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Understanding the atomic details of biomolecular structure and dy-
namics in solution 18 essental to provide molecular descriptions of bio-
logical function inside living cells. In studying structure and dynamics
at atomic resolution, both Nuclear Magnetic Resonance (NMR) and X-
ray crystallography are important tools. Both technigues have a com-
mon limitation in that they need a high concentration of the biomolecule
in solution or for crystal formation. Synchrotron footprinting (SF) is
used for the examination of folding and other conformational changes
and identification of binding interactions with high resolution. Previ-
ously we had reported on the use of the technique to probe nucleic acid
structure and dynamics [1]. In the present report we illustrate the use of
SF 1o analyze protein structure in solution with side chain level resolu-
tion using picomoles of material.

ST has been successfully used to analvze the structure of proteins
under a number of solution conditions and in various complexes with
other proteins and nucleic acids [2-8]. Synchrotron X-rays generate hy-
droxyl radicals from water that modify solvent accessible and reuctive
side-chains of proteins [1-4.6]. Due to the stable nature of the radi-
olyzed products the extent of these reactions are further investigated
using mass spectroscopy for proteins [3.4] and gel electrophoresis for
nucleic acids [2,9]. Since the radiolysis timescale is short using syn-
chrotron light, secondary radiolysis effects are minimal and time-re-
solved studies can be accomplished as well. In this report we will dis-
cuss how SF is applied to study the structure and function of the human
adenovirus serotype 2 proteinase (AVP), which is required for the syn-
thesis of infectious virus [10, 11].

The adenovirus proteinase

AVP is originally synthesized in the infected host cell as an inactive
protein and requires two cofactors for maximal proteinase activity
[10,11]. One cofactor is the eleven amino acid residue peptide pVie,
originating from the C-terminus of the precursor protein pVIL This pep-
tide is covalently linked to AVP through a disulfide bond as well as by
charge-charge and hydrogen bonding interactions [12,13]. The second
cotfactor is the viral DNA. The K, (apparent affinity constant) for pro-
teinase activity is reduced 10-fold upon binding each cofactor sepa-

rately. However, a cooperative eflect is observed in the presence of both
cofactors, resulting in an overall 34.000-fold increase in the macro-
scopic kinetic constant (k./K,,) compared to free AVP (Figure 1a) [14].
The location of the pVIc binding site on AVP is known from the crystal
structure (Figurelb) [12,13] but the mode of DNA binding is unknown.
The structure of AVP has two major domains (D1 and D2) with the ac-
tive site sandwiched between the domains, Active site residues His-54,
Glu-71 and Cys-122, which are located deep within this cleft, are en-
tirely conserved.

Synchrotron protein footprinting

At the beamline

SF is carried out at the X28C beamline of the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory (BNL). The
beamline provides white synchrotron light with an effective energy
runge of 6-20 keV [15]. Figure 2 illustrates the experimental set-up for
footprinting studies. Approximately 6 milliradians of unfocused beam
exits the beam pipe through a beryllium window (at vacuum). The beam
then falls on either an electronic shutter (Vincent Associates, Rochester,
NY) on a stand for equilibrium or slow time resolved experiments, or on
the flow cell of the stopped-flow (KinTck Corp., Austin, TX) device for
fast time-resolved experiments. Both the stand and the Kintek set-up are
mounted on a precision motorized table to permit vertical beam align-
ment. The clectronic shutter is used to control time of exposure on the
sample placed inside a microfuge (5 pl volume) within the sample
holder (see Figure 2). The trigger for the electronic shutter is given from
outside the hutch after opening the interlocked beamline shutter. The
electronic shutter is equipped with a 1-mm platinum/iridium alloy plate
capable of blocking X-rays up to energy an of 30 keV and can reliably
operate with exposures as short as 7 msec. Prior to the experiment, the
heam is aligned with a photodiode mounted mechanically just behind
the sample holder so that the most intense beam falls symmetrically on
the 2 mm diameter area of the 5 pl sample meniscus inside the micro-
fuge tube. The temperature of the sample holder can be thermostatically
controlled. For fast time-resolved experiments, the customized KinTek
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Figure 1 (a): A model for temporal and spatial control of enzymatic activity by cofactors. AVP activity is increased by both peptide and DNA binding,
The full activated complex can move along the DNA via one-dimensional diffusion, cleaving virion precursor proteins.

quench-flow apparatus is used to rapidly mix two solutions in a T-mixer
in advance of exposure to the X-ray beam. After the required delay, the
mixed solution is passed through an exposure cell. Exposures are con-
trolled by adjusting the speed of the flow, which in turn is controlled by
the KinTek syringe drive motor system.

