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Determination of the ATP Affinity of the Sarcoplasmic
Reticulum Ca?*-ATPase by Competitive Inhibition of [y-%2P]
TNP-8N;-ATP Photolabeling

Johannes D. Clausen, David B. McIntosh, David G. Woolley,
and Jens Peter Andersen

Abstract

The photoactivation of aryl azides is commonly employed as a means to covalently attach cross-linking and
labeling reagents to proteins, facilitated by the high reactivity of the resultant aryl nitrenes with amino
groups present in the protein side chains. We have developed a simple and reliable assay for the determina-
tion of the ATP binding affinity of native or recombinant sarcoplasmic reticulum Ca?*-ATPase, taking
advantage of the specific photolabeling of Lys*? in the Ca?-ATPase by [y-32P]2/,3’-O-(2,4,6-
trinitrophenyl)-8-azido-adenosine 5’-triphosphate ([y-3?P]TNP-8N;-ATP) and the competitive inhibition
by ATP of the photolabeling reaction. The method allows determination of the ATP affinity of Ca**-
ATPase mutants expressed in mammalian cell culture in amounts too minute for conventional equilibrium
binding studies. Here, we describe the synthesis and purification of the [y-*?P]TNP-8N;-ATP photolabel,
as well as its application in ATP affinity measurements.

Key words ATP binding affinity, Photoaffinity labeling, [y-3>P]TNP-8N;-ATP synthesis, Sarcoplasmic
reticulum Ca?*-ATPase, Ca**-ATPase mutants, P-type ATPase family

1 Introduction

P-type ATPases bind ATP with high affinity, typically displaying dis-
sociation constants in the 0.1-10 uM range for the interaction of
the Mg?*.ATP complex with the high-affinity nucleotide-binding
site of the El state of the enzyme. When a relatively pure source of
the ATPase protein is available, ATP binding studies can be carried
out directly in equilibrium binding assays [1-5]. However, in cir-
cumstances where the ATPase only represents a minor fraction of
the total protein in the sample, as is typically the case when the
ATPase is obtained by heterologous expression in mammalian cell
culture, it is generally not feasible to measure AT binding directly.
An indirect measure of the ATP affinity of recombinant ATPase
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Fig. 1 Schematic structures of ATP (/eff) and [y-*2P]TNP-8N,-ATP (right). The [y-*?P]TNP-8N,-ATP photolabel is
a derivative of ATP, formed by the addition of an azido group to the 8-position of the adenine and a TNP group
to the 2’,3'-positions of the ribose, and by the exchange of the y-phosphate with a *2P-labeled phosphate

expressed in relatively low yield can often be obtained by studying
the ATP dependence of a given functional characteristic, such as the
phosphorylation by [y-3*P]ATDP (either the steady-state level or the
transient kinetics) or the rate of overall ATP turnover [6-9]. Such
measurements are, however, easily influenced by shifts in the protein
conformational transitions towards or away from the ATP-reactive
E1 state (often relevant for the study of mutant ATPases) and gener-
ally need to be interpreted in the light of a detailed investigation of
other partial reaction steps in the ATPase cycle in order to permit
trustworthy conclusions regarding the “true” ATP affinity.

We have developed an assay [10] that enables the direct deter-
mination of ATP affinity constants for the sarcoplasmic reticulum
Ca?*-ATPase, overcoming the technical difficulties associated with
ATP binding measurement on the minute amounts of wild type or
mutant Ca**-ATPase present in microsomes purified from trans-
fected mammalian cell cultures. The assay makes use of the ATP-
analogue [y-¥P]TNP-8N;-ATP, taking advantage of three unique
features of this compound relative to ATP (Fig. 1): (a) a photoac-
tivatable azido (N3) group at the 8-position of the adenine, enabling
the covalent coupling of the nucleotide to the ATPase [11-14], (b)
a TNP moiety at the 2’,3'-positions of ribose, providing the nucle-
otide with an increased affinity and specificity for the ATPase rela-
tive to that of ATP [15, 16], and (c) a *P-labeled y-phosphate,
enabling radiometric detection of the labeled protein. Upon UV
irradiation of the Ca?*-ATPase in a reaction mix containing [y-32P]
TNP-8N;-ATP, this nucleotide becomes covalently attached via
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Fig. 2 Photolabeling of the Ca?*-ATPase by TNP-8N-ATP. The azido group of TNP-
8N;-ATP is activated by ultraviolet light, leading to the formation of a short-lived
but highly reactive nitrene group. The nitrene can initiate reactions with neigh-
boring reactive groups, such as the amino group of the Lys*®? side chain in the
Ca*-ATPase, thereby forming a stable covalent bond between the nucleotide
and the protein [11-13]. R, represents the TNP-ATP part of TNP-8N,-ATP (see
Fig. 1), and R, is the Lys*®? side chain

the azido group to a specific lysine, Lys*?, in the nucleotide-bind-
ing domain of the ATPase [11, 17, 18] (Fig. 2). Addition of non-
radioactive ATP competitively inhibits the photolabeling reaction,
and titration of the ATP dependence of the inhibition of photola-
beling provides a means to determine binding of ATP to the
enzyme [10]. Our studies have shown that the dissociation con-
stants obtained by this method are remarkably similar to those
obtained by conventional equilibrium binding methods when
direct comparisons are made under identical conditions. This
approach furthermore has the advantage over traditional direct and
indirect nucleotide binding assays that it is not limited to the analy-
sis of ATP binding to one specific intermediate state in the Ca?*-
ATPase reaction cycle, as is generally the case for assays measuring
the ATP dependence of a given functional characteristic, but can be
carried out on any reaction state that can be stabilized in vitro,
owing to the high affinity of the Ca?*-ATPase for TNP-8N;-ATP
throughout the reaction cycle. Thus, the assay enables the determi-
nation of ATP dissociation constants, not only for the catalytic
high-affinity binding mode in the El state of the reaction cycle
[10], but also for the regulatory binding modes in the E2 and E2P
states [16, 19]. Our [y-3P]TNP-8N;-ATP photolabeling studies
of Ca?*-ATPase mutants [10, 16, 19-28] have identified residues
crucial to ATP binding, later confirmed by X-ray crystal structures
of the Ca?*-ATPase with bound ATP-analogs [29-32]. Hence, the
importance of the conserved phenylalanine of the N-domain,
Phe*| in ATP binding by the Ca?*-ATPase (Fig. 3 and Table 1)
was first demonstrated in [y-**P]TNP-8N;-ATP photolabeling
studies [10].

The ability to undergo photolabeling from TNP-8N;-ATD has,
thus far, only been demonstrated for one member of the P-type
ATPase family, namely the rabbit SERCAla isoform of the sarco-
plasmic reticulum Ca?*-ATPase. It is well known, however, that
trinitrophenylated nucleotides bind with high affinity to other
P-type ATPases as well, including the Na* K*-ATPase [33, 34] and
the H*,K*-ATPase [ 35, 36]. The lysine that is labeled by TNP-8N;-
ATP in the Ca*-ATPase, Lys*? (Fig. 3), is highly conserved
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Fig. 3 Structural organization of the nucleotide binding site in the Ca?*-ATPase. The structures shown are ()
E2-thapsigargin-Mg?+-ATP (PDB 3AR4) and (b) E2-thapsigargin-TNP-ATP (PDB 3AR7) [47]. The N domain is
shown in red cartoon, the A domain in blue cartoon, the P domain in yellow cartoon, the nucleotides and rel-
evant side chains in stick model (yellow and grey carbons, respectively), and a Mg?*-ion as a purple sphere.
The TNP-moiety of TNP-ATP occupies the binding pocket that normally coordinates the adenine moiety of
ATP. TNP-ATP is in the anti-conformation around the glycosidic bond, whereas TNP-8Ns-ATP would be expected
to be mainly in the syn-conformation, owing to electrostatic repulsion between the azido-group and the phos-
phate-moiety [48]. The Lys*®? side chain is positioned such that it would be in close proximity to the 8-position
(marked by a red asterisk in panel b) of the adenine if the nucleotide were in the syn-conformation, in accor-
dance with the fact that Lys*? is the residue that is photolabeled by TNP-8N-ATP [17]

