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EXAM OF SCIENTIFIC CULTURE 

MINOR CHEMISTRY 
	

Adenosine	triphosphate	

I.	Preliminaries	

1. The	atomic	number	of	phosphorus	P	 is	Z=15	and	 its	most	abundant	natural	
isotope	is	31P.	What	is	the	composition	in	electrons,	protons	and	neutrons	of	
31P?	

2. What	is	the	ground	state	electronic	configuration	of	P?	

The	orthophosphoric	acid	H3PO4	has	P	as	the	central	atom,	bonded	to	three	OH	groups	
and	one	O.	

3. Draw	the	Lewis	structure	of	H3PO4.	
4. Does	P	satisfy	the	octet	rule?	Explain	why	this	is	possible.	
5. What	is	the	oxidation	number	of	P	in	H3PO4?	

The	three	pKa’s	for	the	orthophosphoric	acid	are	pKa1	=	2.2,	pKa2	=	7.2	and	pKa3	=	12.3.	

6. Write	the	three	deprotonation	reactions	corresponding	to	the	three	acidities	
of	H3PO4	and	express	their	equilibrium	constant.	

7. What	 is	 the	most	 abundant	 form	at	 neutral	 pH,	 pH=7.	 Calculate	 the	 ratio	 of	
concentrations	of	the	other	forms.	

8. The	low	pKa	for	the	 first	acidity	of	orthophosphoric	acid	 is	attributed	to	the	
stability	of	the	H2PO4-	anion.	Explain	this	stability	using	the	Lewis	structure	of	
that	anion.	

Orthophosphoric	 acid	 is	 used	 as	 a	 food	 additive,	 in	 sodas	 in	 particular.	 The	
concentration	 0.6	g.L-1	 is	 the	 limit	 value	 for	 food	 safety.	 We	 perform	 the	 titration	 of	
V	=	25	mL	of	a	soda	from	which	CO2	has	been	first	extracted.	The	titration	is	performed	
using	a	NaOH	solution	at	CB=2.0x10-2	mol.L-1.	Only	two	equivalence	points	E1	and	E2	are	
observed	at	V1	=	5.5	mL	and	at	V2	=	14	mL.	

9. Why	is	a	third	equivalence	point	not	observed?	
10. What	 would	 be	 the	 expected	 ration	 between	 V1	 and	 V2?	 Can	 you	 find	 an	

explanation	why	this	ratio	is	not	found?	
11. How	would	you	then	use	the	two	observed	values	for	the	titration?	
12. Calculate	the	concentration	CA	of	orthophosphoric	acid	initially	present	in	the	

soda?	Is	it	below	the	limit	value?	

II.	Hydrolysis	of	adenosine	triphosphate	

Adenosine	 triphosphate,	 denoted	 ATP	 and	 in	 the	 form	ATP4-	 at	 the	 pH	 considered,	 is	
considered	the	reservoir	of	energy	in	living	system.	The	structure	of	ATP	is	given	in	Fig.	
1.	

13. How	many	asymmetric	carbons	are	there	in	ATP4-?	
14. 	What	is	the	absolute	configuration	of	the	anomeric	carbon	in	ATP?		
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Fig.	1:	Structure	of	ATP4-	

	

Fig.	2:	Structure	of	ADP3-	

In	 living	 organisms,	 ATP	 undergoes	 hydrolysis	 into	 ADP,	 in	 the	 form	ADP3-	 at	 the	 pH	
considered,	through	the	reaction	

ATP4-	+	H2O	=	ADP3-	+	H2PO4-		 ΔrG°’1		(1)	