Theory of radiolysis

In the energy range of the photons of the synchrotron beam at the
X28C beamline of NSLS, the interaction of X-rays and water involves
both the photoelectric effect and Compton scattering [9.15]. Such pho-
tons have sufficient energy to eject an electron from water. The ionized

water molecule reacts with other water molecules to vield hydroxyl rad-
icals according to the following reaction scheme:

H-O
H,0 + ionizing radiation — H,O0* + e, —> H30* + -OH + &34 (1)

Due to the high repetition rate of the NSLS X-ray Ring (ring frequency
=52 MHz). a steady state hydroxy! radical concentration is maintained
during the millisecond X-ray beam exposure of the sample. Moreover,
since the sample concentrations are extremely low compared to the con-
centration of bulk phase water, direct interactions between X-rays and
macromolecules are minimal in typical footprinting experiments. Thus,
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Active Site

Figure 1(b}; Ribhown representation of the AVP-pVic complex. The protein
consisis of two domains, D1 and D2. DI consists of sheets §1-S4 and
belices H2 and H3 from the N-terminal half. D2 is composed of belices H4
to H7 and sheets 56 and S7 from the C terminal half of the protein, as well
as H1, which is from N-tevminus. The outer surface area of the AVP-pVlc
complex is shown in transparent color. The distribution of the basic (blie)
and the acidic (red) amino acid residues are shown.

the indirect solution chemistry of the hydrated electrons and hydroxyl
radicals govern the chemical oxidations ohserved.

Chemistry of protein footprinting

For proteins, chemical modification of the amino acid side chains,
backbone cleavage and cross-linking all can occur as a function of radi-
olysis [4]. Synchrotron radiolysis of the maodel peptides and proteins
have revealed that amino acid side chain oxidations are dominant; reac-
tions leading to backbone cleavage are much slower and cross-linking is
minimal due to the low concentrations of macromolecules [3.4,15].
Mass spectrometry is ideally suited to detect the signature mass changes
as a function of specific side chain oxidation [3, 4]. Aliphatic and aro-
matic amino acids suffer mass additions of +16 or +14 Da as a result of
alcohol and ketone formation [16,17]. The amino acid histidine experi-
ences ring opening; the observed products have mass shifts of —22, -23,
—10 and +5 Da. The amino acid arginine experiences deguanidation
with a mass shift of —43 Da [16] while the acidic amino acids glutamate
and aspartate undergo oxidative decarboxylation leading to a mass shift
of =30 Da [17]. Oxidative decarboxylation is also common at the C-
terminal residue [17]. The reactivity of an individual side chain in a pro-
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Figure 2: Schematic representation of the experimental setup within the beamline X28C hutch used to conduct synchrotron X-ray footprinting experi-
ments. The PC interface for the beam alignment, KinTek controller, and the shutter controller are situated outside the X28C buich.

tein is governed by this intrinsic reactivity attenuated by solvent acces-
sibility within the protein structure [4].

The rechnique

For protein footprinting studies, uM concentrations ol the protein in
different functional states are irradiated for different exposure times
ranging from 10-300 msec, For each exposwre time the radiolytically
maodified protein is then digested using specific proteolytic enzymes (o
provide regions of interest for structural analysis. The unmodified and
modified peptide fragments are isolated and detected in liquid chro-
matography coupled electrospray mass spectrometry (LC-ESI-MS) lol-
lowed by fragmentation using tandem mass spectrometry to determine

the specilic oxidation sites that are the experimental probes of structure
[3.4]. The fraction modified for peptide fragments at each exposure time
is caleulated from the peak intensities in the electrospray mass spec-
trometry (ESI-MS) or in matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) [3,4] and plots of the fraction ol un-
modified peptide fragments versus exposure time (dose response plot)
are compared for different experimental conditions. Sites of protection
{within a macromolecular interface) will show reductions in oxidation
rate as a function of complex formation. However, footprinting, as a
local probe, only shows the response of a specific site to changes in
ligation; thus a specilic probe site can show increases, decreases, or no
change in reactivity as a function of ligand binding. These data must
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then be interpreted in the context of available structural data. Figure 3
shows the schematics of the protein footprinting assay.

Mapping the cofactors binding to AVP

AVP and its binary (AVP-DNA and AVP-pVIc) and ternary (AVP-
pVIc-DNA) complexes all at uM concentrations in solution were ex-
posed to white synchrotron X-ray radiation for periods of 0—150 ms fol-
lowed by digestion with proteases. Separation of the fragments was
achieved by reverse phase liquid chromatography. and MS and MS/MS
approaches were used as described above [6]. The dose-response curves
for the tryptic and chymofryptic peptides obtained from free AVP, AVP-
DNA, AVP-pVIc and AVP-pVIc-DNA demonstrated si gnificant changes
in the rate of modification (both increases and decreases) upon cofactor
binding to the AVP molecule for many peptides. The modification rate
data for all nine tryptic peptides of AVP and the AVP-pVIc-DNA temary
complex as well as that for six chymotryptic peptides are shown in bar
graph format in Figure 4a. The resull is also schematically shown on the
AVP-pVIc complex (Figure 4b}, indicating the locations of the modifi-
cations. In the figure the peptides exhibiting DNA dependent protec-
tions are colored in red, while the pVIc dependent protections are col-

