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Fourier transform infrared spectroscopy was used to investigate ligand binding and conformational changes in the 
Ca2+-ATPase of sarcoplasmic reticulum during the catalytic cycle. The ATPase reaction was started in the infrared 
sample by release of ATP from the inactive, photolabile ATP derivative p3-1-(2-nitro)phenylethyladenosine 5'-triphos- 
phate (caged ATP). Absorption spectroscopy in the visible spectral region using the Ca 2 +-sensitive dye Antipyrylazo IH 
ensured that the infrared samples were able to transport Ca 2 + in spite of their low water content, which is required for 
mid-infrared measurements (1800-950 cm-i) .  Small, but characteristic and highly reproducible infrared absorbance 
changes were observed upon ATP release. These infrared absorbance changes exhibit different kinetic properties. 
Comparison with model compound infrared spectra indicates that they are related to photolysis of caged ATP, 
hydrolysis of ATP in consequence of ATPase activity and to molecular changes in the active ATPase. The absorbance 
changes due to alterations in the ATPase were observed mainly in the region of Amide I and Amide lI protein 
absorbance and presumably reflect the molecular processes upon phosphoenzyme formation. Since the absorbance 
changes were small compared to the overall ATPase absorbance, no major rearrangement of ATPase conformation as 
the result of catalysis could be detected. 

Introduction 

CaZ+-transport from the cytoplasm of muscle cells 
into SR, necessary for muscle relaxation, is performed 
by the Ca2+-ATPAse of SR, an intrinsic membrane 
protein of about 110 kDa molecular mass. The energy 
required for this active transport process is provided by 
hydrolysis of ATP (for reviews see Refs. 1-6). 

The transport mechanism involves several reaction 
steps, which are presumed to be accompanied by con- 
formational changes, including a change between two 
major conformations, E 1 and E 2, having different chem- 
ical properties: E t is characterized by high-affinity 
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Ca2+-binding sites facing the cytoplasm; it is phospho- 
rylated by ATP but not by Pi and can be dephospho- 
rylated by ADP (ADP-sensitive phosphoenzyme) under 
formation of ATP. E 2 binds Ca 2+ with low affinity 
from the inside of SR; it can be phosphorylated by Pi 
but not by ATP and cannot be dephosphorylated by 
ADP (ADP-insensitive phosphoenzyme) [7]. Although 
this model accounts for many of the observed results, 
some objections have been made [8-11]. The ATPase 
reaction scheme proposed by de Meis and Vianna [12] is 
shown in a simplified form in Fig. 1. 

ATP /tOP 

CamEl ~ ~ ; : Ca2EI-P 

2Ca2÷out~ ~ 2Ca2*in 
E2 4 ~ , E2-P 

Pi 
Fig. 1. Simplified reaction scheme of the Ca2+-ATPase according to 

Ref. 12. 
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Sequential binding of two calcium ions [13-15] from 
the cytoplasm to the high-affinity transport sites of E 1 
enables the ATPase to react with ATP under formation 
of a phosphorylated enzyme intermediate, which oc- 
cludes the bound Ca 2+ from the cytoplasm [16-19]. 
The subsequent conversion of the phosphoenzyme from 
the ADP-sensitive (E1P) to the ADP-insensitive form 
(E2P) is accompanied by a decrease in Ca2+-binding 
affinity [17,18,20] which leads to sequential Ca 2+ re- 
lease to the inside of the SP, [9,13,19]. Hydrolytic clea- 
vage of the phosphoenzyme [21] and rebinding of Ca 2+ 
from the cytoplasm complete the reaction cycle 
[13,14,22]. Details of the transport mechanism, espe- 
cially the coupling between ATP hydrolysis and active 
calcium transport, are still unknown. 

The investigation of conformational changes in the 
catalytically active ATPase may help to elucidate this 
point. Of special interest is the EIP-E2P conversion, 
where Ca2+-binding affinity and the reactivity towards 
ADP are changed. Several observations [23-26], includ- 
ing measurements of intrinsic fluorescence [8,27-31] or 
of attached fluorescent probes [32,33], indicate that 
there is a conformational change in connection with 
phosphoenzyme formation, which might reflect the E 1- 
E 2 transition [27,29,31-33]. However, there is experi- 
mental evidence that no major rearrangement of the 
ATPase occurs [34,35]. 