throughout the P-type ATPase family (Table 1), being absent only
in ATPases of the P4 type (bacterial K*-pumps; the lysine being
replaced by an arginine), the Py type (heavy-metal pumps), and
the Ps type (ATPases with unassigned specificity) [37, 38]. With
respect to the remaining seven P-type ATPase subfamilies, the
lysine is conserved in 207 of 210 sequences analyzed [37]. It is
therefore likely, that the ATP binding assay described here can be
applied also with other P-type ATPases. Indeed, the assay is not
only limited to transporters of the P-type ATPase family. Hence,
both p-glycoprotein and Yorlp, two members of the family of ABC
(ATP-binding cassette) transporters, are likewise able to become
specifically photolabeled at their nucleotide-binding sites by TNP-
8N;-ATP, facilitating the determination of ATP-binding affinities
in the same type of competition assays described here [39, 40].
The photolabeling assay itself is relatively easy and straightfor-
ward to carry out. The [y-3*P]TNP-8N;-ATP photolabel, how-
ever, is not commercially available, and needs to be prepared in the
laboratory. In the following, we present a detailed protocol for the
synthesis and purification of high specific activity [ y-3?P]TNP-8Nj;-
ATP, using commercially available 8N;-ATP as starting material.
We subsequently describe the procedure for the application of
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Table 1

Conservation in the family of P-type ATPases of the “’Phe-Ser-Arg-Asp-Arg-Lys**? nucleotide-binding
motif, containing the lysine residue that is specifically labeled by TNP-8N,-ATP in the Ca?*-ATPase.
The analysis is based on the protein sequences listed in the P-type ATPase database available on the
World Wide Web [37, 38]

Subfamily  Substrate specificity # Sequences®  Sequence conservation®
Pia Unassigned 6 FtAxtR
Pz Cu*, Ag*, Cu*, Cd*, Zn?**, Pb*, Co?* 71 -

Psa Ca?*, Mn?* (incl. SERCA pumps) 57 FsrxrK
Py Ca?* (incl. PMCA pumps) 26 FnSxrK
Py Na*/K*, H*/K* 43 ENStnK
Pop Unassigned 8 FDSxxK
Pia H~ 39 FxPvdK
Psp Mg 3 FLDPPK
D, Phospholipids 34 FxsxrK
Ds Unassigned 16 Fxsxlx

“The total number of protein sequences included in the analysis is listed for each subfamily.

®Amino acid sequence conservation within each subfamily of P-type ATPases. Uppercase letter, amino acid (single-letter
code) conserved in > 95 % of the sequences in the database; lower case letter, amino acid conserved in 60-95 % of the
sequences in the database; x, < 60 % amino acid conservation.

“The FxxxxK nucleotide-binding motif generally found in the P-type ATPase family is not present in ATPases of the Py
subfamily, which instead rely on a variant motif, where a histidine residue provides the z-stacking interaction with the
adenine moiety of ATP [46] rather than a phenylalanine, as found at the corresponding position in the nine other P-type
ATPase subfamilies (e.g., Phe*®” in the Ca?*-ATPase; see Fig. 3).

[y-3?P]TNP-8N;-ATP in competition experiments, exemplified by
the determination of the ATP affinity of COS-1-expressed wild
type and mutant Ca?*-ATPase stabilized in the E2-P phosphate
transition state.

2 Materials

All solutions and dilutions are aqueous, prepared using deionized
water filter-purified to a sensitivity of 18 MQ. Unless stated other-
wise, buffers and solutions are stored at room temperature. When
indicated, solutions are filter sterilized using 0.22 pm pore size
syringe filters.

2.1 Preparation 1. 10 mM 8N;-ATP pH 7.6 (BIOLOG Life Science Institute,
of [y-2P]TNP-8N;-ATP Bremen, Germany; see Note 1). Store at -20 °C.

2. 32P-exchange buffer (10x): 1 M Tris/HCI, pH 8.0, 60 mM
MgCl,. Filter sterilize and store in small aliquots at =20 °C.
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. 100 mM NaOH. Filter sterilize and store in small aliquots at

-20 °C.

4. 500 mM L-cysteine. Store in small aliquots at -20 °C.

10.

11.

12.
13.

14.

15.

16.

17.

18.

. 100 mM d-(-)-3-phosphoglyceric acid. Store in small aliquots

at =20 °C.

. Glyceraldehyde 3-phosphate dehydrogenase. Supplied as a

lyophilized powder. Dissolve in water to give a protein concen-
tration of 27 mg/mL. Store at -20 °C.

. 3-Phosphoglyceric phosphokinase. Supplied as an ammonium

sulfate suspension, typically with a protein concentration of
3—4 mg/mL. Store at 4 °C. After first use, carefully seal the lid
to prevent water evaporation.

. Phosphorus-32 orthophosphoric acid in water, 10 mCi/mL.

See Note 2.

. Dilutions of HCI at concentrations of 1 mM, 10 mM, 30 mM,

and 1 M.

0.8 M Na,CO;/NaHCO;, pH 9.5: Dissolve 0.91 g Na,CO;
and 0.63 g NaHCO; in 10 mL water by stirring and heating to
~37 °C. Store in aliquots of 0.5 mL at -20 °C.

1 M 2 4,6-trinitrobenzenesulfonic acid (TNBS; sold by Sigma-
Aldrich under the name Picrylsulfonic acid solution, 1 M in
H,0). Store at -20 °C.

5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB).

0.2, 0.5, and 1 M ammonium formate, pH 8.2: Prepare the
1 M solution by dissolving 3.15 g ammonium formate in
45 mL water and adjusting the pH to 8.2 with ammonia. Add
water to a final volume of 50 mL. Prepare the 0.2 and 0.5 mM
solutions by diluting the 1 M solution in water (10 mL
water+10 mL 1 M ammonium formate, and 10 mL
water+2.5 mL 1 M ammonium formate, respectively). Prepare
fresh prior to use.

500 mM KH,PO,/K,HPO,, pH 6.7: Prepare 500 mM solu-
tions of both KH,PO, and K,HPO,, and then adjust the pH of
the 500 mM KH,PO, solution to 6.7 with the 500 mM
K,HPO, solution. Filter sterilize and store at 4 °C.

K,HPO,, pH 6.7 +19.6 mL water. Filter sterilize and store at 4 °C.
60 % (v/v) acetonitrile: 30 mL 100 % acetonitrile+20 mL
water. Filter sterilize.

Whatman® DE52 pre-swollen microgranular anion exchange
cellulose (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
Two 10 cmx0.5 cm (inner diameter) Glass Econo-Column®
columns for gravity flow chromatography (Bio-Rad, Hercules,
CA, USA) with outlet tubing of 1 and 2 mL dead-volume,
respectively.
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Sep-Pak® Plus C18 Cartridges for solid phase extraction
(Waters, Milford, MA, USA).

Methanol.
1,2,5, 10, and 20 mL plastic syringes.
pH indicator strips (not essential).

TLC PEI Cellulose F thin layer chromatography (TLC) sheets,
20x20 cm (Merck-Millipore, Billerica, MA, USA).

