triggered significant conforma-
tional changes adjacent to the active site cleft sand-
wiched between the two AVP subdomains. In addition,
upon binding of DNA to AVP, it was observed that specific
residues on each of the two major subdomains were sig-
nificantly protected from hydroxyl radicals. Based on the
locations of these protected side-chain residues and con-
served aromatic and positively charged residues within
AVP, a three-dimensional model of DNA binding was con-
structed. The model indicated that DNA binding can alter
the relative orientation of the two AVP domains leading to
the partial activation of AVP by DNA. In addition, both pVIc
and DNA may independently alter the active site confor-
mation as well as drive it cooperatively to fully activate
AVP. Molecular & Cellular Proteomics 3:950–959, 2004.

The human adenovirus serotype 2 proteinase (AVP)1 is re-
quired for the synthesis of infectious virus (1, 2). Biochemical
studies with the recombinant form of AVP showed that AVP
requires two cofactors for maximal proteinase activity (3–6).
One cofactor is the eleven amino acid residue peptide pVIc,
originating from the C terminus of the precursor protein pVI.
This peptide is covalently linked to AVP through a disulfide
bond as well as by charge-charge and hydrogen bonding
interactions (7). The second cofactor is the viral DNA. The Km

for protease activity is reduced 10-fold upon binding each
cofactor separately. However, a cooperative effect is ob-
served in the presence of both cofactors, resulting in an
overall 34,000-fold increase in the macroscopic kinetic con-
stant (kcat/Km) compared with free AVP (8, 9). AVP is originally

synthesized in an inactive, precursor form as fully activated
AVP could cleave virion precursor proteins prior to virion
assembly preventing virus particle formation. Indeed, if exog-
enous pVIc is added to cells along with adenovirus, the
amount of infectious virus synthesized is severely diminished
compared with when no exogenous pVIc is added (6, 10). It
may be that during virus particle maturation inactive AVP
binds to viral DNA to become partially active. The partially
activated enzyme cleaves out the second cofactor (pVIc) from
viral precursor protein pVI, which binds to the AVP-DNA com-
plex to activate it further. The fully active ternary complex of
enzyme and cofactors then moves along the viral DNA, cleav-
ing other viral precursor proteins to generate infectious virus
particles (8, 9).
The location of the pVIc binding site on AVP is known; the

mode of DNA binding is unknown. The crystal structure of
AVP bound to the pVIc peptide is shown in Fig. 1a (7, 11). The
structure has two major domains, with the active site sand-
wiched between the domains. The pVIc cofactor interacts
with both domains forming an antiparallel �-sheet with strand
5 of domain 1, while its N terminus interacts with strand 7 from
domain 2. Biochemical studies show that DNA binding is not
sequence-specific (5); both electrostatic and nonelectrostatic
forces are important to binding (8). Fig. 1b depicts the surface
charge distribution on AVP; positively charged clusters
are seen that may be involved in nonspecific DNA binding
(10, 11).
This work defines a three-dimensional model of DNA bind-

ing to AVP. This was accomplished by using hydroxyl radical
mediated protein footprinting to probe the specific interac-
tions of AVP with its cofactors (12, 13). AVP was irradiated
with white synchrotron x-ray radiation and reactive surface-
exposed amino acid residues became oxidized. The experi-
ment was then repeated but with cofactors bound to AVP. The
observation of robust protections located adjacent to con-
served, positively charged, and aromatic residues on the AVP
surface suggested specific sites that are involved in contact-
ing DNA (12–14). Also, cofactor-induced conformational
changes adjacent to the active site are detected indicative of
the molecular mechanisms of cofactor-induced protease ac-
tivation (15–17).

EXPERIMENTAL PROCEDURES

Biochemicals and Synchrotron Exposures—pVIc (GVQSLKRRRCF)
was purchased from Research Genetics (Huntsville, AL), and 12-mer
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single-stranded DNA (ssDNA) (GACGACTAGGAT) was purchased
from Life Technologies (Rockville, MD). AVP was purified as de-
scribed previously (5, 18). The concentrations of AVP, pVIc, and DNA
were measured as described previously (19, 20). Samples were ex-
posed to white light x-rays from the National Synchrotron Light
Source beamline X-28C at the Brookhaven National Laboratory
(Upton, NY) as described and then frozen (12, 21–23).