15. Propose	a	mechanism	for	the	hydrolysis	of	ATP4-	into	ADP3-.	

Hydrolysis	 of	 ATP	 into	 ADP	 is	 thermodynamically	 favourable	 but	 kinetically	
unfavourable	and	in	many	organisms	it	 is	performed	in	a	transmembrane	enzyme	that	
behaves	 as	 a	 molecular	 motor.	 We	 consider	 here	 the	 F1-ATPase	 enzyme	 that	 is	 an	
alternating	assembly	of	3	α	subunits	and	3	β	subunits	arranged	in	an	hexagon	with	a	γ	
subunit	that	passes	through	the	center	of	the	hexagon.	The	γ	subunit	can	rotate	and	its	
rotation	induces	conformational	changes	of	the	three	β	subunits.	The	conformations	of	
ATP/ADP	binding	site	of	the	β	subunits	that	have	been	identified	are	βE,	where	the	site	is	
fully	opened,	βHO,	half-opened	site,	βHC,	half-closed	site,	and	two	binding	conformations	
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βTP	and	βDP.	Upon	rotation	of	the	γ	subunit,	one	of	the	three	β	subunits	goes	through	the	
following	cycle:	

βE	→	βTP	→	βDP	→	βHO	→	βHC	→	βE	

This	is	summarized	in	Fig.	3.	

The	reaction	 free	energy	ΔrG°’1	 for	reaction	(1)	has	been	determined	by	W.	Yang	et	al.	
[Yang,	W.,	Gao,	Y.	Q.,	Cui,	Q.,	Ma,	J.	&	Karplus,	M.	PNAS	100,	874–879	(2003)]	in	aqueous	
solution	and	inside	the	binding	site	of	the	β	subunit	for	its	different	conformations.	The	
reaction	free	energy	values	are	given	in	Table	1.	

Site	 ΔrG°’1	(kJ/mol)	
Aqueous	solution	(in	presence	of	Mg2+)	 -29	

βTP	 6.2	
βDP	 -37.7	
βHC	 -53.1	

Table	1:	standard	reaction	free	energy	of	reaction	(1)	in	different	environments	

16. From	Table	1,	identify	the	β	subunits	conformations	that	are	favourable	for	
ATP	binding	and	those	that	are	favourable	to	ADP	binding.	

17. Summarize	and	rationalize	the	coupling	between	ATP	hydrolysis	and	rotation	
of	the	γ	subunit.	

	

Fig.	3	:	Hydrolysis	 cycle	of	F1-ATPase.	 (a)	Molecular	 representation	of	 the	mitochondrial	
F1-ATPase	(α3β3γδε).	(b)	The	proposed	cycle	of	the	tri-site	ATP	hydrolysis	mechanism.	The	
cycle	 starts	 from	an	ATP	waiting	 state,	with	one	β-subunit	 fully	open	 (βE),	 the	 second	β-
subunit	half-open	(βHO),	and	the	third	β-subunit	closed	(βTP);	βTP	contains	the	ATP	bound	in	
the	previous	cycle.	The	calculated	85°	 rotation	 is	 caused	by	 the	ATP	binding	 to	βE	and	a	
cooperative	 opening	 of	 the	 βHO-subunit	 to	 adopt	 a	 “half-closed”	 (HC)	 conformation	 in	
preparation	 for	 product	 release.	 The	 subsequent	 calculated	 35°	 rotation	 is	 related	 to	
hydrolysis	 product	 release	 from	 the	 βHC-subunit	 and	 a	 concomitant	 expansion	 of	 the	 βDP	
binding	pocket	 to	 form	βHO.	 [From	 Jingzhi	Pu,	and	Martin	Karplus	PNAS	2008;105:1192-
1197]	

18. Figure	4	 shows	 the	 atomic	 arrangement	 of	 ATP	 or	 ADP	+	H2PO4-	 in	 the	 βTP	
subunit.	 It	 can	 be	 seen	 that	 a	 Mg2+	 cation	 is	 located	 close	 to	 the	
phosphodiester	groups	of	ATP.	Suggest	a	possible	role	for	this	cation.	