Mobile solvent for TLC: 1 M LiCl.
Hair dryer (for drying the TLC sheets).
Liquid nitrogen.

Nitrogen gas cylinder.

Freeze-drying equipment: We use a homemade freeze-drying
setup consisting of a vacuum pump, capable of creating a vac-
uum of < 0.1 mbar (critical!), connected via a cold trap to a
temperature- and vacuum-resistant Pyrex Quickfit FR50/3S
50 mL round-bottomed flask (Scilabware, Stoke-on-Trent,
UK).

Incubator oven at 25 °C; not necessary if the room tempera-
ture is already around 25 °C (+ 3—4°).

Temperature-regulated water bath.
A Geiger-Miiller counter.

Thick (~1 cm) acrylic glass protection as well as several thick-
walled lead containers for the protection against concentrated
radioactivity (see Note 3).

Radiometric detection equipment: We use a PerkinElmer
Cyclone Plus Phosphor Imager with MultiSensitive Phosphor
Screens. The Optiquant software package (PerkinElmer) is
used for quantification of the radioactive gel bands and TLC
spots.

Spectrophotometric equipment, ideally with the option of cre-
ating a full absorbance spectrum between 200 and 600 nm.

25 % tetramethyl ammonium hydroxide (TMAH) solution (see
Note 4).
Ca?*-ATPase storage buffer: 5 mM 4-(2-hydroxyethyl)-

piperazine-1-ethanesulfonic acid (HEPES)/TMAH, pH 7.4,
0.3 M sucrose.

. Sarco(endo)plasmic reticulum Ca*-ATPase: The protein

source used in the present example is endoplasmic reticulum
membranes (microsomes) purified from COS-1 cells trans-
fected with an expression vector containing the gene encoding
wild-type or mutant SERCAla Ca?*-ATPase isoform, accord-
ing to established procedures [41]. The typical total protein
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content of the stock samples is ~10 mg/mL, of which ~1 % is
Ca?*-ATPase, corresponding to a typical Ca*-ATPase
concentration of ~1 pM. Dilute in Ca?*-ATPase storage buffer
to the desired concentration (se¢ Note 5).

. Ca?*-ATPase preincubation buffer: In the present example, the

photolabeling is carried out on Ca?*-ATPase stabilized in an
E2.P phosphate transition state-like conformation by incuba-
tion of the Ca*-deprived enzyme with the phosphate-analog
orthovanadate in the following buffer (2x): 50 mM
3-(N-morpholino)propanesulfonic acid (MOPS)/TMAH pH
7.0, 160 mM KCl, 10 mM MgCl,, 4 mM EGTA.

. 1 mM orthovanadate: 492 pl. water/NaOH (pH~10) +8.17 pL.

61.2 mM orthovanadate. The 61.2 mM orthovanadate stock
solution is prepared according to established procedures [42].

. Photolabeling buffer (4x): 100 mM 4-(2-hydroxyethyl)-piper-

azine-1-propanesulfonic acid (EPPS)/TMAH, pH 8.5, 8 mM
EDTA.

. 0.01-100 pM [y-3*P]TNP-8N;-ATP dilutions (10x relative to

the final reaction mix during photolabeling). The specific
activity of the [y-**P|TNP-8N;-ATP immediately following its
synthesis is much higher than necessary for the photolabeling
experiments. Initially, we therefore prepare a 100 pM solution
(this typically being the most concentrated solution needed
for the photolabeling experiments), in which 1 per 20 mol
comes from the newly synthesized radioactive [y-3*P|TNP-
8N;-ATP batch and 19 per 20 mol come from a non-
radioactive TNP-8N;-ATP batch (see Notes 6 and 7). Less
concentrated [y-#P]TNP-8N;-ATP solutions (but, impor-
tantly, each with the same specific activity) are then prepared
by dilution of the 100 pM solution in water. Store the [y-32P]
TNP-8N;-ATP dilutions on ice during the experiments and at
-20 °C otherwise. Over time, as the radioactivity drops (the
half-life of the 32D isotope is 14.3 days), we retain a relatively
high specific activity in the experiments by preparing new
[y-32P]TNP-8N;-ATP solutions, in which a larger proportion
of the TNP-8N;-ATP comes from the radioactive batch, until
after ~2 months we finally use the radioactive [y-3*P|TNP-
8N;-ATP batch without diluting the radioactivity with nonra-
dioactive TNP-8N;-ATP. In this manner, we find that each
[y-#P]TNP-8N;-ATP synthesis can be used reliably for pho-
tolabeling experiments for at least 3 months. The azido group
is light sensitive, so take care to shield the [y-32P]TNP-8N;-
ATP solutions from direct light exposure at all times, e.g., by
wrapping the tubes containing the [y-#P]TNP-8N;-ATP
stock dilutions in tinfoil.

8. 87 % glycerol.
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. 10 mM ATP/TMAH, pH 7.5. Filter sterilize and store in

small aliquots at -20 °C.

Xenon arc light source. We use an LOT-QuantumDesign
LSH102 Arc Light Source assembled with a 150 W ozone-free
xenon arc lamp, a rear light reflector, an F/1.3 35-mm aper-
ture quartz condenser, and a glass filter with a 295-nm wave-
length cut-oft (LOT-QuantumDesign, Darmstadt, Germany;
see Note 8).

UV safety goggles. Should be worn at all times when operating
the xenon arc light source.

300400 pL quartz cuvette with 1 mm path width and 10 mm
path length. We use Hellma Suprasil 300 cuvettes. To permit
the insertion of a pipette tip into the cuvette it is important
that the cuvette is of the lidded type rather than of the type
with a screw cap.

200 pL pipette tips with long and thin (< 1 mm outer diame-
ter) tip ends, to enable the photolabeling mix to be loaded into
and extracted from the labeling cuvette.

Height-adjustable lab jack. At the center of one of the edges of
the lab jack, place a 1x1 cm square piece of colored tape,
defining the position of the cuvette during irradiation.

Table mini centrifuge (microfuge), for quick spin downs of
Eppendort tubes.

Temperature-regulated water bath.

10 % (w/v) SDS: Dissolve 50 g SDS in water to a final volume
of 500 mL.

. Resolving gel buffer (4x): 1.5 M Tris-HCI, pH 8.8, 0.4 %

SDS. Dissolve 90.8 g Tris in 400 mL water and adjust the pH
to 8.8 with HCl. Add 20 mL 10 % SDS and water to a final
volume of 500 mL.

. Stacking gel buffer (4x): 0.5 M Tris~HCI, pH 6.8, 0.4 % SDS.

Dissolve 15.2 g Tris in 200 mL water and adjust the pH to 6.8
with HCI. Add 10 mL 10 % SDS and water to a final volume
of 250 mL.

. Gel running buffer (5x): 0.125 M Tris, 0.96 M glycine, 0.5 %

SDS. Dissolve 30.3 g Tris and 144.1 g glycine in 1.5 L water.
Add 100 mL 10 % SDS and water to a final volume of 2 L.

.20 % SDS/bromophenol blue: Dissolve 10 g SDS and a

“pinch” of bromophenol blue (se¢ Note 9) in water to a final
volume of 50 mL.

6. f}-Mercaptoethanol.

. Protein denaturation buffer (for 30 samples): Add 90 pL

p-mercaptoethanol to 150 pL 20 % SDS/bromophenol blue
and vortex. Prepare fresh for each experiment.
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8. 30 % acrylamide /bis solution, 37.5:1.
9. N,N,N’,N'-Tetramethyl-ethylenediamine (TEMED).
10. 10 % (w/v) ammonium persulfate. Store at 4 °C (see Note 10).