Infrared spectroscopy allows significant insight in the 
structure of small molecules. Changes in bond length, 
bond geometry, ligand binding and interaction with the 
environment reflect in the infrared spectrum, which 
therefore can be used for diagnostic purpose. Unfor- 
tunately, the analysis of proteins is hindered by a strong 
water absorbance and by the large size of proteins, 
leading to broad absorbance bands without detailed 
information. Recent analysis of the ATPase infrared 
absorption spectrum did not unambiguously detect dif- 
ferences between the Et and E 2 conformation [34,36,37]. 
Detailed information may be expected by subtracting 
the spectra of a protein prepared in two different states. 
However, this method involves uncertainties due to 
buffer subtraction and different sample concentration, 
which makes small changes in the spectrum difficult to 
detect. Previous work on retinal proteins [38,39], on the 
photosynthetic bacterial reaction centre [40] and on 
cytochrome c [41] showed that infrared spectroscopy is 
a powerful tool to investigate molecular changes, even 
at the level of individual bonds in a protein, provided 
that it is possible to start a protein reaction in the 
infrared cell. This concept of 'reaction-modulated in- 
frared difference spectroscopy' avoids the above-men- 
tioned uncertainties of spectrum subtraction and thus 
allows a more sensitive comparison of different enzyme 
states. While light flashes or the application of an 
electrochemical potential were used to trigger photore- 
actions or electron transfer reactions in the above-men- 

tioned work, starting a protein reaction by simply mix- 
ing the substrate to the sample in a stopped flow 
apparatus is extremely difficult. This is due to the 
sample thickness of 10/~m and less, which is dictated by 
the strong absorbance of the scissor vibration of water 
around 1650 cm -1 [42]. In order to circumvent this 
problem, we use here the photolytic release of ATP 
from caged ATP to start the reaction cycle of the 
ATPase. Caged ATP is an inactive, photolabile ATP-de- 
rivative that releases ATP upon ultraviolet illumination 
[43,44]. 

In this work, we use ATPase samples prepared at low 
water content for infrared spectroscopy, but with re- 
tained Ca2+-transport activity as determined by the use 
of the Ca2+-concentration sensitive dye Antipyrylazo 
III [45-47]. Upon release of ATP from caged ATP, 
infrared absorbance changes were observed which were 
related to ligand binding and protein conformational 
dynamics, to ATPase hydrolysis activity and to  the 
release of ATP. 

Materials and Methods 

A TPase preparation. CaR+-ATPase from rabbit hind 
leg and back muscle was prepared in the laboratory of 
W. Hasselbach according to the method of Hasselbach 
and Makinose (described in Ref. 48). It was stored at 
- 2 0  ° C, after adding sucrose to give a final concentra- 
tion of 0.3 M. 

Sample preparation for infrared spectroscopy. Follow- 
ing thawing, ATPase was dialyzed overnight in a buffer 
containing 20 mM Mops /Tr i s  (pH 6.8), 10 mM KC1, 
800 /~M MgC12 and 8 /~M CaC1 z. Thin semihydrated 
films of SR vesicles were prepared by drying a solution 
of vesicles onto a CaF 2 window in a stream of nitrogen. 
Gravimetric controlled drying was stopped when the 
weight of the sample reached about 1.5 mg. The in- 
frared cell was then closed with a second CaF 2 window 
which was separated from the first one by a 6 /~m 
spacer. 'Normal '  ATPase samples contained 100-150 
/~g protein, 300 nmol Mops/Tr i s  (pH 6.8), 150 nmol 
KC1, 12 nmol MgCI2, 0.12 nmol CaC12 in addition to 
the Ca 2÷ bound by the SR, 15 nmol caged ATP, 0.1 
nmol Ca2+-ionophore A23187 and 10 nmol glutathione. 
The sample volume was approx. 1 /~1. In the case of 
Ca 2+ transport measurements, the samples contained in 
addition 20 nmol Antipyrylazo III, but  no ionophore 
A23187. Photolysis of caged ATP was investigated with 
samples of 'normal '  sample composition, but with 45 
nmol caged ATP, and without protein. Caged ADP 
samples were prepared by replacing caged ATP by 24 
nmol caged ADP and 10 pmol adenylate kinase inhibi- 
tor, P1,PS-di(adenosine-5') pentaphosphate [49]. For  
the FITC samples, 100-150 /~g dialysed ATPase was 
incubated with 10 nmol of FITC at room temperature 



for at least 2 h before drying [50,51]. For the 'Ca2+-free ' 
samples, 20 nmol EGTA were added before drying. 

1120-21t20 exchange. For  the deuterated samples, 
free water was removed almost completely. Then 1 #1 
2H20 was added and mixed with the sample. The 
sample was closed with the second CaF 2 window and 
H - 2 H  exchange was allowed to take place for 6 h at 
room temperature. This preparations still contained a 
small amount  of H 2 0  ( <  5%). 

