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ABSTRACT:. The interaction of the human adenovirus proteinase (AVP) with various DNAs was
characterized. AVP requires two cofactors for maximal activity, the 11-amino acid residue peptide from
the C-terminus of adenovirus precursor protein pVI (pVic) and the viral DNA. DNA binding was monitored
by changes in enzyme activity or by fluorescence anisotropy. The equilibrium dissociation constants for
the binding of AVP and AVP-pVic complexes to 12-mer double-stranded (ds) DNA were 63 and 2.9
nM, respectively. DNA binding was not sequence specific; the stoichiometry of binding was proportional
to the length of the DNA. Three molecules of the AVPVIc complex bound to 18-mer dsDNA and six
molecules to 36-mer dsDNA. When AVpVIc complexes bound to 12-mer dsDNA, two sodium ions

were displaced from the DNA. A(&Gg of —4.6 kcal for the nonelectrostatic free energy of binding
indicated that a substantial component of the binding free energy results from nonspecific interactions
between the AVP-pVIc complex and DNA. The cofactors altered the interaction of the enzyme with the
fluorogenic substrate (Leu-Arg-Gly-Gly-Nkfhodamine. In the absence of any cofactor, khewas
94.8uM and thekg, was 0.002 s, In the presence of adenovirus DNA, tKg decreased 10-fold and

the kear increased 11-fold. In the presence of pVic, #ig decreased 10-fold and thkes increased 118-

fold. With both cofactors present, the./Kn, ratio increased 34000-fold, compared to that with AVP
alone. Binding to DNA was coincident with stimulation of proteinase activity by DNA. Although other
proteinases have been shown to bind to DNA, stimulation of proteinase activity by DNA is unprecedented.
A model is presented suggesting that AVP moves along the viral DNA looking for precursor protein
cleavage sites much like RNA polymerase moves along DNA looking for a promoter.

Human adenovirus serotype 2 (Ad2ncodes a proteinase L3 23K gene , 5). This gene has been cloned and expressed
whose activity is essential for the synthesis of infectious virus in Escherichia col{6—8) or baculovirus-infected insect cells
(1). Properties of a temperature-sensitive mutant (ts-1) (9), and the resultant 204-amino acid protein has been
indicate that one of the functions of the proteinase, after purified.
virion assembly, is to cleave six major virion precursor  Recombinant human adenovirus proteinase (AVP) had
proteins to the mature counterparts found in wild-type virus |ittle activity, and that prompted a search for cofactors. One
(2, 3). There are~70 molecules of the adenovirus proteinase cofactor was pVlc, the 11-amino acid residue peptide from
per virion @), and they must cleave at 3200 sites to render the C-terminus of adenovirus precursor protein p§/l9).

a virus particle infectious. The ts-1 mutation mapped to the |ts sequence is GVQSLKRRRCF. The four amino acid
residues preceding pVIc in pVI constitute part of an AVP
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consistent with the conclusion that this cofactor requirement  Formation of AVP-pVic ComplexeComplexes of AVP
is for a polymer with high negative charge density. Mono- with pVic (AVP—pVIc) were formed by incubating 2&M
meric units of polymers with high negative charge density, AVP with 65 uM dimeric pVic in 10 mM Tris-HCI (pH
e.g., the four deoxyribonucleoside monophosphates or glutam-8.0) overnight at £C.
ic acid, did not substitute for Ad2 DNA. The major polyanion  Activity AssaysAssays for determining equilibrium dis-
with a high negative charge density in the virus particle is, sociation constanty, by enzyme activity contained the
of course, the viral DNA. following in 1 mL: 10 mM Tris-HCI (pH 8.0), 2 mM octyl
Here the interactions of AVP, pVic, and AVRVic glucoside, the fluorogenic substrate (Leu-Arg-Gly-Gly-H)
complexes with different DNAs were quantitatively charac- rhodamine, DNA, and AVPpVic. Assay mixtures were
terized. Binding interactions were monitored by two different preincubated for 5 min at 28 prior to the addition of the
techniques. The amount of ligand bound to DNA was fluorogenic substrate. The increase in fluorescence 4€25
measured by fluorescence anisotropy in which binding to was monitored as a function of time in an ISS (Urbana, IL)
DNA labeled with fluorescein was signified by a change in PC-1 spectrofluorometer. The excitation wavelength was 492
anisotropy. Alternatively, the binding of AVP and of AVP nm and the emission wavelength 523 nm, both set with a
pVic complexes to DNA was monitored by the increase in band-pass of 8 nm. Assays with SSDNA contained 5 nM
proteinase activity. The AVPpVIc complex was shownto  AVP—pVic and 15uM fluorogenic substrate; the DNA
bind to DNA, and binding of the AVPpVIc complex to concentration was varied. Assays with dsDNA contained 10
DNA was shown to be coincident with stimulation of enzyme nM DNA and 5uM fluorogenic substrate; the AVVRpVic

activity by DNA. concentration was varied.
Assays for measuring thi€,, and k.o in the presence of
MATERIALS AND METHODS DNA were performed in 10 mM Tris-HCI (pH 8.0), 2 mM

octyl glucoside, a DNA concentration 5-fold greater than the
Kg, and 21 nM AVP-pVIic. Assay mixtures were preincu-
bated for 5 min at 25C prior to the addition of fluorogenic