11. Polyacrylamide gel electrophoresis equipment and power sup-
ply: We use the Hoefer SE250 Mighty Small IT Mini Vertical
Electrophoresis Units with 1.5 mm thickness T-spacers and
1.5 mm thickness 10-well combs (Hoefer Inc., Holliston, MA,
USA). Larger gel electrophoresis units may be used instead,
such as the Hoefer SE600 Standard Dual Cooled Vertical
Unit. The advantage of the larger unit is that more samples
and higher sample volumes can be applied compared with the
mini gels, at the disadvantage, however, of the electrophoresis
being more time consuming (~2 h running time for the mini
gels compared with ~4 h for the large gels).

12. Gel drying equipment: We use a Bio-Rad Model 583 Gel Dryer
(Bio-Rad) connected via a cold trap to a vacuum pump. It is
critical that the vacuum pressure in the gel dryer is < 5 mbar,
otherwise the gel bands will get fuzzy.

13. Radiometric  detection equipment: See item 33 in
Subheading 2.1.

14. Data analysis: We use the SigmaPlot program (Systat Software
Inc.) for regression analysis, graphing, and statistical analysis of
the quantified gel bands.

3 Methods

3.1 Preparation
of [y-*2P]8N;-ATP:
The *P-Exchange
Reaction

Carry out all procedures at room temperature unless otherwise
specified. Be aware that the azido group is light sensitive and, thus,
care should be taken at all times to shield the 8N;-ATP and TNDP-
8N;-ATP nucleotides from light exposure, in particular from direct
sun light (hence, if possible, draw the curtains in the laboratory, at
least during the [y-3*P]TNP-8N;-ATP synthesis steps). The poly-
propylene material of regular laboratory plasticware is generally
quite efficient in shielding against the photoactivation of the azido
group by regular daylight.

The first step in the synthesis of the [y-3*P]TNP-8N;-ATP photo-
label is the exchange of the y-phosphate of 8N;-ATP with
32P-labeled phosphate (Fig. 4).

1. Mix the following, in this order, in a 1.5 mL Eppendorf tube
(final volume: 0.5 mL): 66 pL water, 50 pL #P-exchange buffer
(10x), 51 pLL 100 mM NaOH, 2 pLL 500 mM cysteine, 22.5 plL
10 mM 8N;-ATDP, 5 pL. 100 mM d-(-)-3-phosphoglyceric acid,
1.9 pL 27 mg/mL glyceraldehyde 3-phosphate dehydroge-
nase, 300 pL. 10 mCi/mL phosphorus-32 orthophosphoric
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Fig. 4 Principles of the ®2P-exchange reaction. The exchange of the y-phosphate of 8N,-ATP with *2P-labeled
phosphate is made feasible by the actions of two enzymes, 3-phosphoglycerate kinase and glyceraldehyde
3-phosphate dehydrogenase, in the presence of the suitable substrates [49]. 3-Phosphoglycerate kinase cata-
lyzes the phosphorylation of 3-phosphoglycerate by 8N,-ATP, forming 1,3-diphosphoglycerate and 8N,-ADP.
A complex is then formed between 1,3-diphosphoglycerate and glyceraldehyde 3-phosphate dehydrogenase,
leading to the derivatization of this enzyme with phosphoglycerate and concomitant release of phosphate.
Because the equilibrium of the former reaction is far towards the left side, and since 8N;-ATP is added in
excess over phosphate (*2P)), over time the vast majority of the $2P-labeled phosphate included in the reaction
mix will be incorporated into 8N5-ATP, as verified by the results shown in Fig. 5a

acid (~3 mCi). Vortex and collect at the bottom of the tube,
and then add 1.25 pL. 4 mg/mL 3-phosphoglyceric phospho-
kinase to initiate the exchange reaction (if the 3-phosphogly-
ceric phosphokinase supplied by the manufacturer varies in
concentration from that used in the present example, adjust the
volume accordingly). Vortex, collect at the bottom of the tube,
and incubate the tube in a lead container for 2%2h at room
temperature with occasional mixing.

2. After 1% h reaction check for 3*P-incorporation by TLC (con-
tinue the incubation of the reaction mix at room temperature
while the TLC is running): Prepare a TLC sheet strip of 20 cm
in length and a couple of centimeters in width. Draw a line
lightly with a soft pencil ~2-3 cm from one end of the strip.
Spot a minimum amount of the reaction mix (~0.2 pL) on the
line. Lower the TLC strip (spotted end first) into a container
with ~1 cm of 1 M LiCl (i.e., so that the liquid level does not
reach the spot). Place a lid on the container and wait for the
solvent to reach ~2 cm from the top of the strip (~30—40 min).
Dry the strip with a hair dryer and check for radioactivity by
phosphor imaging (Fig. 5a). At this stage, the reaction mix is
highly radioactive, so the phosphor screen need only be placed
on the TLC strip for ~10-20 s.

3. Prepare a 2 cm (resin height) x 0.5 cm (inner diameter) DE52
anion-exchange column with a 1 mL dead-volume outlet tub-
ing (the column can be prepared while the TLC is running).
Rinse the resin by several washings with water prior to its
application to the column. Chromatography is carried out by
gravity flow. Apply the 32P-exchange reaction mix to the column.
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Fig. 5 TLC analysis of the 32P-exchange reaction and purification eluates. (a) TLC
analysis of the 32P-exchange reaction mix after 1%2h incubation. At this stage,
~90 % of the %2P-labeled phosphate has typically been incorporated into the 8N;-
ATP. (b) TLC analysis of the eluates from the DE52 anion exchange purification.
The eluates correspond to the following additions to the column: /ane 7,0.5 mL
reaction mix+ 0.5 mL water + 5 mL water; /ane 2, 5 mL 1 mM HCI; /ane 3, 7 mL
10 mM HCl; /ane 4, 1 mL 30 mM HCI; /ane 5,7 mL 30 mM HCI (main [y-*2P]8N,-
ATP fraction); /ane 6, 2 mL 30 mM HCI; /ane 7,5 mL 1 M HCI

Wash the reaction tube with 0.5 mL water and apply to the
column. Wash the column with 5 mL water. Acidify the col-
umn with 5 mL 1 mM HCI. Elute the phosphate and 8Nj;-
ADP with 7 mL 10 mM HCI. Elute the [y-3?P]8N;-ATP with
30 mM HC(I as follows: (a) add 1 mL to the column (dead-
volume in tubing), (b) add 7 mL to the column (main
[y-¥P]8N;-ATP fraction; collect in a 30 mL freeze-drying
flask, wrapped in tinfoil to shield from light), (c) add 2 mL to
the column (for control), and (d) add 5 mL 1 M HCI (for
control). See Fig. 5b for a TLC analysis of the various eluates
from the DE52 column.

4. Neutralize the pH of the 7 mL [y-32P[8N;-ATD fraction with
105 pL 0.8 M Na,CO;/NaHCO;, pH 9.5. The pH can be
checked by spotting a small volume on a pH indicator strip.

5. Freeze-dry the [y-3P[8N;-ATDP fraction: Freeze the [y-32P[8N;-
ATP solution by lowering the freeze-drying flask into liquid
nitrogen for 2-3 min. Place the freeze drying flask on ice in a
lidded polystyrene foam thermobox with a small hole in the
lid, allowing the vacuum tubing to reach the freeze drying
flask. Connect the vacuum to the freeze drying flask and leave
overnight.
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Fig. 6 Principles of the trinitrophenylation reaction. The reaction of the 2’,3’-hydroxyls of the ribose of
[y-32P]8N5-ATP with TNBS, leading to the formation of [y-32P]TNP-8N,-ATP

3.2 Preparation The second step in the synthesis of the [y-*?P]TNP-8N;-ATP pho-
of [y-P]TNP-8N;-ATP:  tolabel is the addition of the TNP-group to the 2’,3’-hydroxyls of
Trinitrophenylation the ribose of [y-32P]8N;-ATP (Fig. 6).

of [y->F]8N;-ATP 1. Check that all the water has evaporated from the freeze drying

flask. Add 150 pL water to the flask and dissolve the precipi-
tated [y-3*P|8N;-ATP by gently moving the water around.
Adjust the freeze drying flask to room temperature (>20 °C).