Estimation of protein content of the samples. Protein 
content of the samples was estimated from the Amide I 
or II  protein infrared absorbance bands. The ab- 
sorbance was calibrated with completely dried samples, 
which were prepared from a solution of known protein 
content tested with the Coomassie blue test [57]. For 
samples in H20 the Amide II  absorbance difference 
between 1544 cm -1 and 1490 cm -1 was used, for 
samples in 2H20 the Amide I absorbance difference 
between 1710 cm -1 and 1654 cm -1. This procedure 
gave only an upper limit of protein content for the 
2H20 samples due to the superposition of a small 
amount  of residual H20 absorbance. 

Photolysis of caged A TP. Photolysis of caged ATP 
was triggered by a xenon flash tube, which produced a 
flash energy of approx. 150 mJ in the spectral range 
f rom 305 nm to 424 nm at the area of the sample. A 
Schott UG11 filter was used to block the flashlight in 
the infrared. This setup produced a photolysis yield of 
up to 27% (for details see results). 

FTIR measurements. F T I R  measurements were per- 
formed with a Bruker IFS 25 instrument equipped with 
a HgCdTe detector of selected sensitivity in the follow- 
ing way: 15 subsequent single beam spectra (I n, n = 
1 , . . . ,  15) of the sample were recorded in the range from 
1800 cm -1 to 950 cm -1. Between the second and third 
spectrum the photolysis flash was applied. For all spec- 
tra 20 scans in 15 s were collected except for spectrum 
I2, which was computed from 100 scans. All spectra 
were recorded with a resolution of 4 cm-1  and triangu- 
lar apodization. The absorbance difference between 
spectrum I2, immediately before the flash, and spec- 
trum In, was obtained by calculating D n = - log( I , / I2 ) .  
This is a more direct expression for the difference 
spectrum than subtraction of the respective sample ab- 
sorbance spectra. The first difference spectrum, D1, 
calculated from spectra recorded before the flash, served 
as baseline control. The other showed the absorbance 
changes after application of the flash. 

Model spectra for A T P  hydrolysis. Model substances 
were aqueous solutions of 100 m M  ATP and 100 mM 
(ADP + Pi). Both solutions were adjusted with K O H  to 
p H  6.8. 4 t~l of solution were placed without spacer 
between two CaF 2 windows and infrared absorbance 
spectra were recorded. After subtraction of CaF 2 ab- 
sorbance the spectra were multiplied with an ap- 
propriate constant to give the same water absorbance at 
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2125 cm -1 (combination of scissor and torsion vibra- 
tion or overtone of the torsion vibration [42]) as a water 
sample recorded under the same conditions. Then the 
water spectrum was subtracted. This procedure auto- 
matically ensured correction for different sample thick- 
nesses. 

Measurements of Ca e + transport. Ca 2+ transport  was 
tested by measuring the absorbance change of the 
Ca 2 +-sensitive dye Antipyrylazo I I I  after release of ATP 
from caged ATP. Analogous to the F T I R  measure- 
ments, 15 subsequent single-beam spectra in the visible 
range from 500 nm to 800 nm were recorded every 15 s 
with a rapid scan spectrophotometer  built in our labora- 
tory. Recording one spectrum needed 6 s. Between the 
second and third spectrum the photolysis flash was 
applied. Difference spectra were calculated in the same 
way as described above for the F T I R  measurements. 

Results 

Control of Ca e + transport activity of the samples with the 
Ca e +-sensitive dye Antipyrylazo I I I  

Antipyrylazo I I I  has been shown to be a sensitive 
indicator of Ca 2+ concentration changes suitable for 
the measurement of Ca R+ transport  [45,46]. Changing 
the Ca 2+ concentration induces characteristic changes 
in its absorbance of visible light. Since Antipyrylazo III  
does not penetrate the vesicles, it shows the Ca z+ 
concentration of the external medium, which is de- 
creased during Ca 2 + transport  into the vesicles. We use 
this method as a control that the drying process during 
infrared sample preparat ion did not inactivate the 
ATPase. The full lines in Fig. 2 show changes of Anti- 
pyrylazo I I I  absorbance which occurred at different 
times after ATP release in an ATPase infrared sample. 
The absorbance changes, first observed approx. 18 s 
after ATP release, reveal an absorbance decrease at 720 
nm and 655 nm and a broad increase at 540 nm. The 
signals decay in the timescale of minutes (see spectra at 
47 s, 75 s and 177 s). After  several minutes, a small 
positive signal is detected. As seen by comparison with 
the Ca 2 + titration (dotted line in Fig. 2), the difference 
spectra indicate a quick decrease of Ca 2 + concentration 
upon ATP release which is followed by a slower return 
to the original concentration. The small positive signal 
observed several minutes after ATP release does not 
seem to be related to Ca 2+ transport, because its shape 
is different from the Ca 2+ titration spectrum. It is 
probably due to binding of other ions to the reaction 
products of caged ATP photolysis and ATP hydrolysis. 