19. What	other	kind	of	 interactions	can	stabilize	the	 ligands,	ADP	or	ATP,	 in	the	
binding	pockets?		
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Fig	4:	Atomistic	representation	of	the	βTP	site	[From	Yang,	W.,	Gao,	Y.	Q.,	Cui,	Q.,	Ma,	J.	&	
Karplus,	M.	PNAS	100,	874–879	(2003)]	

	

The	rotation	of	 the	γ	 subunit	 is	coupled	to	another	unit	of	 the	ATPase	transmembrane	
complex	that	generates	a	 flux	of	protons	across	 the	membrane,	creating	a	pH	gradient	
across	 the	 surface.	An	 important	quantity	 is	 therefore	 the	number	of	protons	 that	 are	
transferred	 through	 the	 membrane	 per	 ATP	 molecule	 that	 is	 hydrolysed	 in	 the	 F1-
ATPase	complex.	To	determine	that	quantity	Peter	Gräber	and	collaborators	[P.	Turina,	
D.	 Samoray	 and	 P.	 Gräber	 EMBO	 22,	 pp.	 418-426,	 2003]	 reconstituted	 ATPase	
complexes	into	liposomes	separating	an	inside	region	from	an	outside	environment,	for	
which	they	can	control	the	pH	difference	between	the	two	regions,	see	Fig.	5.	

Given	the	high	pH	of	the	outside	region,	the	hydrolysis	reaction	is	here	considered	to	be		

ATP4-(aq)	+	2H2O(aq)	=	ADP3-(aq)	+	HPO42-(aq)	+	H3O+(aq,	out)	ΔrG°’2(aq)		 (2)	

where	 H3O+(aq,	 out)	 designates	 an	 aqueous	 H3O+(aq)	 cation	 in	 the	 outside	 environment.	
Reaction	(2)	is	then	coupled	to	the	transfer	of	n	protons	from	the	outside	to	the	inside:	

nH3O+(aq,	out)	=	nH3O+(aq,	in)	 ΔrG°’3		(3)	

The	standard	reaction	free	energy	for	the	proton	transfer	reaction	(3)	is	given	by		

calculations (see above) is sufficient to obtain meaningful
results.

To go further in the analysis, we decompose the contributions
of the important residues into those for the partial ‘‘reactions’’

ATP to ADP and H2O to Pi (see Fig. 7, which is published as
supporting information on the PNAS web site). Although the
values of the free energies of reaction 1 in each of the sites (Table
1) are the essential results of the simulations, their decomposi-
tion, which is based on a linear thermodynamic integration
scheme (12–15), provides insights into the details of the inter-
actions. The contributions to the half-reactions in the !TP and
!DP sites are very close to each other in all cases. This finding is
in accord with the structural data, which indicate that the two
binding sites and the nature of the interactions are similar.
Nevertheless, the overall free energies of the reaction are
significantly different in the two sites, as already described
above; i.e., there is approximately equal stability of ATP!H2O
and ADP!Pi in the tight binding (!TP) site, where synthesis is
expected to take place, whereas the !DP site has a reaction free
energy similar to that in solution. For all positively charged
residues, the half-reaction ATP 3 ADP is destabilized and the
half-reaction H2O3 Pi is stabilized by the protein; the negatively
charged Glu-188 and Glu-192 show an inverse behavior. This
difference corresponds to the expectation that the dominant
interactions are attractive for the positively charged side chains
and repulsive for the negatively charged ones.

To illustrate the nature of the interactions, we consider certain
residues in detail; we present results based on the ref. 6 structure.
For " Arg-373, which makes an important contribution to the
calculated reaction free energy (see Fig. 4), we find that ATP is
stabilized relative to ADP because one of the NH2 groups
interacts strongly with two oxygens and the other with one
oxygen of the #-phosphate of ATP, whereas only one of the NH2
groups interacts strongly with an oxygen of !-phosphate in the
ADP!Pi structure (see Fig. 3). This difference is counterbal-
anced, in part, by the stronger interaction of " Arg-373 with Pi
than with H2O. Comparing the !TP and !DP sites, we find that
the difference for the two sites is associated with the ATP to
ADP half-reaction (see Fig. 7). There is a slightly larger stabi-

Fig. 2. Cross-eyed stereo images of the calculated geometries of the !TP site with ATP,H2O and ADP,Pi as ligands based on the structure in ref. 6. The results
are close to those from the observed structures but show slightly shorter ligand–protein distances; this finding is in accord with expectations, given that ATP binds
by a factor 103 times more strongly than the inhibitor AMP-PNP to the tight (!TP) site (3).