2. Weigh ~13.5 mg DTNB into a 1.5 mL Eppendorf tube (see
Note 11).

3. Thaw a tube of 500 pL 0.8 M Na,CO;/NaHCO;, pH 9.5 in
a 37 °C water bath. Vortex and repeat the incubation at 37 °C
until all the salt crystals have dissolved. Adjust to room
temperature.

4. Do the following in rapid succession (NB! at room tempera-
ture, not onice): Transfer the 0.5 mL. 0.8 M Na,CO;/NaHCO;,
pH 9.5 to the tube with DTNB and vortex. Add 40 pL. 1 M
TNBS to the dissolved DTNB and vortex. Transfer 83 pL of the
DTNB,/TNBS mix to the freeze-drying flask containing 150 pL
[y-#P]8N;-ATP and mix by moving the flask around. Incubate
at 25 °C (or at room temperature if this is already around
25+ 3—4 °C) in the dark with occasional mixing.

5. After 2%-3 h reaction check for trinitrophenylation by TLC
(following the same procedure described in step 2 in
Subheading 3.1). An example of the typical outcome of this
analysis is shown in Fig. 7a.

6. After 4 h reaction add 5 mL ice-cold water to the freeze drying
flask. At this point, the reaction mix can be left at =20 °C
overnight.
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Fig. 7 TLC analysis of the trinitrophenylation reaction and purification eluates. (a) TLC analysis of the trinitro-
phenylation reaction mix after 3 h incubation. (b) TLC analysis of the eluates from the DE52 anion-exchange
column purification. The eluates correspond to the following additions to the column: /ane 7, 5.25 mL reaction
mix + 6 mL water; /ane 2,10 mL 0.2 M ammonium formate pH 8.2; /ane 3, 15 mL 0.5 M ammonium formate
pH 8.2; lane 4, 4 mL 1 M ammonium formate pH 8.2; /ane 5, 21 mL 1 M ammonium formate pH 8.2 (main
[y-32P]TNP-8Ns-ATP fraction); lane 6, 5 mL 1 M ammonium formate pH 8.2. (¢) TLC analysis of the eluates from
the Sep-Pak purification. The eluates correspond to the following additions to the Sep-Pak cartridge: /ane 1,
21 mL main [y-32P]TNP-8N,-ATP fraction from the DE52 column; /ane 2, 2 mL 10 mM KH,PQ,/K,HPQ,, pH 7.0;
lane 3, 0.9 mL water; lane 4, 2 mL 60 % acetonitrile (main [y-*2P]8N,-ATP fraction; a 50-fold dilution of the
final product after acetonitrile/water vaporization was spotted); /ane 5, 2 mL 60 % acetonitrile; /ane 6, 2 mL
60 % acetonitrile

7. Prepare a 4 cm (resin height)x 0.5 cm (inner diameter) DE52
anion-exchange column with a 2 mL dead-volume outlet tub-
ing (this can be done during the 4 h reaction period). Rinse
the resin by several washings with water prior to its application
to the column. At this time also prepare the 0.2, 0.5, and 1 M
ammonium formate, pH 8.2 solutions.

8. Chromatography is carried out by gravity flow. Apply the reac-
tion mix (~5.25 mL) to the column. Wash the freeze-drying
flask with 6 mL water and apply to the column. Elute with
ammonium formate as follows: (a) 2x 5 mL 0.2 M ammonium
formate, pH 8.2, (b) 3x 5 mL 0.5 M ammonium formate, pH
8.2, (c)4 mL 1 M ammonium formate, pH 8.2 (dead volume
in tubing), (d) 3x 5 mL+1x 6 mL 1 M ammonium formate,
pH 8.2 (main [y-3?P]TNP-8N;-ATP fraction; collect in a
50 mL plastic tube on ice), and (¢) 5 mL. 1 M ammonium
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formate, pH 8.2 (for control). See Fig. 7b for a TLC analysis of
the various eluates from the DE52 column. At this point, the
21 mL main [y-¥P]TNP-8N;-ATP fraction can be left at
-20 °C overnight.

. Prime a Sep-Pak® Plus C18 solid-phase extraction cartridge by

applying 6 mL methanol followed by 10 mL water to the car-
tridge using plastic syringes.

Apply the 21 mL main [y-**P]TNP-8N;-ATD fraction to the
cartridge using a plastic syringe. This is best done as follows:
(a) remove the piston from the syringe, (b) connect the syringe
to the cartridge, (¢) pour the 21 mL main [y-3*P]TNDP-8N;-
ATP fraction into the syringe, (d) carefully reinsert the piston
into the syringe, and (e¢) push the piston down and collect the
eluate in a suitable container (be aware that the eluate is
radioactive).

Apply 2 mL 10 mM KH,PO,/K,HPO,, pH 7.0 to the car-
tridge using a plastic syringe.

Load a 1 mL plastic syringe with 1 mL water and slowly apply
water to the cartridge until the [y-3P]TNP-8N;-ATD starts
eluting. This is easily observable/measurable, as the drops
start to turn strongly yellow/orange and start to become
highly radioactive. Stop pushing the piston of the syringe
immediately after the first highly radioactive yellow/orange
drop has been released from the cartridge. This happens after
~0.9 mL of water has been applied.

Apply 2 mL 60 % acetonitrile to the cartridge, and collect the
eluate (main [y-3*P|TNP-8N;-ATDP fraction) in a 5 mL radio-
isotope bottle in a lead container.

Apply further 2x 2 mL 60 % acetonitrile to the cartridge (for
control). See Fig. 7c for a TLC analysis of the various eluates
from the Sep-Pak purification.

Vaporize the acetonitrile, as well as some of the water, from the
2 mL main [y-3?P]TNP-8N;-ATP fraction by directing a
stream of nitrogen gas into the radioisotope bottle through a
Pasteur pipette connected via tubing to a nitrogen gas cylinder.
Proceed until the final volume is ~300—400 pL, at which point
the [y-3*P]TNP-8N;-ATP concentration will typically be
~200-300 pM, corresponding to a typical molar yield of ~40 %
[y-3*P]TNP-8N;-ATP relative to the amount of 8N;-ATD
(225 nmol) applied at the start of the procedure. The time it
takes to reach a volume of 300—400 pL from a starting volume
of 2 mL is typically ~1 h.

Determine the concentration of [y-3*P]TNP-8N;-ATP by
measuring the light absorbance of the TNP-moiety at 408 and
468 nm in a 100-fold dilution of the [y-3?P]TNP-8N;-ATP
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Fig. 8 Absorbance spectrum of [y-3?P]TNP-8N,-ATP. The absorbance spectrum of
the final product of the [y-3?P]TNP-8N,-ATP synthesis/purification procedure was
measured on a 100-fold dilution in 10 mM KH,P0,/K,HPO,, pH 7.0, before (solid
curve) and after (broken curve) irradiation for 2 min. The peak at 278 nm is
attributed to the azido group (which breaks down upon irradiation) and those at
408 and 468 nm to the TNP moiety

solution in 10 mM KH,PO,/K,HPO,, pH 7.0, using extinc-
tion coefficients of 28,000 and 19,300 M~ cm! for the two
wavelengths, respectively (Fig. 8). We define the [y-**P]TNP-
8N;-ATP concentration as the average of the values measured
at 408 and 468 nm.