Materials pVic (GVQSLKRRRCF) was purchased from
Research Genetics (Huntsville, AL). The single-stranded (ss)
12-mer DNA, the 5fluorescein-labeled 12-mer ssDNA . .
(GACGACTAGGAT), the 18-mer ssDNA (GAGGACTAG- supstrate. Trl1e concentfatlon of fluorogenic substrate was
GATCGTAAG), the 36-mer ssDNA (GATTGCATGATTA- varied from _/5th to 5 t|me_:s theKn. Assays were a_Iso
GAGTGTGCTGGATGTGATAGTGA), and the strands performed with our rhodamine-based substrate but using the

complementary to these DNAs were purchased from Life iog%tl'\j né;{'xv%%sfhsle;\ilé@:l 25&%}!'2?&5&1?&6
Technologies (Rockville, MD). Ellman’'s reagent, 5,5 ) f  1.9uM pVvic,

dithiobis(2-nitrobenzoate) or DTNB, and Ad2 DNA were ng/mL qu DNA or no DNA' Reactants without substrate
purchased from Sigma Chemical Co. (St. Louis, MO). Octyl were preincubated for 15 min at room temperature. Substrate

glucoside was purchased from Fisher Scientific (Faden, NJ).miSigggeai’esﬁ '\¢|Sb?g;ﬁ;%;ilﬁigs'mg()jz';?%d?am'ne’ and

The fluorogenic substrate (Leu-Arg-Gly-Gly-Njhodamine ) o '

was synthesized and purified as described previossiy/l). Calculating the K for the Binding of AVP-pVic to 12-

AVP was purified as described previousk, (L2). mer ds- and ssDNA by Enzyme Adji. The Kq for the
Protein ConcentrationsProtein concentrations were de- binding of AVP~pVIc to 12-mer dsDNA was determined

) . ) ; . as follows. Increasing concentrations of AVpVIc, [AVP—
termined using the BCA protein assay from Pierce Chemical _ '
Co. (Rockford, IL). For the concentration of AVP, a pVic];, were added to a constant amount of DNA, [DNA]

calculated molar absorbance coefficient at 280 nm of 26 510 After © min at 25°C, substrate was added and the increase

M-1 cm-* was used 13). The concentration of pVic was in fluorescence_with timei, measured. A plot of; versus _
determined by titration of its cysteine residue with Ellman’s [Ar‘;/Ph pt?]/éC]ézoyr:(ca:gjnstthigith?fn%\ﬁ;)\?l)épiﬁ?r% '[:A%n;_thls
reagent. A molar extinction coefficient at 412 nm of 14 150 gVIp ’ be obtained: ’

M- cm® was used to calculate the concentration of P cl» can be obtained:

thionitrobenzoate1(4).

Annealing of Complementary DNA®fouble-stranded
DNAs (dsDNA) were obtained by annealing complementary . . -
ssDNAs in 10 mM sodium cacodylate (pH 7.0) and 500 mM whereFma is the maX|m§I rate of substrate hydrolysis, i.e.,
NaCl in a Perkin-Elmer Cetus DNA thermal cycler. The the rate when the DNA is saturated with AVByIc. The
annealing solution was held at an initial temperature of 94 concentration of AVP-pVic free, [AVP—pVIc]y, is
°C for 1 min and then at 72C for 1 min, followed by a
slow cooling to 4°C. The efficiency of annealing was
determined by gel electrophoresis in a 15% polyacrylamide
gel. The primary stain was ethidium bromide and the From a plot of [AVP-pVic], versus [AVP-pVic]s, theKq
secondary stain 1% (w/v) methylene blue. Only dsDNA can be calculated.
preparations that contained no detectable sSDNA molecules The equilibrium dissociation constaiy, for the binding
were used in these studies. The oligonucleotides were storedf AVP—pVIc to 12-mer ssDNA was determined as follows.
at —20°C. All assays with 12-mer dsDNA were performed Increasing concentrations of 12-mer ssDNA, [12-mer ssD-
at 25°C, as opposed to 3TC, to ensure the DNA remained NA];, were added to a constant amount of AV{VIc
double-stranded. Periodically, the dsDNAs were checked by [AVP —pViIc],. After 5 min at 25°C, substrate was added
gel electrophoresis to make sure the strands remainedand the increase in fluorescence with tinfig, measured.
annealed. The rest of the analysis for determinitg is the same as

[AVP —pViIc], = [DNA] ((F/F a0

[AVP —pViIc]; = [AVP—pVIc];, — [AVP—pViIc],
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that described above except that [12-mer ssDNA] is sub- solutions initially containing 1.8 mL of 10 mM Tris-HCI
stituted for [AVP—pVIc] and [DNA], is substituted for (pH 8.0), 2 mM octyl glucoside, 10 nMBluorescein-labeled
[AVP —pVIc],. 12-mer dsDNA, and either 0, 10, 20, 30, or 40 mM NaCl.
Fluorescence Anisotrop¥luorescence anisotropy experi- The anisotropy of the solutions in the absence of ligand was
ments for assessing the binding of ligand to DNA were determined at each NaCl concentration. Then, AW Ic
performed at 28C in the thermostated sample compartment complexes were added, and after binding equilibrium had
of an ISS PC-1 spectrofluorometer. An Oriel 530 nm band- been reached, 2 min, the change in anisotropy was measured.
pass filter was inserted before the emission photomultiplier. This process was repeated until saturation curves were
The excitation wavelength was 490 nm. All slit widths were obtained. At each concentration of NaCl 680 mM, the
set to 8 nm. The fluorescence intensity parallel and perpen-concentration of AVP-pVIc varied from 0.2 to 5 times the

dicular to the incidgnt light were measured. o calculatedKa. At higher concentrations of NaCl, the AVP
Fluorescence Anisotropy Experiments for Determining K pVic concentration varied from 0.2 to 2 times the calculated
Values for the Binding of AVP, pVic, and A¥BVIc to 12- Ka. Ka was calculated as described above for calculating

mer ss- and dsDNAThe anisotropy of 10 nM fluorescein-  the Ky, whereK, = 1/Kg.