Complex Formation—AVP and its binary complexes with pVIc or
with DNA or the tertiary complex of AVP-pVIc-DNA were prepared to
a final concentration of 10 �M in 10 mM cacodylate (pH 7.4) and then
irradiated with synchrotron radiation for varying time intervals. Com-
plexes with 12-mer ssDNA were formed by incubating 10 �M 12-mer
ssDNA with 10 �M AVP. Because the Kd for 12-mer ssDNA and AVP
is 63 nM, at 10 �M, virtually all of the 12-mer ssDNA will be bound to
AVP (8). The Kd of pVIc for AVP is 4.4 �M (6). To ensure that at 10 �M,
all of the pVIc will be bound to AVP, covalent complexes between
AVP and pVIc were formed overnight at concentrations of 100 �M

each, and the resultant AVP-pVIc covalent complexes diluted to 10
�M. Under the conditions in which the synchrotron footprinting were
carried out, the binary complexes and the tertiary complex were fully
active enzymatically (data not shown).

Protease Digestion of AVP—Trypsin (Promega, Madison, WI) or
chymotrypsin (Roche, Indianapolis, IN) was added to radiolyzed and
control protein samples to an enzyme: protein ratio of 1:40 (w/w) in
the presence of 10% acetonitrile, 0.2 mM DTT and 0.1 �M CaCl2. The
samples were incubated at 37 °C for 12 h. The nine tryptic peptides
from the digests of AVP, AVP-pVIc, AVP-DNA, and AVP-pVIc-DNA
that have been identified by LC-ESI-MS are shown in Table I. In this

table we include only the data for peptides where we have been able
to collect high signal-to-noise dose response plots for multiple states
of the AVP protein. Similarly, six chymotryptic peptides (16–21, 76–
80, 126–129, 134–141, 142–147, and 159–167) were examined (Sup-
plementary Table I); together these peptides cover nearly two-thirds
of the sequence of AVP, which contains 204 amino acid residues.

Chromatography and Mass Spectrometry—The digested peptide
samples were introduced into the ion source of the mass spectrom-
eter via a Waters Alliance 2690 high pressure LC system (Waters
Corp., Milford, MA) as described elsewhere (12, 23). MS data were
acquired using a quadrupole ion trap mass spectrometer (Ther-
moFinnegan LCQ, ThermoFinnegan Inc., San Jose, CA) equipped
with an electrospray ion source as previously described (12, 23). The
oxidation products were quantitated using the peak intensities of the
mass spectral signals. The fraction of peptide modified was deter-
mined from the ratio of the intensity under ion signals for the oxidized
radiolytic products to the sum of those for the unoxidized peptides
and the oxidized radiolytic products (12, 23). The oxidized radiolytic
products include �14, �16, �32, and �48 Da species relative to the
unmodified ions. The fraction unmodified peptide determined from
the average value of duplicate experiments versus exposure times (a
“dose response” plot) was fit to an exponential decay function with
Origin version 6.1 (OriginLabs, Northampton, MA) to determine the
rate of peptide modification. The Origin program, using 95% confi-
dence limits of the fitting results, determined the reported errors of the
rate data.

Solvent Accessibility Calculations—The solvent accessibilities of
individual side chains in the AVP-pVIc were determined from the

FIG. 1. Ribbon diagram representation of the AVP-pVIc complex. a, the path of the polypeptide chain of AVP is color-coded according
to the visible spectrum with violet at the N terminus and red at the C terminus. The protein consists of two domains, D1 and D2, indicated by
dotted lines. D1 consists of sheets S1-S4 and helices H2 and H3 from the N-terminal half of the molecule. D2 is composed of helices H4 to
H7 and sheets S6 and S7 from the C-terminal half of the protein, as well as H1, which is from the N terminus. Residues 17–21, which join H1
and S1, and 111–114 from S5, which interacts with S6, provide connections between the two subdomains (7, 11). The pVIc peptide, colored
red, is at the front of the �-strands in the figure. The positions of the active site residues are shown in stick representation. b, a space filling
model of the AVP-pVIc complex showing the distribution of basic (blue) and acidic (red) amino acid residues on the surface.
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crystal structure (11). The surface areas (in Å2) are shown in Table I as
numbers below the one-letter amino acid codes for the various tryptic
peptides. The solvent accessibilities of individual residues in AVP in
the absence of cofactor were also determined from the crystal struc-
ture of the binary complex after deleting the pVIc coordinates from the
Protein Data Bank (PDB) file (1AVP). The program GETAREA 1.1
(www.scsb.utmb.edu/cgi-bin/get_a_form.tcl) was used to calculate
the solvent accessible surface area per residue from the PDB files
(24).