As a control, the Antipyrylazo I I I  indicator measure- 
ments were repeated with caged ADP (dashed line in 
Fig. 2). The absorbance change upon ADP release is 
approximately twice as large as the signal upon ATP 
release, but does not show an absorbance change above 
700 nm which is characteristic for Ca 2+ concentration 
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Fig. 2. Difference spectra of Antipyrylazo III absorbance. Full lines: 
Antipyrylazo III absorbance changes after ATP release in an ATPase 
sample (5 o C). The labels denote the mean time after ATP release at 
which the spectra were recorded. Dashed line: Antipyrylazo III ab- 
sorbance changes after release of ADP in an ATPase sample (5 ° C). 
The absorbance change is divided by 2. Dotted fine: Absorbance 
change due to addition of 0.4 mM (final concentration) CaC12 to a 
buffer containing 200 mM Mops/Tris (pH 6.8), 100 mM KC1, 8 mM 

MgCI 2 and 80 ~tM CaC1 z. The absorbance change is divided by 2. 

changes  [45]. C o m p a r i s o n  with  the Ca  2+ t i t ra t ion  
( do t t ed  line in Fig .  2) d e a r l y  demons t r a t e s  tha t  no  
Ca  2+ concen t ra t ion  changes  take  p lace  upon  A D P  re- 
lease. The  A D P  signal  can be expla ined  pa r t ly  by  b ind-  
ing of  M g  2+ to the reac t ion  p roduc t s  of  caged A D P  
photolys is ,  since pho to lys i s  in buffers  con ta in ing  ei ther  
Ca  2+ or  M g  z+ p roduces  abso rbance  changes  charac te r -  
is t ic  for  a concen t r a t i on  decrease  of  the sal t  p resen t  in  
so lu t ion  (da t a  no t  shown).  

The  A T P - d r i v e n  Ca z+ up take  in to  SR vesicles indi-  
ca tes  the func t iona l  in tegr i ty  of  the A T P a s e  at  a water  
con ten t  suff icient ly low for in f ra red  measurements  in 
the mid- in f ra red  range  (1800-950  c m - 1 ) .  

Infrared absorbance changes of an A TPase sample upon 
A TP release from caged A TP 

W h e n  A T P  is re leased  f rom caged A T P  in an A T P a s e  
sample ,  the in f ra red  abso rbance  in the region f rom 1800 
cm -1 to 950 cm - ]  exhibi ts  character is t ic  and  highly  
r ep roduc ib l e  changes  having  di f ferent  k inet ic  p roper -  
ties. The  dashed  and  do t t ed  l ine in Fig.  3 show dif-  
ference  spec t ra  at  a b o u t  8 s and  2 min  af te r  A T P  release 
( recorded  at  0 ° C). A c c o r d i n g  to their  k ine t ic  p roper -  
ties, three  k inds  of ab so rbance  change  can be  dis- 
t inguished:  

(a) p e r m a n e n t  changes  tha t  appea r  in the first  spec t rum 
(dashed  l ine in Fig.  3) wi th in  8 s af ter  A T P  release and  
are  stil l  p resen t  2 min  la ter  (1524, 1342, 1270-950  
c m -  1); 

(b)  changes  be tween  1300 cm -1 and  1000 cm -1 which 
rise more  s lowly on the t ime scale f rom several  seconds  
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Fig. 3. Change of infrared absorbance due to ATP release from caged 
ATP in samples with and without ATPase (0 ° C). (a) Full line: Caged 
ATP sample without SR ATPase. Approx. 19 nmol ATP were re- 
leased. The absorbance change was divided by 2.7. Dashed line and 
dotted line: ATPase sample (about 6.5 nmol ATP released). Dashed 
line: Spectrum recorded within the first 8 s after ATP release. Dotted 
line: Spectrum recorded 2 rain after ATP release. The labels denote 
the peak positions of the dashed spectrum in cm-]. (b) Baseline 

control spectrum of the ATPase sample before the flash. 

to minutes ,  depend ing  on  t empe ra tu r e  and  sample  com-  
pos i t ion;  and  
(c) t rans ien t  changes  be tween  1750 cm -~ and  1520 
cm -1 a p p e a r i n g  i m m e d i a t e l y  af ter  A T P  release and  
decreas ing when the slow change  comes  to i ts end.  

Fig.  3b shows the base l ine  cont ro l  spec t rum which 
was recorded  before  A T P  release  as a con t ro l  of  the  
noise level. I t  is ev ident  tha t  the noise  level is much  
lower  than  the size of the  signals.  This  is a prerequis i te  
for  the  high r ep roduc ib i l i t y  o f  the signals.  