labeled 12-mer S.SDNA in 10 mM Tris-HCI (pH 8.0) "’.md 2 Lifetimes of the Excited Stat€he lifetime of the excited
mM octyl _gluc03|de was measured. Then, to deterrr_nng the state of the fluorescein moiety was measured in an SLM
Ks an aliquot of the ligand was added. After binding 4800 spectrofluorometer using an excitation wavelength of

equilibrium had been reached, usually within 2 min, the 490 nm and an Oriel 530 nm band-pass filter before the

change in anisotropy was measured. A second aliquot WaSemission photomultiplier. The phase shift method with a

ad_de? and the pt:ocessd r?_pe(?t?d untllrgrr\a(;ofutrrt]heg' c(;l'ange Infrequency modulator tank filled with 19% ethanol to generate
anisotropy was observed. 10 cetermine rthe binding sinusoidally varying excitation light was used6f. All

of AVP—pViIc to 12-mer dsDNA, different concentrations . ; .
B ! . measurements were taken at a setting of 18 MHz in solutions
of AVP—pVIc were added to solutions of 2.5 nM fluorescein- of 25 mM Hepes (pH 8.0) containing 12.5 nM 18-mer

labeled 12-mer dSDNA in 10 mM Tris-HCI (pH 8.0) and 2 dsDNA labeled at one of its'#nds with fluorescein in the

mM octyl glucoside. After 4 min, to a.IIow binding equilib- Oabsence or presence of 235 M AVBVIc.
rium to be reached, the changes in anisotropy were measured.

Calculating K Values for the Binding of AVP, pVic, or ~ Stoichiometry of Binding of AVFpVic to DNA. The
AVP—pVIc to 12-mer ds- and ssDNA by Fluorescence number of AVP-pVic binding sites per DNA molecule was
Anisotropy. The Kq was calculated from the fluorescence Mmeasured by activity assays under tight binding conditions,

anisotropy data as follows. The anisotropyis defined as ~ i-€., under conditions in which the concentration of DNA
was 10-fold greater than th&;. The stoichiometry of binding
r=(,—Glpd, + ZGID)_l of AVP—pVIc to 12-mer dsDNA was also determined by

fluorescence anisotropy, at a DNA concentration 20-fold

wherel, andlg are the fluorescence emission intensities with 9réater than th&q.
polarizers parallel and perpendicular, respectively, to that of

the exciting beam. The instrument correction faddowas RESULTS
determined for each experiment by measuringl thie ratio
from horizontally polarized light. The anisotropy when the
DNA is saturated with ligand,nax, Was determined empiri-
cally; increasing concentrations of ligand were added to a
constant concentration of labeled DNA until further addition
of the ligand resulted in no further change in anisotropy.
The fraction of ligand boundf,, at any ligand concentra-
tion is

Stimulation of AVP-pVic by 12-mer dsDNADNA is a
cofactor, because it stimulates the rate of substrate hydrolysis
by AVP and by AVP-pVlc. Increasing amounts of 12-mer
dsDNA were added to a constant amount of AM®/Ic,
and after 5 min at 25C, the fluorogenic substrate (Leu-
Arg-Gly-Gly-NH),-rhodamine was added. The increase in
fluorescence, from the formation of the product (Leu-Arg-
Gly-Gly-NH)-rhodamine, was measured as a function of
time. The results are shown in Figure 1. In the absence of
DNA, the rate of substrate hydrolysis was relatively low.
For each concentration of DNA, the increase in fluorescence
with time was linear. The rate of substrate hydrolysis
increased with increasing DNA concentrations. At higher
DNA concentrations, the rate of substrate hydrolysis ap-
proached a plateau, implying that the enzyme complex could

L=L—L, andLb — fb[DNA] be saturated with DNA.

Kq for the Binding of AVP to 12-mer ds- and ssDNA
where [DNA] is the molar concentration of DNA molecules, Measured by Fluorescence Anisotropyhe Ky for the
andL; is the initial concentration of ligand. From a plot of binding of AVP to 12-mer dsDNA was determined by
L¢ versusLy, the Kq was determined by standard methods. fluorescence anisotropy. Aliquots of AVP were added to a

fo = (Fops = T/ (Fmax — 1) @andf; =1 —f,

wherer, is the initial anisotropy of the DNA in the absence
of other components angysis the anisotropy at the specific
ligand concentration. The concentrations of free ligdnd,
and bound ligandl, are

Nonelectrostatic Free Energy of Binding of AVpVIic solution of 12-mer dsDNA in which one of the strands was
to 12-mer dsDNAFluorescence anisotropy was also used labeled at its 5end with fluorescein, and th&y was
to determine the equilibrium association constaHis, for determined as described in Materials and Methods. The data

AVP—pVIc binding to DNA as a function of the NaCl are presented in Figure 2A as [AMB]aversus [AVP]ee
concentration. Binding assays were carried out at@5n Assuming the stoichiometry of binding of AVP to 12-mer