Sequence Alignments—AVP protein sequences were retrieved
from the National Center for Biotechnology Information Entrez protein
sequence database using a Basic Local Alignment Search Tool
against the Human Adenovirus type 2 AVP sequence (25). The se-
quences selected had e-values of �10�60 and duplicated sequences
were eliminated manually. A total of 26 sequences were chosen for
subsequent multiple alignment with the program ClustalW (26) from
the European Bioinformatics Institute ClustalW Web server (www.
ebi.ac.uk/clustalw) using default parameters. The AVP precursor se-
quences were also retrieved and aligned, and then C-terminal pVIc
peptide sequences were obtained and aligned. Conserved AVP and
pVIc sequences were calculated from those alignments and visual-
ized using WebLogo (27) Web server (weblogo.berkeley.edu/) and are
shown in Supplementary Fig. 1.

Model Building—The model for the AVP-pVIc-DNA ternary com-
plex was built in O (28), using the PDB coordinates of a 12-mer
single-strand AACCGTGCCTCA taken from the structure of a duplex
DNA combined with the 1AVP coordinates (11). All the P-O5� (�) and
O3�-P (�) torsion angles (30), most of the O5�-C5� (�) torsion angles,
and several C5�-C4� (�) and C3�-O3� torsion angles were rotated to
locate the DNA backbone near the predicted DNA binding regions as
well as to adjust the rise per residue to a nearly maximally stretched
configuration. Refinements were carried out to optimize the stereo-
chemical parameters in the DNA backbone, using the standard O
refinement library. Rotational isomers were evaluated for some of the

basic side chain residues (those with high B factors in the crystallo-
graphic data) in the vicinity of the DNA binding region to bring them
closer to the DNA phosphate groups as well to carbonyl groups in the
bases. The coordinates of this model are available at www.aecom.
yu.edu/home/csb.

RESULTS

Hydroxyl Radical-mediated Protein Footprinting—AVP and
AVP-DNA complexes were exposed to white synchrotron x-
ray radiation for periods of 0–150 ms followed by digestion
with proteases and separation of the fragments by reverse-
phase LC. ESI-MS analysis of the resolved fragments allowed
each to be specifically identified. The relative abundances of
unmodified and modified peptide ions were calculated from
the corresponding peak ion intensities as a function of time of
exposure to the synchrotron x-ray beam (12, 22, 23). The
fraction of unmodified peptide used in the “dose response”
(1 – (modified peptide/(modified � unmodified))) was consis-
tently calculated at all exposure times for free AVP as well as
for its complexes. The dose-response curves are presented
as unmodified fraction and plotted on a semilogarithmic scale
versus exposure time. Representative data for tryptic pep-
tides 82–93 and 49–63 derived from free AVP, its two binary
complexes, and the ternary complex are shown in Fig. 2.
Because of the constant concentration of hydroxyl radicals in
the sample during exposure (12, 21–23), the modification
reactions followed pseudo first-order kinetics; kinetic fits are
shown as solid or dashed lines in Fig. 2. The use of the loss of
unmodified fraction as the dependent variable and the con-

TABLE I
Rates of radiolytic modification for the tryptic peptides derived from AVP and its complexes with the cofactors, DNA and pVIca

Peptide and
molecular weight

Peptide sequences and accessible
surface area values (in Å2) of

selected amino acid side chainsb

Modified amino
acid residue(s)
identified by

MS/MSc

Modification rate (s–1)

AVP AVP-DNA AVP-pVIc AVP-pVIc-
DNA

1–9 1,007.5 M G S S E Q E L K
166 (1M) 11.2 � 1.5 1.0 � 0.1 – 0.9 � 0.09

29–37 1,014.5 F P G F V S P H K
1 71 0 57 88 (30P, 35P, 36H) 1.2 � 0.43 0.82 � 0.22 1.6 � 0.2 1.2 � 0.3

38–48 1,087.6 L A C A I V N T A G R
28 0.1 40C 14.3 � 1.6 15.1 � 1.3 28.0 � 2.0 ��d

49–63 1,757.8 E T G G V H W M A F A W N P R
4 28 0 0 0 6 60W 2.5 � 0.2 5.2 � 0.4 16.0 � 0.7 13.1 � 0.6

82–93 1,573.8 Q V Y Q F E Y E S L L R
23 2.9 12 4 28 86F 1.2 � 0.18 0.09 � 0.02 1.56 � 0.08 0.07 � 0.01

95–103 902.4 S A I A S S P D R
85 101P 0.35 � 0.07 0 0.8 � 0.06 0

104–109 705.4 C I T L E K
74 35 (104C, 107L) 30.7 � 3.4 7.8 � 1.4 4.25 � 0.4 –

170–180 1,425.7 N Q E Q L Y S F L E R
0 22 3 0 175Y 0.45 � 0.04 0 0.59 � 0.02 0

181–186 805.4 H S P Y F R
64 73 59 0 183P 0.48 � 0.09 0 0.9 � 0.06 0

a Rates are derived from data such as that shown in Fig. 2.
b The potentially modifiable amino acids are shown in bold with calculated accessible surface area printed below for the free AVP structure