I t  a ppe a r s  r easonab le  to assume tha t  the  d i f ferent  
types  of  abso rbance  change  reflect  the molecu la r  
processes  of  caged A T P  photolys is ,  A T P  b ind ing  and  
hydrolys is ,  and  c o n f o r m a t i o n a l  dynamics  of  the A T P a s e  
associa ted  with  its ca ta ly t i c  activity.  In  o rde r  to assign 
the a b s o r b a n c e  changes,  we inves t iga ted  the photo lys i s  
of  caged A T P  and  hydro lys i s  of  A T P  separa te ly .  

Infrared absorbance changes due to photolysis of caged 
ATP 

Photolys is  of  caged A T P  (Fig.  4) is a ccompan ied  b y  
modi f i ca t ion  of  several  chemica l  g roups  o f  the molecule  
[44]. The  N O  2 group  conver t s  to a N O  group,  a C = O  
b o n d  is f o rmed  while  two b o n d s  are  c leaved:  a C - H  
b o n d  and  the C - O  bond ,  tha t  l inks the  n i t robenzy l  
moie ty  to the  3,-phosphate of  ATP.  These  modi f i ca t ions  

H C - - - ~  h v  ATp4_ + H+ ,+ 

C~3 ND2 

Fig. 4. Photolysis of caged ATP [44]. 



should reflect in the infrared difference spectrum be- 
tween caged ATP and its photolysis products. The full 
line in Fig. 3 shows absorbance changes upon photoly- 
sis of caged ATP in a caged A T P  sample containing no 
SR vesicles. They were obtained after release of approx. 
19 nmol ATP and were multiplied with an appropriate 
constant to fit with the 1524 cm -~ and 1342 cm -1 
peaks of the ATPase difference spectrum observed 2 
min after ATP release (dotted line in Fig. 3). The 
absorbance changes appeared instantly and did not 
reveal kinetic components  comparable to the slow and 
transient absorbance changes of  the ATPase sample 
(dashed and dotted line in Fig. 3). We assign the minima 
at 1524 cm -1 and 1342 cm -1 to the asymmetrical and 
symmetrical stretching vibrations of the nitro group of 
caged ATP, which disappears during photolysis (see 
absorbance of nitrobenzyl compounds in Ref. 52). The 
bonds below 1270 c m -  ~ we attribute to a diminution of 
P - O  double-bond character in the "r-phosphate, and 
presumably to the breaking of a C - O  bond. If glutath- 
ione is omitted from the sample, an additional peak 
appears at 1684 cm -1 (data not shown), which is prob- 
ably due to formation of the keto group in consequence 
of photolysis (see absorbance of benzoic acid com- 
pounds in Ref. 52). We would like to emphasize that no 
remarkable absorbance changes appear  in the region 
between 1800 cm -1 and 1550 cm -a in the caged ATP 
model sample. 

The 1342 cm -1 and 1524 cm -1 absorbance dif- 
ferences due to caged ATP photolysis were used to 
estimate the efficiency of  photolysis. These absorbance 
differences between two subsequent flashes decreased 
exponentially with the flash number  (data not shown). 
From this exponential decrease a photolysis yield of up 
to 27% was calculated. The absorbance differences were 
in return used to calculate the amount  of released ATP. 

By comparing the absorbance changes of the caged 
ATP sample (full line in Fig. 3) with those of the 
ATPase sample (dashed and dotted line in Fig. 3), it is 
evident that the permanent  absorbance changes of the 
ATPase sample (1524, 1342, 1270-950 cm -a)  can be 
attributed to photolysis of caged ATP. 

Infrared absorbance changes due to hydrolysis of A TP 
In order to investigate the absorbance changes gener- 

ated by hydrolysis of ATP, we measured the absorbance 
spectra of the model substances ATP and (ADP + Pi) as 
described under Materials and Methods (full and dashed 
line in Fig. 5). We assign the absorbance maxima at 
around 1230 cm -1 to P - O  vibrations that exhibit par-  
tial double-bond character and the one around 1100 
cm -~ to P - O  vibrations, having mainly single-bond 
character. The difference spectrum (ADP + Pi) minus 
(ATP) (named hydrolysis difference spectrum) shows a 
minimum at 1230 cm -~ and two maxima at 1170 cm -~ 
and 1080 cm-a  (dotted line in Fig. 5). The minimum at 
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Fig. 5. Infrared absorbance and difference spectra of ATP and (ADP 
+Pi)- Full fine: Absorbance spectrum of 100 mM ATP, pH 6.8. 
Dashed line: Absorbance spectrum of 100 mM (ADP+Pi), pH 6.8. 
Dotted line: Hydrolysis difference spectrum, (ADP+Pi) absorbance 
minus ATP absorbance. Inset: Comparison of hydrolysis difference 
spectrum and slow absorbance change of the ATPase sample. Full 
line: ATPase difference spectrum recorded 2 min after ATP release 
minus the spectrum recorded immediately after ATP release. Dotted 

line: (ADP+ Pi) absorbance minus ATP absorbance. 