13240 Biochemistry, Vol. 40, No. 44, 2001

LI DL L B L DL
400

300

200

100

(pmol substrate hydrolyzed) (sec”)

10

min
Ficure 1: Stimulation of AVP-pVIc activity by DNA. Assays
were performed with 150 nM AVPpVic and the indicated

concentrations of 12-mer dsDNA: @j, 25 @), 50 (), 75 @),
100 (1), and 200 nM 4).
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FiGure 2: Ky for the binding of AVP to 12-mer dsDNA by

fluorescence anisotropy (A) and for the binding of pVic to 12-mer
dsDNA by fluorescence anisotropy (B). (A) Increasing concentra-
tions of AVP were added to 10 nM-fluorescein-labeled 12-mer
dsDNA at 25°C. Two minutes after each addition, the change in
anisotropy was measured. (B) Increasing concentrations of pVic
were added to 10 nM'Sluorescein-labeled 12-mer dsDNA at 25
°C. Two minutes after each addition, the change in anisotropy was
measured.

dsDNA was 1:1, we found Ky of 63 nM (Table 1). The&qy
for the binding of AVP to 12-mer ssDNA was 109 nM (data
not shown).

Kq for the Binding of pVic to 12-mer ds- and ssDNA
Measured by Fluorescence Anisotropy/Ic alone, in the
absence of AVP, binds to DNA. Th&apparentfOr the binding
of pVic to 12-mer dsDNA was determined by fluorescence
anisotropy. A graph of s — ' Versus [pVic] is shown in
Figure 2B. TheKgapparenyWas 693 nM (Table 1). The

McGrath et al.

Table 1: Equilibrium Dissociation Constants for the Binding of
AVP, pVlc, and the AVP-pVic Complex to Single- or
Double-Stranded 12-mer DNA Determined by Enzyme Activity or
Fluorescence Anisotropy

. Kq (nM)
protein
(12-mer) activity anisotropy
AVP
(dsDNA) - 63.08+ 5.79
(ssDNA) 109.1A4 15.60
pVic
(dsDNA) - 693.0+ 84.47
(ssDNA) 190.4+ 34.37
AVP—pVic
(dsDNA) 2.92+1.04 4,564+ 2.32
(ssDNA) 18.04+ 5.08 18.40+ 2.80

a Kd(apparent-)

10 T T T T 1 1T 17

[AVP-pVId),,,., (M)

40

60 80
[AVP-pVIc], ., (nM)

Ficure 3: Binding to DNA by AVP-pViIc is coincident with
stimulation of enzyme activity by DNA. Increasing concentrations
of AVP—pVIc were added to 10 nM'Sluorescein-labeled 12-mer
ssDNA at 25°C. Two minutes after each addition, the change in
anisotropy was measure@). Increasing concentrations of AVP

pVic were added to 10 nM 12-mer ssDNA. After 5 min at 25,
substrate was added, and the increase in fluorescence with time
was measuredd). The concentrations of AVPpVic bound,
[AVP—pVIcC]pouna and AVP-pVic free, [AVP—pVIC]tee, Were
determined as described in Materials and Methods.

100 120

Ka@pparensfor the binding of pVic to 12-mer ssDNA was 190
nM (data not shown).

Kq for the Binding of AVP-pVIc to 12-mer ss- and dsDNA
by Fluorescence Anisotropylhe Kq for the binding of
AVP—pVlIc to 12-mer ssDNA was obtained by fluorescence
anisotropy. A graph of [AVP-pVIC]pound VErsus [AVP-
pVIC]#ee is shown in Figure 3. Th&y was 18.4 nM (Table
1). TheKq for the binding of AVP-pVIc to 12-mer dsDNA
was 4.6 nM (data not shown).

Kq for the Binding of AVP-pVIc to 12-mer ss- and dsDNA
by Enzyme Actity. A different method was also used to
obtain theKy for the binding of AVP-pVIc to 12-mer ss-
and dsDNA enzyme activity measurements. Here, increasing
concentrations of AVPpVic were added to a constant
amount of 12-mer ssDNA. After 5 min at 2%, substrate
was added, and the increase in fluorescence with time was
measured. A plot of the rate of substrate hydrolysis versus
the concentration of AVPpVic yielded a rectangular
hyperbola (data not shown). These data were subsequently
converted to the concentration of A¥BVIc bound to DNA,
[AVP—pVIc],, and the free concentration of AVRVic,
[AVP —pViIc];. A plot of [AVP—pViIc], versus [AVP-pVIc];
yielded a rectangular hyperbola (Figure 3). From this graph,
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FiGure 4: Stoichiometry of binding of AVPpVic to 12-mer
dsDNA. Increasing concentrations of A¥PVIc were added to
100 nM B-fluorescein-labeled 12-mer dsDNA at 2&. Two
minutes after each addition, the change in anisotropy € ro)

was measured. The two straight lines were drawn with a curve
fitting routine. The dashed line is drawn from the intersection of
the two straight lines to the abscissa.

Table 2: Equilibrium Dissociation Constant§y, and
Stoichiometries of Binding of AVPpVIc to Different DNAs
Determined by Enzyme Activity

12-mer 18-mer 36-mer Ad2
Kg (NM)?2
ds 2.92+1.04 597+1.09 4.65+2.16 -—
Ss 18.04+5.08 8.88+1.99 2.13+0.4P
stoichiometry
ds 1.1 3:1 6:1 3027:1
Ss 1.1 31 6:1

2In units of molecules? Kq(appareny ¢ Number of AVP-pVic mol-
ecules binding per DNA molecule.

theKq for the binding of AVP-pVIc to 12-mer ssDNA was
18 nM (Table 1). The&Kq for the binding of AVP-pVic to
12-mer dsDNA was 2.92 nM.