(see “Experimental Procedures”).
c The probe residues indicated by MS/MS spectra for free AVP. The residues that are not confirmed by MS/MS are shown within

parentheses. They are likely to be the probe residues, having accessible surface area greater than 20 Å. These peptides are not detected.
d More than 50% oxidized peptide was found without any exposure to the x-ray beam.
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sistent adherence to first order behavior observed in the data
indicated that the intact material was probed and that the
radiolysis experiments report biologically relevant information.
The rate constants for modification for all identified tryptic
peptides of free AVP and its complexes with cofactors are
listed in Table I.

Peptide 82–93 in free AVP had a modification rate of 1.2 s�1

(Fig. 2). Upon binding to DNA, the modification rate decreased
over 90% to 0.09 s�1. Binding of pVIc slightly increased the
modification rate, while in the ternary complex, as for the
binary complex with DNA, the modification rate was reduced
over 90%. Protections of this magnitude typically indicate the
formation of a buried interface (12–14, 30). The inset to Fig. 2a
shows the abundance of unoxidized and oxidized peptides in
free AVP and the AVP-DNA complex as analyzed by the total
ion current signal for a 100 ms exposure. The singly and
doubly modified peptides were detected as doubly charged
ions at 795.9 m/z and 803.9 m/z, respectively. Quantitation of
the relative abundance of the peaks for the modified and
unmodified peptides gave an extent of modified peptide of
20% in the absence of DNA, while in presence of DNA the
extent of oxidation for the peptide was only 2%, at an expo-
sure time of 100 ms.

For tryptic peptide 49–63 (Fig. 2b), the rate of modification
in free AVP was 2.5 s�1; when AVP binds DNA, the modifica-
tion rate increased 2-fold, while it increased over 6-fold upon
binding to pVIc (Fig. 2b, Table I). The rate of modification for
the ternary complex was slightly less than for the AVP/pVIc
binary complex but still increased over 5-fold compared with
free AVP. The effects of pVIc binding on the solvent accessi-
bility of probe residues in this region were striking, because
the pVIc cofactor binds on the opposite side of D1 to peptide
49–63, which is within S2 and the loop between S2 and S3
(Fig. 1a). These data indicated allosteric communication be-
tween the cofactor binding site and the active site; such
allosteric effects have been frequently observed in protein

footprinting experiments (14–17, 31).
Analyzing the dose-response curves for the other tryptic

peptides as well as chymotryptic peptides obtained from free
AVP, AVP-DNA, AVP-pVIc, and AVP-pVIc-DNA molecule il-
lustrates the significant changes in the rate of modification
(both increases and decreases) upon cofactor binding to the
AVP molecule for many peptides (Table I, Supplemental Table
I, Fig. 3). The modification rate data for all nine tryptic peptides
of AVP and the AVP-pVIc-DNA ternary complex as well as that
for six chymotryptic peptides are shown in bar graph format in
Fig. 3.

N-terminal Segments of AVP—In free AVP, the N-terminal
tryptic peptide (residues 1–9) had a modification rate of 11.2
s�1, consistent with the peptide containing a highly accessi-
ble methionine residue (Table I). There was over a 90% de-
crease in reactivity for this peptide upon DNA binding in either
the binary or ternary complex. Due to poor MS signals for
peptide 1–9 in the AVP-pVIc binary complex, we were unable
to determine its rate of modification. Chymotryptic peptide
16–21 (GCGPYF) showed no change in its modification rate
on cofactor binding and a low rate of modification overall from
�0.5–0.6 s�1 (Fig. 3), indicating that the probe residues in this
segment were relatively buried and that they did not become
more or less exposed upon AVP binding to its cofactors.
Tryptic peptide 29–37 showed no change (within error) in its
modification rate when free AVP was compared with its binary
and ternary complexes (Table I, Fig. 3).