17. Store the [y-32P]TNDP-8N;-ATP solution at —20 °C.

The rate-limiting step in the photolabeling reaction is the photoac-
tivation of the azido group of TNP-8N;-ATP, resulting in the for-
mation of the reactive nitrene (Fig. 2; left half of the reaction
scheme). The subsequent chemical reaction between the nitrene of
the photoactivated nucleotide and Lys*? of the Ca*-ATPase
(Fig. 2; right half of the reaction scheme) is likely a much faster
reaction, given the typical short life time and high reactivity of
nitrene intermediates [12-14]. The irradiation setup we have
applied in recent years is shown in Fig. 9. A quartz cuvette contain-
ing the labeling reaction mix is placed at a fixed position (e.g.,
marked by a 1 x1 cm square piece of colored tape on a lab jack) in
front of the light source, with the collimated light beam centered
at the part of the cuvette containing the reaction mix. The diame-
ter of the light beam should cover the entire reaction volume con-
tained in the cuvette. Irradiation is then carried out by manually
opening the shutter and then closing the shutter again after an
appropriate time interval, determined as described in the follow-
ing. The photoactivation should be performed under pre-steady-
state conditions, with an irradiation time interval compatible with
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Fig. 9 The irradiation setup. The xenon arc light source irradiation setup with closed (/eft panel) and open (right
panel) shutter: a, lamp housing; b, light condenser; ¢, 295-nm wavelength cut-off glass filter; d, manually
operated light shutter (a square piece of cardboard wrapped in tinfoil); g, filter holder; f, labeling cuvette; g,
height-adjustable lab jack

70-80 % photoactivation of the TNP-8N;-ATP photolabel. This
time interval is determined by measuring the rate of photoactiva-
tion, which can be optimized to individual preferences by adjusting
either the intensity of the light source or the distance between the
light source and the labeling cuvette. We find that an irradiation
time interval of 30—40 s is optimal for the practical handling of the
samples during the experiments. With our standard irradiation
setup, placing the labeling cuvette at a fixed position 5 cm from the
tip of the filter holder mounted in front of the condenser (Fig. 9),
setting the power supply of the light source to 38 W, and irradiat-
ing the samples for 35 s is compatible with ~75 % photoactivation.
This, however, should be optimized (by trial and error) for each
individual irradiation setup. The rate of photoactivation of TNDP-
8N;-ATP is determined as follows:

1. Prepare a 10 pM solution of nonradioactive TNP-8N;-ATD by
dilution of the stock solution in 10 mM KH,PO,/K,;HPO,,
pH 7.0.

2. Irradiate aliquots of 100 pL of the 10 uM TNP-8N;-ATP solu-
tion for varying time intervals.

3. Dilute in 10 mM KH,PO,/K,HPO,, pH 7.0 to an appropriate
volume for spectrophotometrical analysis (e.g., to 400 pL, for
absorbance measurements in a 400 pL quartz cuvette) and
measure the light absorbance at 278 nm (the absorbance peak
of the 8Nj; group; Fig. 10a).

4. Plot the light absorbance as a function of the irradiation time and
extract the rate constant (») for photoactivation of TNP-8N;-
ATPbyfittingamonoexponentialdecayfunction, A= Ay + Aco-e™,
to the data (Fig. 10b). The time interval giving 75 % labeling is
then calculated by the equation #54=—(In 0.25) /7.
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Fig. 10 Time dependence of the photolysis of TNP-8N,-ATP. (a) The absorbance spectrum of TNP-8N;-ATP was
recorded following irradiation for varying time intervals. The absorbance maximum at 278 nm, contributed by
the azido group, decreases upon irradiation owing to its degradation (see Fig. 2). For comparison, the maxi-
mum absorbance at 408 nm (contributed by the TNP-moiety) was set to 1 for all time intervals, and spectra
are shown for selected times. (b) Graph showing the relative absorbance at 278 nm as a function of the time
of irradiation. The inset shows a close-up view of the absorbance around 278 nm from panel a. These experi-
ments were originally published in The Journal of Biological Chemistry. Clausen JD, Mcintosh DB, Woolley DG,
and Andersen JP. (2011) Modulatory ATP binding affinity in intermediate states of E2P dephosphorylation of
sarcoplasmic reticulum Ca-ATPase. J Biol Chem 286: 11792—-11802. © 2011 by The American Society for
Biochemistry and Molecular Biology

3.4 [y-*?P]TNP-8N;-
ATP Dependence

of Photolabeling

of the Ca?*- ATPase

The ultimate goal of the photolabeling assay is to measure the
affinity of the Ca?*-ATPase for ATP, and the first step in the process
involves the determination of the K;; for TNP-8N;-ATP binding.
In the present example, photolabeling is carried out on wild type
or mutant F487S Ca?-ATPasc stabilized in an E2.P phosphate
transition state-like conformation by incubation of Ca?*-deprived
enzyme with orthovanadate [16, 43, 44], and the photolabeling
buffer contains excess EDTA, to chelate Ca?* and Mg?*, in a pH
8.5 buffer. The assay may, however, be carried out with enzyme
stabilized in a multitude of different reaction states and at various
buffer conditions (e.g., see [10, 16, 19]). Buffers in the pH 8-9
range are generally preferable for photolabeling experiments,
owing to reduced labeling levels outside this range and increased
levels of unspecific labeling, in particular for the COS-1 expressed
enzyme, at pH below 8 [10]. The photolabeling should be carried
out one sample at a time. Keep all constituents on ice during the
experiment. The following is the protocol for an experiment com-
prising ten samples with varying concentrations of [y-3P|TNP-
8N;-ATP (Fig. 11).

1. Stabilization of the enzyme in the E2-orthovanadate state:
20 pL Ca*-ATPase preincubation buffer (2x), 12 pL water,
4 pL. 1 mM orthovanadate, 4 pL. 250 nM Ca?*-ATPase (to give
a final concentration of Ca**-ATPase in the photolabeling mix
of 1 nM). Vortex and incubate for 30 min at 25 °C, followed
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Fig. 11 The [y-*?P]TNP-8N,-ATP dependence of photolabeling. (a, b) Autoradiographs of the gels from experi-
ments studying the [y-32P]TNP-8Ns-ATP dependence of photolabeling on COS-1-expressed wild type (a) and
mutant F487S (b) Ca?+-ATPase stabilized in the £2-orthovanadate state. The concentrations of [y-*2P]TNP-8N,-
ATP applied are as indicated on the graph in panel ¢. Note the extraordinary specificity of the labeling reaction.
Hence, up to ~1 pM [y-32P]TNP-8Ns-ATP, i.e., far beyond the ;s for the photolabel (~10 nM), only one band
can be distinguished in the gels, namely that corresponding to the Ca?*-ATPase, regardless of the fact that the
Ca2+-ATPase only constitutes ~1 % of the total protein in the sample. At [y-32P]TNP-8Ns-ATP concentrations
above 1 uM other weaker bands start to appear, corresponding to the low-specificity labeling of various other
proteins in the sample. (c) Analysis of the experiments corresponding to panels a and b by nonlinear regres-
sion. The Ky 5 (TNP-8Ns-ATP) values extracted from the analysis are wild type, K, 5=12.7 nM; mutant F487S,
Ky5=10.1 nM

by at least 10 min on ice (once the E2-orthovanadate state is
formed, it is stable for hours).

2. Sample premix: 18.75 pL photolabeling buffer (4x), 30.75 pL
water. Prepare a batch mix for all samples and aliquot 49.5 pL.
into 1.5 mL Eppendorf tubes. Incubate on ice.