Stoichiometry of Binding of AVPpVIc to 12-mer dsDNA.

Biochemistry, Vol. 40, No. 44, 200113241

Table 3: Effect of Cofactors on the Macroscopic Kinetic Constants
for Substrate Hydrolysis

Km Keat keafKm  relative

(uM) (x1s?) (Mtsh)  kealKm

AVP 94.8+£7.0 2.3+0.1 24.3 1
AVP—DNA 92+14 248+1.9 2700 110
AVP—pVic 99+13 2714£32.2 27400 1130
AVP—pVIc—DNA 3.4+14 27804+ 322 828000 34100

a Adenoviral DNA was used.

under tight binding conditions, as described above with 12-
mer dsDNA (Table 2). AVP-pVIc bound to 18-mer dsDNA
with a 3:1 stoichiometry, to 36-mer dsDNA with a 6:1
stoichiometry, and to Ad2 DNA with a 3027:1 stoichiometry.
Thus, the stoichiometry of binding was dependent upon the
length of the DNA molecule. By dividing the number of base
pairs per DNA molecule by the maximal number of AVP
pVIc molecules that bind to that DNA, we can calculate the
number of base pairs per AVpVIc molecule; it is 12 with
12-mer dsDNA, 6 with 18- and 36-mer dsDNA, and 12 with
Ad2 DNA.

Cofactors Alter the Macroscopic Kinetic Constants for
Substrate Hydrolysi®Binding of the cofactors to AVP alters
the interaction of the enzyme with the fluorogenic substrate
(Leu-Arg-Gly-Gly-NH)-rhodamine. In the absence of any
cofactor, theK,, was 94.8uM and thek., was 0.002 st
(Table 3). In the presence of a saturating amount of Ad2
DNA, the K, decreased 10-fold and the, increased 11-
fold; in the presence of a saturating amount of pVic, khe
decreased 10-fold and the,increased 118-fold. With both
cofactors present, th&./K. ratio increased 34000-fold
compared to that for AVP alone.

Difficulties in Obsering Stimulation of AVP Actity by
DNA. Webster et al.g, 15) did not see stimulation of AVP
activity by DNA. Perhaps this is due to differences between
their assay conditions and ours. Their substrate was the

Fluorescence anisotropy, under tight binding conditions, was peptide MSGGAFSW, where cleavage occurred at the

used to ascertain the stoichiometry of binding. Increasing arrow; cleavage was monitored by HPLC. We repeated
amounts of AVP-pVIc were added to a constant amount of several of their experiments using their assay conditions but
5'-fluorescein-labeled 12-mer dsDNA, and the change in with our substrate. A rate of substrate hydrolysis of 7.2
anisotropy was measured. The concentration of fluorescein-pmol/s was observed with AVVPpVic, and this increased

labeled 12-mer dsDNA was 100 nM, 20 times tKg
determined with this technique. Under these tight binding
conditions, below saturation of DNA, all AVpVIc present
will be bound to DNA; above saturation, no added AVYP
pVic will be able to bind to DNA. The data are shown in
Figure 4. As the concentration of AVpVIc was increased,

the anisotropy increased linearly. Once saturation was

6.5-fold upon addition of 600 ng/mL Ad2 DNA (Figure 5).
Under our assay conditions, after we determined the optimal
concentrations of pVic, Ad2 DNA, and substrate, a rate of
substrate hydrolysis of 437 pmol/s was obtained, a rate
almost 10-fold greater than that determined under their
conditions in the presence of DNA.

Control Experiments for DNA Binding Measured by

reached, there was no further increase in anisotropy asAnisotropy.Several control experiments were performed to
additional AVP-pVIc was added. The data points could be ensure that in the fluorescence anisotropy experiments the
characterized as two straight lines by a linear fitting routine. binding of ligand to DNA was indeed being assessed. For

The intersection point of the two lines is the minimal
concentration of AVP-pVic required to saturate 100 nM
DNA. Since that concentration of AVVIc was 100 nM,
the stoichiometry of binding of AVPpVic to 12-mer
dsDNA was 1:1, one enzyme molecule per DNA molecule.
An identical conclusion in a similar experiment was reached
with AVP—pVIc binding to 12-mer ssDNA (Table 2).
Stoichiometry of Binding of AVRpVIc to 18- and 36-
mer dsDNA and to Ad2 DNA Determined by Enzymeviyti
The stoichiometry of binding of AVPpVlc to 18- and 36-
mer dsDNAs and to genomic Ad2 DNA was also determined

the conclusions in the fluorescence anisotropy experiments
to be valid, the lifetime of the excited state of the fluorophore
must not change during the assay. The lifetime of the excited
state of the fluorescein moiety attached to one of the 5
ends of 18-mer dsDNA was 2.& 0.4 ns, and it did not
change by more than 10% when the DNA was saturated with
ligand (data not shown). As a control, the lifetime of the
excited state of free fluorescein was measured using as a
standard reference scattering solution 0.1% (w/v) magnesium
oxide. Free fluorescein consistently gave a lifetime of
3.7 + 0.9 ns. Each lifetime measurement was the average
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Stimulation 10 | 65 10 | 15 | 160 | 205 | 430 Ficure 6: Nonelectrostatic free energy of binding of A¥BVIc
to 12-mer dsDNA. Increasing concentrations of AMpVIc were
* Assay conditions from Webster, et al., 1994 (15) added to 10 nM Sfluorescein-labeled 12-mer dsDNA in 0.01, 0.02,

Ficure 5: Effect of assay conditions on the stimulation of AVP 0.03, and 0.04 M NaCl at 2%. Two minutes after each addition,
pVic activity by DNA. Assays were performed with the fluorogenic  the change in anisotropy was measured. The data were analyzed
substrate (Leu-Arg-Gly-Gly-NHyrhodamine {2) but using the to obtain equilibrium association constank&, as described in
conditions defined by Webster et al5j [25 mM Tris (pH 8.0), Materials and Methods.