Allosteric Effects of Cofactor Binding in the Active Site
Cleft—Tryptic peptide 38–48 had a very large modification
rate in free AVP that is not consistent with the calculated
surface area of Leu38 or Cys40. LC-coupled MS analysis
showed considerable abundance of doubly oxidized peptide
(560.8 m/z) at short exposure times relative to that of singly
oxidized peptide (552.8 m/z). This indicated the oxidation of
Cys40 in the peptide; tandem MS analysis (data not shown)
confirmed Cys40 as the probe residue in free AVP. The rate of

FIG. 2. Dose-response profiles for the radiolytic modification of tryptic peptide 82–93 derived from free AVP (solid squares),
AVP-DNA (solid circles), AVP-pVIc (open triangles), and AVP-pVIc-DNA (open squares). a, inset shows the ESI-MS spectra for the same
tryptic peptide (MW 1573.8D) in the absence (solid line) and in the presence (dashed line) of DNA. The exposure time for the inset data was
150 ms. The (M�2H)2� unmodified ion appeared at m/z of 787.9, while singly and doubly oxygenated ions appeared at m/z values of 795.9
and m/z values of 803.9. b, dose-response profiles for the radiolytic modification of tryptic peptide 49–63 derived from free AVP (solid squares),
AVP-DNA (open circles), AVP-pVIc (solid triangles), and AVP-pVIc-DNA (open triangles). The rates of radiolytic modification for these peptides
are listed in Table I.
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modification increased 2-fold on binding pVIc, while it was
unchanged upon binding to DNA, indicating that Cys40 be-
came more reactive due to allosteric effects of peptide bind-
ing. Calculation of the rate of modification for the ternary
complex was difficult due to the existence of a very large level
of background oxidation for Cys40 at zero exposure time.
LC-ESI-MS analysis showed free AVP had �1% of oxidized
Cys40 at 0 ms exposure time. However, for the AVP-DNA-pVIc
complex, �50% Cys40 was found to be oxidized without any
exposure to x-rays. The chemical reactivity of Cys40 was
higher than would be expected from its predicted buried
surface area, and it was significantly increased by peptide
binding. Its reactivity to air oxidation in the ternary complex
was extraordinary.

Peptide 49–63, like peptide 38–48, became more reactive
upon peptide binding but it also became more reactive upon
binding DNA. These results were indicative of allosteric ef-
fects upon binding of either cofactor. Tandem MS was carried
out to identify the site(s) of oxidation for peptide 49–63 (ET-
GGVHWMAFAWNPR) to specifically identify the probe resi-
due experiencing conformational changes. In tandem exper-
iments a specific peptide fragment is selected by the first
stage of the mass spectrometer for CID in the second stage
(see Supplemental Fig. 2). The masses of the generated frag-
ment peptides were measured and the site of fragmentation
was determined by the observed masses of the fragments.
When an oxidized fragment is selected in the first stage and
fragmented, the fragments that retain the mass shift are indi-

cated to contain the original probe residue. For peptide 49–
63, MS/MS indicated that potential probes Trp55 or Met56

were not oxidized in free AVP; the modified residue in free
AVP was Trp60 because a y4�16-NH3 ion with minimal y4 was
observed and b8 was seen to be predominantly unmodified
(SF2). MS/MS analysis of same peptide in the ternary complex
had a similar pattern, with the exception that a b9�16 ion was
observed, indicating that Trp55 or Met56, in addition to Trp60,
was oxidized upon cofactor binding. Thus, the former resi-
dues became more solvent-accessible upon cofactor binding.

Peptides Protected on DNA Binding—Peptide 82–93
(QVYQFEYESLLR) has multiple residues that could possibly
give rise to oxidation (Table I). MS/MS sequencing was car-
ried out on free AVP and its complex to determine the oxida-
tion site(s) (data not shown). The y-type ions identified sup-
ported Phe86 as the primary oxidation site. The rate of
modification of 1.2 s�1 thus corresponded to the oxidation of
a slightly solvent accessible Phe86 residue, which is almost
entirely buried upon DNA binding. For tryptic peptide 95–103,
virtually 100% protection was observed upon DNA binding in
the binary or ternary complex, while pVIc binding increased
the modification rate about 2-fold. Thus, this peptide was
located at a site of potential DNA binding as well as a site of
allosteric conformational change induced by peptide binding.
MS/MS data clearly identifies Pro101 as the probe residue
(data not shown). Within peptide 104–109, Cys104 forms a
disulfide bond with the pVIc cofactor. The rate of modification
of this peptide in free AVP was large (30.7 s�1), consistent

FIG. 3. Bar graph showing the rate of modification of the tryptic and chymotryptic peptides obtained from free AVP (back row) and
of AVP-pVIc-DNA (front row). Because data for the ternary complex of peptide 104–109 and 142–147 were not available, data for the
AVP-pVIc complex is shown instead for these peptides. Red in the figure indicates a DNA-dependent protection; blue indicates enhancement
of reactivity due to cofactor binding (see Table I); pink indicates pVIc-dependent protections; and gray indicates no observed change in
reactivity. The identical color scheme is used in Fig. 4.
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with the high solvent accessibility of Cys104 (74 Å2) and Leu107

(35 Å2) in the absence of peptide. Upon pVIc binding, Cys104

and Leu107 become protected, with solvent accessible sur-
face areas reduced to 15 and 1 Å2, respectively, while the rate
of modification was reduced by �85%. In addition, DNA
binding showed a �75% protection of this peptide. Unfortu-
nately, tandem MS data could not be obtained for this peptide;
however, Cys104 and Leu107 represent the likely probe sites.