1230 cm -~ is observed because the number  of P - O  
vibrations of partial double-bond character in (ADP + 
Pi) is less than in ATP. In contrast, the number  of P - O  
vibrations of mainly single-bond character is greater, 
which explains the max imum at 1080 c m - L  No ab- 
sorbance difference is observed in the region from 1800 
c m -  a to 1300 c m -  ~. 

A comparison between the hydrolysis difference 
spectrum and the slow absorbance changes of the 
ATPase sample is made in the inset of Fig. 5. The 
dotted line shows the hydrolysis difference spectrum in 
the region from 1300 cm -1 to 950 cm -~, the full line 
the slow absorbance change of the ATPase  sample. 
From the good agreement of the two difference spectra 
we conclude that the slow absorbance changes between 
1300 cm -1 and 1000 cm -a of the ATPase sample are 
due predominantly to hydrolysis of ATP. 

Measurement of A TPase activity in infrared samples 
Since infrared samples require a low water content, it 

is important  to ensure that the ATPase samples catalyse 
ATP hydrolysis and Ca 2+ transport. While the mea- 
surements with Antipyrylazo I I I  prove the capability of  
the ATPase to transport  Ca z+, the hydrolysis ab- 
sorbance changes in the infrared enable us directly to 
quantify the ATP hydrolysis activity of ATPase infrared 
samples. The absorbance change at 1238 cm-1  was used 
to measure the activity. Typical sample activities were 
about 0.25 /~mol/min per mg protein for the first 20 s 
at 5°C.  Since complete removal of free water and 
subsequent rehydration decreased the sample activity 
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only slightly, we conclude that the drying process did 
not impair the functional properties of the ATPase. 
Contaminations of basic ATPase in our ATPase pre- 
parations could not account for the hydrolysis activity, 
since the same activity was observed in the presence of 
approx. 5 mM oxalate, which is known to inhibit basic 
ATPase [53]. 

Infrared absorbance changes due to molecular changes in 
the A TPase 

From the investigation of the absorbance changes 
due to photolysis and hydrolysis, it is evident that the 
transient absorbance changes in the region from 1800 
cm -1 to 1520 cm -] cannot be explained by these reac- 
tions. It is suggestive to assume that these changes are 
caused by molecular processes in the ATPase during the 
catalysis of Ca 2+ transport. In order to prove this 
hypothesis, several control samples were investigated 
including FITC-modified and EGTA-treated ATPase 
and samples with caged ADP instead of caged ATP. 
Modification of the ATPase with FITC blocks the 
nucleotide binding site of the ATPase and results in 
inhibition of ATPase activity [50,51]. EGTA also causes 
inhibition of Ca 2 +-ATPase activity by removing calcium 
from the high-affinity binding sites of the ATPase [15]. 
ADP binds to the Ca2+-ATPase but cannot be hydro- 
lyzed [1,2,54]. 

A comparison between the 'normal' ATPase sample 
and the control samples is made in Fig. 6. The full lines 
show absorbance changes in the region from 1800 cm-1 
to 1500 cm -1 that occurred within 8 s after release of 
ATP or ADP at 0 ° C. The dotted lines show the base- 
line-control spectrum recorded before photolysis. The 
magnitude of the transient absorbance changes depend- 
ed on the protein content of the samples and was 
therefore normalized to a typical protein content of 130 
/~g. The first difference spectrum after ATP release of 
the 'normal' ATPase sample (full line in Fig. 6a) shows 
maxima at 1676, 1650, 1624 and 1550 cm -1 and minima 
at 1662, 1640, 1568 and 1524 cm -1. 2 min later the 
absorbance change has decreased significantly (dashed 
line in Fig. 6a) except for the minimum at 1524 cm-1, 
which is due mainly to photolysis of caged ATP (full 
line in Fig. 3). However, the decrease of the peak 
amplitude at 1524 cm-1 within 2 min after ATP release 
reveals an additional protein contribution. 