Fig. 3. Schematic diagrams corresponding to Fig. 2 to indicate the important
interactions. The blue and red dashed lines correspond to attractive and
repulsive interactions, respectively.

Yang et al. PNAS " February 4, 2003 " vol. 100 " no. 3 " 877
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ΔrG°’3	=	nFΔϕ  (4) 

where	 F	 is	 the	 Faraday	 constant	 and	 Δϕ	 is	 the	 transmembrane	 electric	 potential	
difference.	In	the	experiment	by	Gräber	et	al.,	Δϕ	is	kept	constant	equal	to	Δϕ	=	15	mV.	

20. Write	 the	 global	 reaction	 for	 the	 ATP	 hydrolysis	 coupled	 to	 the	 proton	
transfer	across	the	membrane.		

21. We	 will	 denote	 ΔrG°’global	 its	 standard	 reaction	 free	 energy.	 Determine	
ΔrG°’global	as	a	function	of	ΔrG°’2(aq)	and	Δϕ.	

	

Fig	5:	an	ATPase	complex	embedded	inside	a	liposome	membrane	separating	an	inner	
region	from	an	outside	environment.	[from	P.	Turina,	D.	Samoray	and	P.	Gräber	EMBO	22,	

pp.	418-426,	2003]	

22. We	call	Q	the	stoichiometric	ratio	of	the	ATP	hydrolysis:	

	 (5)	

where	c0	is	the	standard	concentration.	Show	that	this	ratio	Qeq	at	
equilibrium	satisfies	the	relation	

	 	 (6)	

The	outside	pH	is	maintained	at	pHout	=	8.45	and	the	system	is	prepared	at	a	given	value	
of	Q.	 The	 system	 is	 at	 temperature	T	=	298	K	 and	 the	 solution	 contains	MgCl2.	 pHin	 is	
then	given	different	values	and	 the	evolution	of	ATP	concentration	 is	 followed	 in	 time	
through	a	luciferin/luciferase	assay.	The	value	of	pHin(eq)	for	which	the	initial	value	of	Q	
corresponds	 to	 equilibrium,	 Q	=	Qeq	 (no	 evolution	 of	 the	 ATP	 concentration),	 is	 then	
reported.	Table	2	reports	the	obtained	values	of	pHin(eq)	for	different	values	of	Q.	

ln	Q	 pHin(eq)	
0.217	 7.07	
-1.54	 6.91	
-3.36	 6.68	
-5.44	 6.46	

Table	2:	values	of	the	internal	pH	for	which	equilibrium	is	found	for	different	initial	values	
of	stoichiometric	ratio	Q		
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23. Why	is	it	important	to	keep	the	outside	pH	fixed	in	this	experiment	and	vary	
only	the	inside	pH?	

24. Determine	n,	the	number	of	proton	transferred	per	hydrolysed	ATP	molecule,	
from	the	results	reported	in	Table	2.	

25. Determine	 from	these	results	 the	standard	reaction	 free	energy	ΔrG°’2(aq)	 for	
reaction	(2).	Is	it	compatible	with	the	standard	reaction	free	energy	ΔrG°’1(aq)	
for	reaction	(1)	that	is	reported	in	Table	1?	

	

Numerical	constants	

Faraday’s	constant:	F	=	96500	C/mol	

Universal	gas	constant:	R	=	8.314	J/K	

ln	10	=	2.303	



	 7	

	