C-terminal Peptide Interactions with Peptide and DNA Co-
factors—Chymotryptic peptide 142–147 showed a significant
decrease in the rate of modification on pVIc binding (Fig. 3,
ST1). Protection of peptide 142–147 is consistent with the
x-ray structure where Met147 is seen to interact with the N
terminus of the pVIc peptide (Fig. 1a). Two peptides near the
N terminus of AVP in D2 detected by MS were tryptic peptides
170–180 and 181–186. These peptides showed similar trends
in their modification rates compared with peptides 82–93 and
95–103. Peptides 170–180 and 181–186 showed virtually
100% protection from modification when DNA was bound but
experienced no changes in modification rate upon pVIc bind-
ing alone. These results are consistent with burial of their
probe residues upon DNA binding. For peptide 170–180,
MS/MS analysis of doubly charged, singly oxidized peptide
indicated Tyr175 as the probe site, while for peptide 181–186,
tandem data indicated Pro183 was the primary probe residue.

DISCUSSION

AVP contains two domains (D1 and D2) with the active site
located in a cleft formed by the interacting surfaces of the
subdomains (Fig. 1a). Active site residues His54, Glu71, and
Cys122, which are located deep within this cleft, are entirely
conserved in a multiple alignment analysis of 26 sequences
using ClustalW (Glu71 can be an Asp residue, SF1). The po-
sitions of these three residues in AVP can be superimposed
on the active site of the archetypical cysteine proteinase
papain, and this has led to the hypothesis that AVP and
papain utilize a similar catalytic mechanism (7, 11, 32–34).
His54 and Cys122, the active site nucleophile of AVP, which
may form an ion pair, are located on opposite subdomains.
Thus, the enzyme’s activity is dependent on the relative posi-
tioning of the two domains. The bound pVIc cofactor bridges
the subdomains; thus, the molecular mechanism by which it
activates AVP may involve reorienting the subdomain interface.

pVIc-AVP Binding—The interactions of AVP and pVIc are
well understood from the 1.6 Å resolution crystal structure of
AVP-pVIc complex and include hydrogen bonds, ion pair
interactions, van der Waals interactions, and a disulfide bond
(5–7, 11). The solution footprinting data is entirely consistent
with these crystallographic predictions, as peptide 104–109,
which contains the disulfide bonded Cys104 as well as Leu107,

FIG. 4. Ribbon diagram representation of the AVP-pVIc complex. pVIc is shown in orange. a, the peptides that showed a decrease in
modification rate due to DNA (or pVIc) binding are shown in red (pink). The peptides that showed an increase in modification rate due to
cofactor binding are shown in blue (see Table I). b, ribbon diagram of AVP structure in the same orientation as a, with the side chain probes
residues identified by MS/MS indicated.
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experiences a 4-fold decrease in reactivity upon pVIc binding
to AVP, consistent with the significant reductions in solvent
accessibility predicted from the crystallographic data (Table I,
Fig. 4, a and b). Cys104 is absolutely conserved in all known
AVP sequences while Leu107 is preferred. Within peptide 142–
147, the highly conserved Met147 in domain D2 forms an
interdomain hydrogen bond with the entirely conserved Gly1�

at the N terminus of pVIc. This peptide also experiences a
protection in the AVP-pVIc binary complex consistent with
this interaction. This protection is shown in Fig. 4, a and b. In
Fig. 4a, the peptides exhibiting DNA-dependent protections
are colored in red, while the pVIc-dependent protections are
colored pink. Peptides exhibiting DNA- or pVIc-dependent
enhancements in reactivity are colored in blue. Fig. 4b illus-
trates the probe residues for each of these peptides.