1.0 mM EDTA, 50uM substrate, and 25 nM AVP]. The reactants

without substrate were preincubated for 15 min at room temperature; The nonelectrostatic change in free energﬁg, upon

substrate was added, and the rate of substrate hydrolysis Wainding of AVP—pVIc to DNA was also calculated. The line
determined at 37°C. Assays were also performed under the . . ;
conditions described here [10 mM Tris (pH 8.0), 2 mM octyl in Figure 6 was extrapolated to a Neoncentration of 1 M.

glucoside, and 25 nM AVP]. Reactants without substrate were 1hen, the following equation was used:
preincubated for 4 min at 37C before the addition of substrate.

The bars represent the rate of substrate hydrolysis vs the assay AGY= —RTInK
conditions. 0 °

of 10 readings. Another indication that the ligands were \yherek, is K, in 1 M Nat. TheAGS (1 M Na*) was—4.2
binding to DNA was that changes in anisotropy were yca|. By correction for two lysine-like ion pairs, which have
sensitive to the presence of sodium dodecyl sulfate or NaCl. ; A 50 (1 M Na') of 2 x 0.18 kcal, the nonelectrostatic
If DNA saturated with ligand was incubated in either 5% ¢..o eL%Sergy of binding was calculated to be.6 keal. The
sodium dodecyl sulfate or 200 mM NaCl, the anisotropy y yalues were 111, 489, 786, and 1771 nM in 0.01. 0.02
returned to its value in the absence of ligand. Last, the ligands) 53" and 0.04 M NaCl -|1th b'y extrapolation of the line
that bound to DNA were not binding to the fluorescein Fi’gure 6b 1 M NaCl was 794M.

moiety on DNA. When a constant amount of A¥BVIC  piantial DNA Binding Sites Realed in the Crystal
and fluorescein-labeled 18-mer dsDNA were incubated With gr,cture of an AVPpVic ComplexThe three-dimensional
Increasing amounts of unla_beled 18-mer dSDNA, the changegr,cqyre of the AVP-pVIc complex has been determined
in anisotropy decreased in proportion to the amount qf (10), and a charge-potential map of the surface of the
unlabeled 18-mer dsDNA added (data not shown). ThiS g ctyre reveals several potential DNA binding sites. The
signified competition between quorescem—I.ab_eIed .18-mer AVP—pVc structure is ovoid with a long groove containing
dsDNA and unlabeled 18-mer dsDNA for binding sites on e active site near the blunt end (Figure 7). Inspection of

AVP—pVic and _|mpI|e_d that AVP-pVic was not binding the surface potential of the structure reveals five large clusters
to the fluorescelr_n moiety on DNA. - of positive charge that range in area from 45 to 65%aree
kbt LA Energy_of .Blndlng Qf AVPVIC of the clusters, labeled a, c, and e, are at the apical end. The
to dsDNA.The number of ion pairs involved in binding of =y ,nt end is relatively neutral in charge. The shortest
AVP=pVic to DN.A was Ob.ta'nEd by 'F‘CUt?a“.”g 12-r_ner distances between pairs of clusters a4 A, close to the
dsDNA labeled at its'Send with fluorescein with increasing 42 meter of double-stranded DNA (20 A). This implies that

concentrations of AVPpVic and determining by fluores- o5 e of these clusters may interact with the viral DNA: e.g.,
cence anisotropy the equilibrium association constd€iy (  {he viral DNA could bind between two large clusters. The

at different concentrations of NaCl (data not shown). The active site groove is on the opposite side of the molecule

log Ka was plqtted versus—log[NaCI] (Figure' 6). The from clusters a, ¢, and e so that DNA binding in these clusters
following equation describes the resultant straight line: would not occlude the active site.

_ ollog(K] _

—= DISCUSSION
dflog(M™)] The data presented clearly showed that DNA is a cofactor
where M is the monovalent counterion concentratiom, for the adenovirus proteinase. Enzyme activity was stimulated

is the number of ion pairs formed, andis the fraction of by DNA. AVP and AVP-pVic bind to DNA with physi-

a counterion associated, in the thermodynamic sense, withologically relevanty values, 63 and 4.6 nM, respectively.
each phosphate of DNA in solution. For dsDN,is 0.88 TheKq for the binding of AVP-pVIc to 12-mer ssDNA was
(17). The number of ion pairs formed upon binding of an determined by two different methods. Th& derived by
AVP—pVlic complex to 12-mer dsDNA was 2.18. fluorescence anisotropy experiments was 18.4 nM, and the
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Surface Potentia

| Active Site Groove

Ficure 7: Charge-potential map of the distribution of positive and negative charges on the surface-ep¥MPThe five positive charge

clusters (blue) are labeled-a&, and the arrow indicates the location of the active site groove. Areas colored in red indicate regions of
negative charge. The front and back of the molecule are labeled.