3. Photolabeling reaction mix: In rapid succession, add 15 pL
87 % glycerol, 7.5 pL [y-¥P]TNP-8N;-ATP dilution (10x),
and 3 pL of the orthovanadate-inhibited 25 nM Ca?*-ATPase
to the sample premix (final volume: 75 pL).

4. Vortex, collect at the bottom of the tube, and transfer to the
quartz cuvette (pre-cooled on ice). Wipe the labeling side of
the cuvette with tissue and place the cuvette on the 1x1 cm
piece of tape on the lab jack (Fig. 9). Open the shutter of the
light source and irradiate the reaction mix for the time interval
determined to be compatible with ~75 % photoactivation of
photolabel (as determined in the experiments described in
Subheading 3.3). Close the shutter of the light source and
transfer the reaction mix from the cuvette back to the same
Eppendorf tube from which it came. Leave on ice until all sam-
ples have been irradiated.

5. Proceed to step 3 in Subheading 3.6 for gel electrophoretic
separation of the samples.
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Fig. 12 The ATP dependence of the inhibition of [y-32P]TNP-8N;-ATP photolabeling. (a, b) Autoradiographs of
the gels from experiments studying the ATP dependence of [y-*2P]TNP-8N,-ATP photolabeling on COS-1-
expressed wild type (a) and mutant F487S (b) Ca*-ATPase stabilized in the £2-orthovanadate state. The con-
centrations of ATP applied are as indicated on the graph in panel ¢ (note that, for both wild type and mutant
the first data point on the gel corresponds to 0 uM ATP and is, thus, not visible on the graph owing to the loga-
rithmic scale of the abscissa). (¢) Analysis of the experiments corresponding to panels a and b by nonlinear
regression. The Ky 5 (ATP) values and Hill coefficients extracted from the analysis are: wild type, K5 =4.63 pM,
n=0.86; mutant F487S, K,5=69.88 uM, n=0.84. The experiments were carried out at the standard [y-*2P]
TNP-8N,-ATP concentration of 3x K5 (TNP-8N,-ATP) and, hence, the true dissociation constants for ATP bind-
ing are as follows (calculated as described in step 2 of Subheading 3.7): wild type, K,=1.16 pM; mutant
FA87S, Kb=17.5 M

3.5 Competitive In the present example we study the binding of ATP to wild-type
Inhibition by ATP of and mutant F487S Ca?*-ATPase stabilized in the E2-orthovanadate
[y-2P]TNP-8N;-ATP state. The assay is, however, not limited to ATP affinity measure-
Photolabeling ments, but may be applied to measure the affinity of any nucleo-
of the Ca?*- ATPase tide, nucleotide analog, or other substance that competes with

TNP-8N;-ATP for binding. The photolabeling is generally carried
out at a concentration of [y-32P]TNP-8N;-ATP in the final reac-
tion mix of 3 x K5 for TNP-8N;-ATP binding, with the K5 for
TNP-8N;-ATP being as determined in the experiments described
in Subheading 3.4. The photolabeling should be carried out one
sample at a time. Keep all ingredients on ice during the experi-
ment. The following is the protocol for an experiment comprising
ten samples with varying concentrations of ATP (Fig. 12).

1. Stabilize the enzyme in the E2-orthovanadate state as described
in step 1 of Subheading 3.4.

2. Sample premix: 18.75 pL photolabeling buffer (4x), 23.25 pL
water. Prepare a batch mix for all samples and aliquot 42 pL
into 1.5 mL Eppendorf tubes. Incubate on ice.

3. Photolabeling reaction mix: In rapid succession, add 15 pL
87 % glycerol, 7.5 pL. ATP dilution (10x), 7.5 pL [y-3?P]TND-
8N;-ATP at a concentration of 30x the K s for TNP-8N;-ATDP
(asdetermined in the experiments described in Subheading 3.4),



3.6 7% SDSs-
Polyacrylamide Gel
Electrophoresis, Gel
Drying, and Phosphor
Imaging

Nucleotide Binding Studies of the Ca?-ATPase 253

and 3 pL of the orthovanadate-inhibited 25 nM Ca?*-ATPase
to the sample premix (final volume: 75 pL).

. Irradiate the photolabeling reaction mix as described in step 4

of Subheading 3.4.

. Proceed to step 3 in Subheading 3.6 for gel electrophoretic

separation of the samples.

In the present example, the gels are prepared using the Hoefer
SE250 Mighty Small IT Mini Vertical Electrophoresis Units. We
typically run four gels per experiment. For convenience, the gels
can be prepared 1-2 days in advance (in which case, store the gels
in 1x gel running buffer at 4 °C). If other gel running systems are
applied, or less/more than four gels are needed, adjust the gel vol-
umes, gel running times, and power supply settings accordingly.

1.

Resolving gel: 10 mL resolving gel buffer (4x), 20.4 mL water,
9.33 mL 30 % acrylamide/bis solution, 29 pL. TEMED,
234 pL 10 % ammonium persulfate (final volume: 40 mL).
Mix gently (do not shake) and pour the gel into the gel caster.
Allow space for the stacking gel (the stacking gel need not be
very large, 4-5 mm between the tip of the comb and the
resolving gel is fine). Overlay with water by pipetting 150 pL
of water slowly down along the spacer at both sides of the gel.
Wait for the resolving gel to polymerize (15-20 min). Pour the
water off the surface of the resolving gel.

. Stacking gel: 3.75 mL stacking gel buffer (4x), 9.6 mL water,

1.5 mL 30 % acrylamide/bis solution, 9.6 mL water, 12 pL
TEMED, 95 pL 10 % ammonium persulfate (final volume:
15 mL). Mix gently (do not shake) and pour the stacking gel on
top of the polymerized resolving gel. Insert the 10-well combs.
Wiait for the stacking gel to polymerize (15-20 min). Top with
stacking gel mix (this can be kept on ice to delay polymeriza-
tion) if the gel level drops during the polymerization.

. Sample denaturation: Add 8 pL protein denaturation buffer to

each 75 pL sample and vortex.

. Load 35 pL in each lane (see Note 12) and run the gels in 1x

gel running buffer at 15 mA per gel at 4 °C until the bromo-
phenol blue band is ~0.5-1 ¢cm from the bottom of the gel
(~2 h).

. Cut off and discard the bottom ~1.5 cm of the gel. Be aware

that this part of the gel is highly radioactive, as it contains the
non-reacted [y-3P]TNP-8N;-ATP. Hence, be careful not to
smear it across the main gel. The Ca?*-ATPase bands will be
roughly at the center of the remaining part of the resolving gel.

. Dry the gel and measure the radioactivity associated with the

Ca?*-ATPase gel bands by phosphor imaging.
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3.7 Data Analysis

7. Typical results obtained in experiments measuring the [y-32P]

TNP-8N;-ATP dependence of photolabeling and the ATP-
dependence of the inhibition of photolabeling are shown in
Figs. 11 and 12, respectively, exemplified by experiments with
COS-1-expressed wild-type and mutant F487S Ca?*-ATPase.

The photolabeling data is analyzed by nonlinear regression, apply-
ing the previously validated equations [10].