TECHNICAL REPORTS

ored pink. Peptides exhibiting DNA or pVIc dependent enhancements in
reactivity are colored in blue. Figure 4b also illustrates the amino acid
side chain residues or SF probes undergoing modification as detected by
MS/MS analysis. The results suggest sites of interaction (represented as
protections) between colactors pVIc and DNA with AVP as well as the
allosteric effects of the cofactor binding in the active site cleft distal to
the cofactor binding sites.

pVle binding to AVP

The interactions of AVP and pVIc are well understood from the 1.6
A resolution crystal structure of AVP-pVIe complex and include hydro-
gen bonds, ion pair interactions, van der Waals interactions, and a disul-
fide bond [12,13]. The solution footprinting data is entirely consistent
with these crystallographic predictions, as peptide 104—109 (which
contains Cys-104 and Leu-107 as probe sites) experiences a four-fold
decrease in reactivity upon pVIc biding to AVP, consistent with the
significant reductions in solvent accessibility predicted from the crys-
tallographic data [6]. Within peptide 142-147, the highly conserved
Met-147 in domain D2 forms an inter-domain hydrogen bond with the
entirely conserved Glv-1" at the N terminus of pVIc. This peptide also
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Figure 3: Schematic representation of protein footprinting using synchrotron radiolysis and mass spectroscopy. The examples emphasize the protection
formed in the interface of a protein-ligand complex as well as allosteric conformation changes that can vesult in increases in reactivity upon ligand bind-
ing; however, the comparison could be for any two or multiple functional states of the protein of interest.

30

Vol. 18, No. 1, 2005, SYNCHROTRON RADIATION NEWS



TECHNICAL REPORTS

R

A9

-l
o

Rate of Radiolytic modification (sec™)

PR 1 11 A RN T

b

—a
o

el

N
ke AVP
PP o
N
TR F B e AP cofactor
N N b(g]’ G;)oj’ N N
Q Q’\ N, I\:\ ;\{.b\
. Qg
Peptide of AVP
(a)
pi-9
mi | C p181-186
s |4 //
Y175
_ p170-180
p38-48 -
7
p82-93
S N p142-47
N §
p95-103

Figitre 4: (a) Bar graph showing the vate of modification of the tryptic and chymotryptic peptides obtained from free AVP (back row) and of AVP-pVie-
DNA (front row). Since data for the ternary complex of peptides 104-109 and 142-147 were not available, data for the AVP-pVlc complex is shown in-
stead for these peptides. Red in the figure indicates a DNA dependent protection; blue indicates enbancenent of reactivity due to cofactor binding; pink
indicates pVie dependent protections; and gray indicates no abserved change in veactivity. The identical coloy seheme is used in Figure 4(b). (b) Ribbon
diagram representation of the AVP-pVic complex, pVic is shown in orange. The peptides that showed a decrease in modification rate due to DNA (or
pVlc) binding are shown in red (pink). The peptides that showed an increase in modification rate due to cofactor binding arve shown in blue, The side
chain probe residues identified by MS/MS are indicated.

SYNCHROTRON RADIATION NEwS, Vol. 18, No. 1, 2005 £5 |




TECHNICAL REPORTS

BSOLUTE

XUV SILICON PHOTODIODES

s S
Features

« 100% Internal Carrier Collection Efficiency
« 8 Decades of Linearity

» No Change in QE with 100 Mrad (Si)
124 eV Photons

« May be Operated Without Bias
* Cryogenically and UHV Gompatible -

Photon Energy {eV)
10 100
0.3 — ——
g R
< 0z e il
F i -
= [ L
- -
H P ==+ Photons
§ o P + » Electrons
= - - Hydrogen lons
il —— — i " | .
100 1,000 10,000 40,000
Electron [ Hydrogen lon Energy (eV)

RESPONSIVITY OF AXUV PHOTODIODES TO
PHOTONS, ELECTRONS AND HYDROGEN IONS

5. 1Dih— » _—— ——
=i~
2 H
2 T
= 1! LS e . —
w i‘l T , ™
gt | 1) Nl
e || {'y .
Eoij (B PR ! -
© ;. | =
o
o i
001t - i
20 47 1] 80 100/
Wavelength {nm)

REPRESENTATIVE AXUV PHOTODIODES WITH
INTEGRATED FILTERS

8/IRD

INTERNATIONAL RADIATION DETECTORS INC.
2527 West 237th Street, Unit C » Torrance, California 90505-5243
(310} 534-3661 » FAX (310) 534-3665 » email: irdinc@earthlink net

hitp://www.ird-inc.com

DEVELOPED IN COLLABORATION WITH NIST,NOAA, NIH, LLNL, LANL ,NCAR

experiences a protection in the AVP-pVIc binary complex consistent
with this interaction [6].