The transient absorbance changes of the 'normal' 
ATPase sample are not observed in control samples 
which contained 20 nmol EGTA (Fig. 6b), FITC mod- 
ified ATPase (Fig. 6c) or samples in which ADP was 
released instead of ATP (Fig. 6d). However, they show 
a signal that rose slightly above the noise level and was 
significantly smaller than the signal produced by the 
'normal' ATPase sample. This signal may be due to 
nucleotide binding to the ATPase in case of the caged 
ADP and the EGTA sample. None of the control sam- 
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Fig. 6. Infrared absorbance change of ATPase samples in consequence 
of ATP or ADP release (0 o C). (a) 'Normal' ATPase sample, ATP 
release. (b) ATPase sample containing 20 nmol EGTA, ATP release. 
(c) FITC-modified ATPase, ATP release. (d) Release of caged ADP in 
an ATPase sample. (e) ATPase in 2H20 medium, ATP release. (a)-(e) 
Full lines: Absorbance difference recorded within the first 8 s after 
ATP or ADP release. Dashed fine: absorbance change recorded 2 min 
after release of ATP. Dotted fines: baseline control spectrum recorded 
before ATP or ADP release. The labels denote the peak positions of 

the full-line spectra in cm- 1. 
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ples showed absorbance changes comparable to the 
'normal '  ATPase sample. Thus, we conclude that the 
observed transient absorbance changes in the region 
between 1750 cm -~ and 1520 cm -1 are due to molecu- 
lar changes in the ATPase as a consequence of catalytic 
activity. 

Replacement of H20  by 2H20 and thus H - 2 H  ex- 
change resulted in the difference spectrum shown in 
Fig. 6e. Compared to the ATPase sample in H20,  new 
bands and intensity changes of several bands are ob- 
served. First, the overall absorbance change is increased 
in 2H20. In addition, new maxima appear at 1750, 1704 
and 1684 cm -~. The shoulder of the 1624 cm -~ maxi- 
mum (at approx. 1616 cm -~) and the 1550 cm -a peak 
are decreased. The activity of the samples in Z H20, as 
determined by monitoring the band at 1238 cm -~, was 
lower by a factor of about 2 than in H20. This is 
probably due to the effect of 2H20 on the overall 
turnover rate. For that reason it is not clear whether the 
spectral differences are due to H - 2 H  exchange or to 
accumulation of the ATPase in a different equilibrium 
of states in the catalytic cycle. 

Discussion 

Recent FTIR  investigations analysed the secondary 
structure of ATPase samples that were prepared in the 
Ca2E 1 and in an EzP-like state using Fourier decon- 
volution and derivative techniques [34,36,37]. Arrondo 
et al. [37] found several differences in the composition 
of the E2P infrared bands compared with the CazE t 
bands, which he related to an additional a-helical struc- 
ture (1650 cm-~), missing of a B-sheet or turn structure 
(1677 cm-1),  protection against H - 2 H  exchange (1537 
cm-a)  and to a different influence of the protein on the 
absorbance of the ester carbonyl groups of phospho- 
lipids (1760-1700 cm-1).  However, these differences 
could not be confirmed by other groups in the range of 
1760-1700, 1565-1535 [36] and 1700-1600 cm -1 [34]. 

Release of ATP from caged ATP in an SR sample 
results in small but highly reproducible changes of 
infrared absorbance. We assign them to photolysis of 
caged ATP (mainly in the 1540-950 cm a region), 
hydrolysis of ATP in consequence of ATPase activity 
(mainly in the 1300-1000 cm -1 region) and to changes 
in the ATPase (mainly in the 1800-1520 cm -1 region) 
due to catalytic activity (Figs. 3 and 6). We claim that 
the method of starting a protein reaction in the infrared 
cell is a considerably more sensitive approach to detect- 
ing ligand binding and conformational changes than the 
method of comparing absorbance spectra of different 
samples. The use of the photo-chemo trigger presented 
here enables us to detect absorbance changes as small as 
0.1% of total protein absorbance in the Amide I protein 
absorbance region. 

During steady-state activity under optimal condi- 
tions, the active ATPase proteins accumulate to nearly 
100% in the phosphorylated intermediate. A typical 
value for the maximal amount of phosphoenzyme is 4 -5  
nmol /mg  protein. This number is usually accepted as 
the number of active sites, since it is half the number of 
Ca 2+ high-affinity binding sites [4,6,13,18,29,31,55]. In 
addition, under conditions most closely related to our 
experiments, several groups found that 75-90% of phos- 
phoenzyme are in the E~P form [18,55,56]. Thus we 
conclude that the observed infrared protein absorbance 
changes reflect mainly the difference of infrared ab- 
sorbance between the CazE 1 and the CazE~P state. 
However, the small fraction of the enzyme in the E2P 
state will also contribute to the signals. 