Kq derived by enzyme activity measurements was 18.0 nM.

The figure was generated by the program28RASP (
AVP—pVic to 12-mer dsDNA yielded &y of 2.9 nM.

When both sets of data were graphed together (Figure 3),Finally, theKq values for the binding of AVPpViIc to 12-

the data were superimposable. That implied binding of
AVP—pVIc to DNA is coincident with stimulation of enzyme
activity. When DNA binds to AVP-pVic, enzyme activity
was stimulatedk.,; values increased 10-fold, aig, values
decreased 3-fold.

The binding of pVIc to DNA was not surprising. Five of

mer ssDNA were identical whether determined by enzyme
activity or by fluorescence anisotropy.

The physical basis for DNA being a cofactor is that it is
a polymer of high negative charge densi).(Consistent
with this conclusion that the binding of AVP to DNA is not
sequence specific are the data on the stoichiometry of binding

its 11 amino acid residues are basic. Its isoelectric point is to DNA. Three AVP-pVIc molecules saturated the binding

11.81. TheKyapparenyof 0.69uM for the binding of pVic to
12-mer dsDNA may be physiologically relevant. Adenovirus
protein VI is a DNA binding proteinX8). The binding of
AVP to DNA and the binding of the C-terminus of pVI to
DNA would facilitate the interaction of AVP with pVI to
yield pVlc.

The method of analysis used to calculdteassumed the
stoichiometry of binding of ligand to DNA was 1:1. This
was shown to be the correct stoichiometry with 12-mer ds-
and ssDNA. TheKy values with other DNAs were all
apparent, i.e.Kqappareny and defined empirically as the
concentration of ligand required for half-saturation.

There are several indications that tKe values for the
binding of AVP or AVP—pVIc to DNA are correct. All of
the binding curves, obtained either by activity or by

sites on one 18-mer dsDNA, and six A¥BVIc molecules
saturated the binding sites on one 36-mer dsDNA. On Ad2
DNA, there are about 3027 binding sites.

The two cofactors increased thg: for substrate hydrolysis
and decreased th€,. The predominant effect of pVic was
on kear The keat for AVP was 0.002 st, and this increased
107-fold because of the presence of pVic, whereakthe
decreased only 10-fold. The predominant effect of DNA was
on K. TheKp, for AVP was 95¢M, and this decreased 28-
fold, compared to an increase kg, of 11-fold. Together,
there is a synergistic effect of the cofactors. khgincreased
1209-fold, and th&, decreased 28-fold. Other proteinases
bind to DNA (19), but only the enzymatic activity of AVP
is stimulated by being bound to DNA.

The non-sequence specific interaction between AgPIc

fluorescence anisotropy, gave no indication of more than oneand DNA exhibited a substantial dependence on monovalent

type of binding reaction. This implied that binding of the

sodium ion concentratiorlR). This dependence reflects the

enzyme was not occurring preferentially at the ends of the electrostatic component of the binding reactid™)( The

DNA molecules or at nicks in double-stranded DNA. Also,

electrostatic component originates from the formation of ion

in the fluorescence anisotropy experiments, competition waspairs between positively charged groups on A{®/Ic and
observed between fluorescein-labeled 18-mer dsDNA andnegatively charged phosphate groups on DNA. After binding

unlabeled 18-mer dsDNA for binding sites on A¥pVic.
This implied that AVP-pVic was not binding to the
fluorescein moiety on DNA. Measurement of the stoichi-
ometry of binding of AVP-pVIc to 12-mer dsDNA required

occurs, there is a concomitant release of counterions from
the DNA and, possibly, from AVPpVIc. From an analysis
of the equilibrium association constants for the binding of
AVP—pVIc to 12-mer dsDNA as a function of the Na

the concentration of one of the components in the reactionsconcentration, an accurate estimate of the number of ion pairs

be at least 10-fold higher than tig. With 100 nM 12-mer
dsDNA, tight binding was exhibited, implying th&; was
less than 10 nM; measurement of tKg for binding of

involved in the interaction was obtained. Two ion pairs were
involved in complex formation with AVPpVic and 12-
mer dsDNA. For comparison, two ion pairs of the T4 gene
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32 protein are involved in non-sequence specific binding to the penultimate cysteine in pVic forms a disulfide bond with
helical DNA (17). Cys104 of AVP (0). Now, AVP is permanently activated.
With both proteins, there seems to be a substantial Compared to the values with AVP alone, with piavP—

favorable nonelectrostatic component of the binding interac- DNA, the Ky, has decreased 28-fold and tke: increased
tion. Upon extrapolationot1 M Na' of the line in Figure 6, 1209-fold. ) ) )
the AGS = —4.2 kcal for AVP-pVic. The AGS = —2.2 How can 70 fully activated proteinases bound to the viral
kcal for the gene 32 proteiri 7). Correction for two lysine- DNA inside the virion &) cleave precursor proteins 3200
like ion pairs makes the nonelectrostatic free energy of times to render a virus particle infectious? For this to occur,
binding—4.6 kcal for AVP—pVIic complexes ane-2.6 kcal either enzyme or substrate must move inside young virions.
for the gene 32 protein. This indicates that a substantial Perhaps the proteinase moves along the viral DNA searching
component of the binding free energy under physiological fOr Processing sites on precursor proteins such ag&tieli
conditions results from nonspecific interactions between RNA polymerase holoenzyme moves along DNA searching
AVP—pVIc and base or sugar residues on the DNA and that for @ promoter. AVP-pVic and RNA polymerase both
the dominant factor driving the nonspecific interaction ©€xhibit an appreciable, non-sequence specific affinity for

between AVP-pVic and DNA is the entropic contribution ~ DNA. TheKq values are 60 and 100 nM, in nucleotide base
from the release of counterions. pairs, for AVP-pVic and RNA polymerase2@), respec-

tively.