Cofactor induced conformational changes

Increased rates of modification for peptides 38—48 and 49-63 upon
cofactor binding indicated increased “spatial™ availability of the active
site cleft to substrates as well as changes in the chemical reactivity of
residues within the cleft (Figures 4a,b). The reactivity of peptide 38—48
was not influenced by DNA binding alone but exhibited a 2-fold in-
creased reactivity upon binding pVIc [6]. Unlike peptide 38-48, the re-
activity of peptide 49-63 is increased upon either DNA binding (2-fold)
or pVlc binding alone (6-fold) [6]. For free AVP, Trp-60 was the sole
probe residue while in the ternary complex, Trp-55 and Met-66, which
are within 5 A of the active site His-54 and Cys-122 residues, became
more solvent accessible and were oxidized [6]. Trp-60 and Trp-55 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 pVlc binding, a
possible molecular explanation for this reactivity change includes sub-
domain rearrangements mediated by interactions of the pVIc peptide
across the interface between domains 1 and 2 (Figure 1b) [6]. 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 to-
gether to provide maximal activity for the enzyme.

Binding of DNA to AVP

Biochemical studies show that DNA binding is not sequence spe-
cific [10] and both electrostatic and non-electrostatic forces are impor-
tant for the binding interactions [14]. Figure 1b depicts the surface
charge distribution on AVP; positively charged clusters are seen that
may be involved in nonspecific DNA binding [13]. Footprinting data
clearly indicate DNA dependent protections for five peptides (Figure
4a,b) where the extent of protection (>90%) was consistent with burial
of the respective probe sites in a macromolecular interface [18-20]. The
site-specific protections were adjacent to the positively charged surface
patches on the AVP. The buried probe residues are indicated in Figure
4b and include Met-1, Pro-183 and Tyr-175 in D2, which are located on
the opposite side of the molecule to Phe-86 and Pro-101 in D1, Since
the stoichiometry of DNA-AVP binding is 1:1 for the 12-mer ssDNA
used here [14], 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 single
stranded DNA with the sequence GACGACTAGGAT. The constraints
in the modeling included: DNA dependent protection of the above probe
residues; satisfaction of potential favorable charge or base stacking in-
teractions; use of conserved residues to provide the trace of the DNA-
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AVP interaction; and reasonable constraints on the bond lengths and an-
gles of the macromolecules. The final model (Figure 3) satisflies many
of these constraints, in particular solvent accessibility calculations; the
coordinates of the ternary complex compared to that of the AVP-pVlIc
binary complex showed DNA-dependent protections from solvent for
Phe-86, Pro-101, Pro-183, and Tyr-175.

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 vive, binds to double stranded
DNA. The model predicts a significant bending of the single stranded
DNA, which is obviously quite flexible. However, bending of double
stranded DNA in the process of protein binding is well precedented
[21-24]. Thus, the combination of conserved positively charged patches
on AVP and its conserved aromatic residues that are poised for base
stacking interactions provides a facile surface for binding and bending
double stranded DNA. Thus, our model provides an overall framework

Active Site

TECHNICAL REPORTS

for predicting AVP-DNA interactions and suggests that DNA binding
provides a molecular strap re-orienting the positions of the two sub-
domains directly influencing the reactivity of the active site. In addition,
both pVlc and DNA may independently provide this re-orientation as
well as drive it cooperatively to fully activate AVP.

Concluding remarks

Radiolytic protein footprinting coupled to mass spectrometry has
been developed over the last several years into a viable approach for an-
alyzing protein structure and dynamies. In this account we report the ap-
plication of synchrotron protein footprinting (o determine the structural
changes within AVP upon formation of complexes with its activating co-
factors. The data revealed cofactor dependent conformational changes at
the catalylic site related to functional activation. Footprinting data of the
binary complex of AVP with DNA as well as the ternary complex of
AVP and both its cofactors revealed potential sites of DNA contact with
AVP. A molecular model of the AVP-DNA-pVIc ternary complex is

Figure 5: A model for DNA binding to AVP-pVic complex is shawn in two different orientations. The AVP-pVic complex is shown in ribbon format,

where AVP and pVic are colored in slate and light pink,

spectively. The ssDNA bas 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), eyan for Tyr, magenta for Phe fram AVP and light
pink for Phe from pVie. 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 vellow.
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proposed that is consistent with the footprinting data and the observed
sequence conservation, as well as providing a molecular mechanism of
activation that explains the synergistic effects of the two cofactors. m
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