The changes in infrared protein absorbance we ob- 
served are small compared to the total protein ab- 
sorbance. The ratio between the peak-to-peak ab- 
sorbance change and the total absorbance of active 
ATPase in the Amide I region was calculated to be only 
1-2% (based on an amount of 4 nmol phosphoen- 
zyme/mg SR protein and the molecular mass of 110 
kDa). However, since the amount  of phosphoenzyme 
could not be measured in our samples, it may be lower 
than estimated and the value of 1-2% only a lower 
limit. The small alteration in infrared absorbance upon 
formation of the phosphoenzyme indicates again [34,35] 
that phosphorylation of the ATPase is not accompanied 
by a major rearrangement of its conformation. 

At present, the molecular interpretation of the dif- 
ference spectra is far from being complete. The main 
absorption peaks at 1660, 1650 and 1636 cm -~ are 
within the range of Amide I absorption of peptide 
carbonyls. In the 1550 cm -1 region, peak amplitudes 
are much smaller and most probably not caused by the 
Amide II absorption, since no drastic changes upon 
H - Z H  exchange are observed. As for the Amide I 
differential signals, one might be tempted to follow the 
interpretation of Arrondo et al. [37], who interpreted an 
additional band at 1650 cm -a in the E2P state in terms 
of changes of the protein conformation in the course of 
the catalytic cycle. However, the small band size as well 
the highly structured band features rather favour local- 
ized structural modifications at or around the phospho- 
rylation and the calcium binding site. This interpreta- 
tion seems to be supported by only very small Amide II 
changes. 

Part of the discrepancies between the band analysis 
of Arrondo et al. [37] and the spectra presented here 
may be due to the following: we detected differences in 
infrared absorbance between the Ca2E ~ and, presuma- 
bly, the CazEIP state, whereas Arrondo et al. compared 
the CazE 1 state with an EzP-like state. 

Above 1700 cm -a, two distinct positive bands are 
observed in the 2H20 spectrum (Fig. 6e), which are 
almost completely absent in the H 2 0  spectrum. As 
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discussed above, the reduced activity of the ATPase 
samples in :HzO is not due to the drying and rehydra- 
tion procedure, but rather to a kinetic isotope effect in 
the reaction cycle. These two bands at 1750 cm -1 and 
1704 cm -1 are also observed in H20  samples with 
approx. 20% dimethylsulfoxide (data not shown), a con- 
dition which favours the E2P state by inhibiting phos- 
phoenzyme hydrolysis [55,58,59]. We thus assume that 
these bands are characteristic for the enzyme state rather 
than being caused by isotopic substitution. According 
to their position they might be caused by protonated 
amino acid side-chain carboxyl groups, the lower- 
frequency group (1704 cm -1) being strongly H-bonded, 
the higher-frequency group (1750 cm-1)  being well-pro- 
tected from intermolecular interactions. This assign- 
ment is supported by an isotopic shift of the band at 
1704 cm -1 (2H20) which is observed at 1710 cm -1 in 
H 20  with 20% dimethylsulfoxide (data not shown). For  
the extremely broad band at higher frequency (1750 
cm-a) ,  an H - Z H  isotopic shift (estimated to be approx. 
- 10 cm -1 [38]) is difficult to detect. Arrondo et al. [37] 
attributed band structures in this region to changes of 
protein-l ipid interaction between the E 1 and E 2 state. 
The absence of a band at 1730 cm -~ (the maximum of 
phospholipid C=O vibration) in our spectra, together 
with an isotopic shift, however, favour an assignment to 
aspartic or glutamic acid side-chain residues. The nature 
of these bands will be discussed in detail in a further 
paper. 

Conclusions 

In summary, it has been demonstrated that the pho- 
tolysis of caged ATP represents an elegant trigger for 
'reaction-modulated infrared spectroscopy', allowing the 
molecular processes in ATPases to be studied on a level 
of sensitivity which has in the past been reached only 
for proteins performing light-induced or redox-induced 
reactions. Furthermore, progress in the synthesis of 
other photolabile "caged' substrate analogues will allow 
investigations of a wide range of enzymes, not only the 
class of ATPases. As for the example presented here, it 
is of great value that the photolysis reaction and hydrol- 
ysis of ATP due to catalytic activity do not produce 
changes in infrared absorbance in the Amide I region of 
protein absorbance. This facilitates the distinction of 
absorbance changes due to the photolysis and hydroly- 
sis reaction from protein absorbance changes. A further 
assignment of the latter bands on the level of individual 
bonds will necessitate chemical modification of amino 
acid side-chain groups as well as site-directed mutagene- 
sis. Further work will be needed to obtain higher accu- 
mulation of the E :P  state. In addition, it will be neces- 
sary to determine the exact fractions of the molecules in 
the E t and E 2 states in order to quantify the amount of 
conformational dynamics. 
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