RNA polymerase binds to DNA via a two-step mechanism.
Initially, RNA polymerase binds to any place on DNA via
free diffusion in three-dimensional space. Next, it dissociates
from the DNA to a point where, though free to move, it is
still near the original binding site. This enables it, with high

The data presented here clearly show that AVP and AVP
pVic were stimulated by DNA. There may be several reasons
why Webster et al.g, 15) did not see stimulation of AVP
pVIic activity by DNA. Using their assay conditions, but with
our enzyme and substrate, DNA stimulated the rate of
Zuf;tfr;tg St)iﬁrl?lglt?ésr; ?nu:r?glr)fa\teésoggbgt?gtz ' ﬁ;ér%?;ggls\:]asé pr_obability and within a short _per_iod of time, to r_eassociate
observed. Factors that influenced enzyme activity under theseWlth the same or a nearby binding site. Once it locates a
conditions were the length of time in preincubation of promoter, it e>§h|b|ts an enormous aff!nlty for that sequence
enzyme with cofactor before addition of substrate and the ,(.Kd - 10- fM " n_ucleonde base pairsp®). Because of
concentrations of substrate, pVic, and DNA. High concentra- .nonspecmc binding, the sea_lrch process fpr the_ promoter
: f substrate and DNA can be inhibitory. The DNA in the secon_d step occurs in reduced dimensionality or
tions Io . f Id b ii hodamine-based volume. That is how RNA polymerase can reach a promoter
Zﬂrt])qsutrzttlgg ?’hee?: gﬁgstra?es}ge;r: 'gct; ogrr 00amine-based 4; a rate faster than a diffusion-controlled rate; diffusion is

o P .pﬂ@ However, occurring in one dimension.
when a different group used a rhodamine-based substrate

: ; - ' In the case of AVP, perhaps the viral DNA serves as a
Eggy observed no stimulation of enzyme activity by DNA scaffold next to which reside the 3200 processing sites that

o . ) must be cleaved. The 70 AvVVIc complexes could then
DNA binding activates AVP and localizes the enzyme to move along the viral DNA via one-dimensional diffusion,
the DNA. This and other observations have led to a model ysing the DNA as a guide wire in cleaving precursor proteins.

for the regulation of AVP by its cofactors. AVP is synthe- By ysing the viral DNA as a guide wire, AVP could quickly
sized as arelatively inactive enzyme. TRefor (Leu-Arg-  (via one-dimensional diffusion) and efficiently (by the
Gly-Gly-NH)-rhodamine was 95M, and thekeawas 0.002  glignment of the cleavage sites near the DNA and by moving
s L. If AVP were synthesized as an active enzyme, it would along the DNA) process the numerous virion precursor
probably cleave virion precursor proteins before virion proteins.
assembly, thereby preventing the formation of immature virus = The ytilization of DNA as a cofactor for a proteinase
particles. Consistent with this hypothesis is the observation getivity is unprecedented. DNA is a cofactor for the
that if exogenous pVic is added to cells along with Ad5 virus, proteinase in the virus particlé®)( In disrupted ts-1 virus,
the level of synthesis of infectious virus in those cells was proteinase activity can be detected upon the addition of AVP.
severely diminished2l, 22, 25). However, if disrupted virus particles are treated with DNase
Quite possibly, AVP enters empty capsids bound to the and then AVP is added, no proteinase activity can be
viral DNA and remains bound during the maturation of the detected. Treatment of disrupted ts-1 virus with DNase,
virus particle. It enters empty capsids bound to the viral inactivation of the DNase, and addition of DNA followed
DNA, because th&, for the binding of AVP to 12-mer by AVP resulted in restoration of proteinase activity.
dsDNA was quite low (63 nM). Inside the young virion, the Additionally, in disrupted ts-1 virions, the precursor proteins
viral DNA is positioned next to the C-terminus of virion are processed upon incubation with AVP. However, no
protein pVI. Protein VI is a DNA binding proteirlg). AVP processing occurs if disrupted ts-1 virions are pretreated with
is partially activated by being bound to the viral DNA. DNase before the addition of AVPL?). Here AVP and
Compared to the values with AVP alone, tig decreased = AVP—pVic were shown to bind tightly to DNA, and
10-fold and thek.,: increased 11-fold. Thus, AVFDNA stimulation of proteinase activity by the presence of DNA
complexes can cleave pVI at the proteinase consensuswas coincident with binding to DNA.
cleavage site preceding the amino acid sequence of pVic.
The liberated pVic can then bind either to the viral DNA REFERENCES
[Kd(appareny™= 693 nM], to AVP molecules in solutiorkg = 1. Weber, J. (1976). Virol. 17, 462-471.
4400 nM), or, most likely, to the AVPDNA complex that 2. Hannan, C., Raptis, L. H., Dery, C. V., and Weber, J. (1983)
liberated it Ky = 90 nM) (25). Once pVlc is bound to AVP, Intervirology 19, 213-223.
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