1. The analysis of the TNP-8N;-ATP dependence of photolabel-

ing (Fig. 11)is based on the hyperbolic function Y= 1,,,,-[ TNP-
8N;-ATP]/(Kys+[TNP-8N;-ATP]), in which 7 is the
amount of photolabeled Ca?*-ATPase, 1, is the maximum
amount of photolabeled Ca?*-ATPase, and K is the concen-
tration of TNP-8N;-ATP giving half-maximum labeling. In
some cases, typically when working with poorly expressed pro-
tein or in situations where the affinity for TNP-8N;-ATP is
particularly low, it may be necessary to include a linear compo-
nent to account for secondary/unspecific labeling occasion-
ally observed at high TNP-8N;-ATP concentrations:
Y = Vi [TNP-8N;-ATP ] /(Ko 5 + [TNP-8N;-ATDP))
+m-[ TNP-8N;-ATP], where m is the slope of the linear
component.

. The analysis of the data obtained from the ATP inhibition of

TNP-8N;-ATP photolabeling (Fig. 12) is based on the Hill
equationmodified todescribeinhibition, 1= 71,,,,-(1 -[ATP]»)/
(Kosn+[ATP]n), in which T and 7, are defined as above,
K5 is the concentration of ATP giving half-maximum inhibi-
tion of labeling, and # is the Hill coefficient (typically display-
ing a value of around 0.7-1.0, in accordance with the presence
of'one binding site for ATP). The “true” dissociation constant,
Ky, for ATP binding is calculated from the equation K
(ATP)=Ko5 (ATDP)/(1+[TNP-8N;-ATP]/Kps (TNDP-8N;-
ATP)), where [TNP-8N;-ATP] is the concentration of TNP-
8N;-ATP applied in the ATP titration experiment. Given that
the ATP dependence of photolabeling is generally performed
at a concentration of TNP-8N;-ATP of 3 x Kys (TNP-8N;-
ATP), the equation simply becomes Ky, (ATP)=Kys (ATP)/
(1+3/1)=K,5 (ATP)/4 (see Note 13).

4 Notes

. As an alternative to using the commercially available 8N;-ATD,

this nucleotide can be synthesized from ATP by bromination
of the adenine moiety at the 8-position, followed by replace-
ment of the bromine with an azido group, according to estab-
lished procedures [11, 45].
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. Tt is critical that the 3*P-labeled orthophosphate used is carrier-
free, i.e., not supplemented with nonradioactive phosphate.
We use product number NEXO053H (10 mCi/mL) from
PerkinElmer.

. The procedure requires the handling of a rather large amount
(~3 mCi=111 Mbq) of 3P, a beta particle-emitting radioactive
isotope. Hence, it is essential to take the necessary precautions,
such as frequently monitoring the workspace with a Geiger-
Miiller counter and shielding the radioactive material behind
thick acrylic glass protection and/or in thick-walled lead con-
tainers at all times. Diligently follow all waste disposal regula-
tions when disposing the radioactive materials.

. It is critical that TMAH is used instead of Tris for the pH
adjustment of all reaction buffers applied in the photolabeling
experiments, because the presence of Tris will lead to increased
background labeling levels, owing to the reaction of the amino
group of Tris with the azido group of [y-**P]TNDP-8N;-ATD
upon UV irradiation. Be aware that TMAH is toxic.

. Tt is advisable to have a good and reliable estimate of the Ca**-
ATPase concentration of the protein sample applied, to ensure
that the [y-32P]TNP-8N;-ATP is in excess of the Ca**-ATPase
during photolabeling. It is critical that the Ca**-ATPase con-
centration is kept well below the K for [y-**P]TNP-8N;-
ATP, which under some reaction conditions may get as low as
5-10 nM. Hence, it is sometimes necessary to keep the Ca**-
ATPase concentration in the final photolabeling reaction mix
as low as 0.5-1 nM.

. The nonradioactive TNP-8N;-ATP is prepared in the same
way as the radioactive [y-3P|TNP-8N;-ATP, except that the
32P-exchange reaction step is skipped, and that the reaction is
scaled up by applying 6.7-fold more 8N;-ATP as starting mate-
rial, i.e., starting from step 2 in Subheading 3.2 with 150 pL
10 mM 8N;-ATP (in this case, the reaction need not be done
in the freeze drying flask, but can simply be carried out in a
1.5 mL Eppendorf tube).

. Example of the preparation of a 100 pM [y-*?P]TNP-8N;-
ATP working solution for photolabeling experiments:
Assuming we have a 200 pM radioactive [y-**P|TNP-8N;-ATP
batch and a 1 mM non-radioactive TNP-8N;-ATP batch, and
that we want to prepare 200 pL. of a 100 pM [y-3*P|TNDP-8N;-
ATP solution with the specific activity being diluted 20-fold
relative to the newly synthesized [y-32P]TNP-8N;-ATP batch.
200 pLx100 pM =20 nmol total TNP-8N;-ATP, of which
1 nmol must come from the radioactive batch and 19 nmol
must come from the non-radioactive batch (corresponding to
a 20-fold dilution of the radioactivity). Hence, to 176 pL of
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10.

11.

12.

13.

water add 5 pL. 200 pM [y-32P]TNP-8N;-ATP (=1 nmol) and
19 pLL 1 mM TNP-8N;-ATP (=19 nmol).

. It is important that the UV light is filtered, because short

wavelength UV light is harmful to the protein (see
Supplementary Fig. S3 in [16]). As an alternative to the
295-nm wavelength cut-off glass filter one can also filter the
UV light by placing a quartz cuvette, with a 10 mm path length
and a > 1 mm path width, containing toluene in front of the
labeling cuvette (toluene has a rather steep light absorbance
cut-off around 270-275 nm).

. The exact amount of bromophenol blue is not very important.

A few mg, e.g., corresponding to the amount that will stick to
a (sterile) plastic pipette tip when dipped into the jar of bromo-
phenol blue, is typically fine. The purpose of the bromophenol
blue is just to give color to the electrophoretic front during gel
running, thus indicating visibly how far the gel has run. Since
the bromophenol blue gets stacked during the run, even small
amounts of bromophenol blue are easily visible in the gels.

It is commonly stated that the 10 % ammonium persulfate used
for the preparation of polyacrylamide gels must be prepared
fresh. We, however, find that the solution, when stored at
4 °C, can easily be used for a month without any noticeable
decrease in the quality of the gels.

The amount of DTNB does not need to be very precise, as
anywhere between 12 and 15 mg DTNB will give the same
result. The oxidizing agent DTNB prevents the reduction of
the azido group by sulfonic acid and also increases the yield of
the trinitriphenylation reaction. Other oxidizing agents, such
as H,O,, are also applicable; however DTNB was found to give
the best yield [11].

The final sample volume after adding the protein denaturation
bufter is 83 pL. With the Hoefer SE250 Mighty Small IT Mini
Vertical Electrophoresis Units with 1.5 mm spacers/combs it
is possible to load a maximum of ~45 pL per lane. We generally
load 35 pL per lane, but run two gels per 10-sample experi-
ment (thus loading each sample on two separate gels). In our
experience, the step in the procedure, where problems are
most likely to occur, is the gel running (individual samples that
for one reason or another run atypically on the gel). By run-
ning two gels for each experiment we minimize the risk of an
effect on the final result by any samples “lost” on the gels.

In cases where the affinity for TNP-8N;-ATP is particularly
low, it can be an advantage to carry out the experiments at a
lower concentration of [y-3?P]TNP-8N;-ATD, e.g., at 1 x K5
(TNP-8N;-ATD) instead of at 3 x Kys (TNP-8N;-ATP), to
prevent background labeling levels from affecting the result.
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Be aware, though, that if a concentration of [y-3*P|TNP-8N;-
ATP other than 3 x Ky5 (TNP-8N;-ATP) is applied, this
should be taken into account when calculating the K, (ATP).
For example, if a concentration of 1 x Ky5 (TNP-8N;-ATP) is
applied, the Ky, (ATP) is given by K5 (ATP)/(1+1/1)=Ky5
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