Cofactor-induced Conformational Changes—Biochemical
studies show that the two cofactors, pVIc and DNA increase
the kcat for substrate hydrolysis and decrease the Km (8). The
kcat for AVP increases by 117-fold due to the presence of
pVIc, whereas the Km decreases 10-fold. For DNA binding to
AVP, the effect on kcat and Km is about equal, with an 11-fold
increase and a 10-fold decrease, respectively. The increased
rates of modification for peptides 38–48 and 49–63 upon
cofactor binding indicated increased “spatial” availability of
the cleft to substrates as well as changes in the chemical
reactivity of residues within the cleft. The reactivity of peptide
38–48 was not influenced by DNA binding alone but exhibited
a 2-fold increased reactivity upon binding pVIc (Fig. 4, a and
b). However, in the ternary complex, Cys40 was extraordinarily
sensitive to oxidation, even by air. Within peptide 38–48,
Thr-45 is predicted to be hydrogen bonded to His54, which
has a relationship to Cys122 similar to that seen in papain; the
negatively charged Cys122 is ion paired to protonated His54,
generating a very active nucleophilic species (33, 34). As the
kcat of the enzyme is increased nearly �1,300-fold by the
binding of both cofactors, it may be the case that the Cys122

ion pair is not formed until one or both cofactors bind enzyme.
The extraordinary changes in reactivity of Cys40 imply that it
may be involved (or sensitive to) the charge relay network that
promotes ion-pair formation in the ternary complex.

Peptide 49–63, like 38–48, lines the interdomain active site
cleft. Unlike peptide 38–48, its reactivity increased upon ei-
ther DNA binding (2-fold) or pVIc binding alone (6-fold). For
free AVP, Trp60 was the sole probe residue, while in the
ternary complex, Trp55 and Met66, which are within 5 Å of the
active site His54 and Cys122 residues, became more solvent
accessible and were oxidized. Trp60 and Trp55 are conserved,
primarily to preserve the architecture of the binding pocket.
These data provide convincing evidence that cofactor binding
to AVP changed the structure at the active site. In the case of
pVIc binding, a possible molecular explanation for this reac-
tivity change includes subdomain rearrangements mediated
by interactions of the pVIc peptide across the interface be-
tween domains 1 and 2 (Fig. 1a). This raises the question as to

the molecular mechanisms by which DNA binding provides a
similar activation, as well as how the two cofactors work
together to provide maximal activity for the enzyme.

Nonspecific Binding of DNA to AVP—The surface charges
of AVP are shown in Fig. 1b (11); a number of positively
charged surface patches are indicated in blue that could be
potential interaction sites with the negatively charged DNA
backbone. Many examples of sequence-specific interactions
of DNA with DNA-binding proteins are known (35–39); fewer
examples illustrate the nature of nonspecific recognition of
ssDNA by proteins (40–45). In general, many DNA-protein
interactions are in part mediated by long-range columbic
interactions that bring the DNA into close proximity to the
protein forming a “loose” dynamic complex (40). After this
nonspecific binding, which is well precedented in the case of
restriction enzymes (46), specific binding then can occur at
the cognate site mediated by the formation of charge-charge
interactions, specific hydrogen bonding, van der Walls con-
tacts, and base stacking interactions (35–37, 40, 45, 47). The
footprinting data clearly indicated DNA-dependent protec-
tions for five peptides (Fig. 4, a and b), where the extent of
protection (�90%) was consistent with burial of the respec-
tive probe sites in a macromolecular interface (12–14, 30).
However, ligand-induced reorganization of structure may also
contribute to burial of these residues (15–17, 31). The buried
probe residues are indicated in Fig. 4b and include Met1,
Pro183, and Tyr175 in D2, which are located on the opposite
side of the molecule to Phe86 and Pro101 in D1. Because the
stoichiometry of DNA-AVP binding is 1:1 for the 12-mer
ssDNA used here (8), we considered the possibility that the
DNA could be stretched across the AVP molecule so as to
bury residues within both D1 and D2.

Detailed Model of DNA-AVP Interactions—The DNA-AVP
interface was modeled using a 12-mer ssDNA with the se-
quence GACGACTAGGAT. The constraints in the modeling
included DNA-dependent protection of the above probe res-
idues, satisfaction of potential favorable charge or base
stacking interactions, use of conserved residues to provide
the trace of the DNA-AVP interaction, and reasonable con-
straints on the bond lengths and angles of the macromole-
cules. The final model (Fig. 5, a and b) satisfies many of these
constraints, in particular solvent accessibility calculations; the
coordinates of the ternary complex compared with that of the
AVP-pVIc binary complex showed DNA-dependent protec-
tions from solvent for Phe86, Pro101, Pro183, and Tyr175.

In domain D1, the well-conserved, basic amino acid resi-
dues Lys81 on H2, Arg93 on H3, and Arg103 on S5 from AVP
and Lys6�, Arg7�, Arg8�, and Arg9� from pVIc provide charge
interactions with the DNA. DNA binds to AVP much more
tightly when pVIc is bound, suggesting specific interactions
between cofactor peptide and DNA. Such interactions and the
binding of DNA in this region (as predicted by the model) can
be indirectly supported by the footprinting analysis of peptide
104–109. In absence of pVIc, this peptide was 4-fold pro-
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tected upon DNA binding, strongly indicating that DNA binds
to this segment of free AVP. DNA binding to D1 can be further
stabilized by base stacking interactions with the solvent-ex-
posed, highly conserved Tyr88 near the beginning of H3 in
AVP and Phe11� from pVIc (Fig. 5a). The model does not
predict specific interactions with Phe86 on the loop con-
necting H2 and H3; however, the model predicts a signifi-
cant reduction of solvent accessibility for this residue upon
DNA binding consistent with the observed DNA-dependent
protection (Table I).

In domain D2, residues Arg168 and Arg180 that span H5,
His181 found between H5 and H6, Arg186 on H6, and Arg193 on
H7 provide ionic interactions with DNA as well as H-bonding
interactions. Of these residues, Arg193 is strongly conserved,
but the vast majority of substitutions for all these residues are
charged or polar. DNA binding to domain 2 can be stabilized
by base stacking with surface-exposed Tyr175 on H5 within a
hydrophobic cleft created by Tyr175 and Phe185; these two
residues are entirely conserved. Additional interactions that
can further stabilize the DNA can be mediated through Arg63

and Lys65 in domain D1 and His131 and Trp136 in the loop
joining H4 and S6 in domain D2. Because no DNA-dependent
protections were observed in these regions, binding to these
residues may be dominated by water-mediated hydrogen-
bonding interactions (41). The model does not directly explain

the DNA-dependent protection of Met1; DNA-dependent sub-
unit reorientation may induce an allosteric change that results
in protection of this residue.

Although this model of DNA binding was constructed based
on predicted interactions with a 12-mer ssDNA, we suggest
that it provides a general model of AVP-DNA binding. AVP
binds longer single-stranded sequences than a 12-mer and, in
vivo, binds to double-stranded DNA. The model predicts a
significant bending of the ssDNA, which is obviously quite
flexible. However, bending of double-stranded DNA in the
process of protein binding is well precedented. The co-crystal
structure of Integration Host Factor bound to its specific
binding site (the so-called H’ site) shows the DNA wrapped
around the protein in a U-turn that exceeds 180° (48). TATA-
binding protein (TBP) binding to DNA also induces kinks in the
DNA sequence where the TATA box sequences interact with
the concave surface of TBP by bending toward the major
groove, producing a wide open minor groove. Phenylalanine
residues from TBP provide specific base-stacking interac-
tions with the DNA (49–51). Based on these considerations, it
is reasonable that the combination of conserved positively
charged patches on AVP and its conserved aromatic residues
that are poised for base-stacking interactions provides a fac-
ile surface for binding and bending double-stranded DNA.
Thus, our model provides an overall framework for predicting

FIG. 5. A model for DNA binding to AVP-pVIc complex is shown in two different orientations. The AVP-pVIc complex is shown in ribbon
format, where AVP and pVIc are colored in slate and light pink, respectively. The ssDNA has a stick representation and is colored off-white.
The amino acid residues proposed to interact with DNA are represented with dark pink for basic (Arg, His, and Lys), cyan for Tyr, magenta for
Phe from AVP, and light pink for Phe from pVIc. The probe residues identified by MS/MS are also indicated and highlighted with the same colors
of the AVP ribbon diagram. The active site residues and Trp-55 are also colored yellow.
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AVP-DNA interactions and suggests that DNA binding pro-
vides a molecular strap reorienting the positions of the two
subdomains directly influencing the reactivity of the active
site. In addition, both pVIc and DNA may independently pro-
vide this reorientation as well as drive it cooperatively to fully
activate AVP.

CONCLUSIONS

Synchrotron protein footprinting was used to determine the
structural changes within AVP upon formation of complexes
with its activating cofactors. The data revealed cofactor-de-
pendent conformational changes at the catalytic site related
to functional activation. Footprinting data of the binary com-
plex of AVP with DNA as well as the ternary complex of AVP
and both of its cofactors revealed potential sites of DNA
contact with AVP on both domains of the molecule adjacent
to conserved patches of positive charge. A molecular model
of the AVP-DNA-pVIc ternary complex is proposed that is
consistent with the footprinting data and the observed se-
quence conservation, as well as providing a molecular mech-
anism of activation that explains the synergistic effects of the
two cofactors.
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