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 H3POas.
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 pKai = 2.2, pKaz = 7.2 and pKasz = 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 CO; has been first extracted. The titration is performed
using a NaOH solution at Cg=2.0x10-2 mol.L-1. Only two equivalence points E1 and E2 are
observed at V1 = 5.5 mL and atV; = 14 mL.

9. Why is a third equivalence point not observed?

10.What would be the expected ration between V; and V;? 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?

I1. Hydrolysis of adenosine triphosphate

Adenosine triphosphate, denoted ATP and in the form ATP# 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?



o) o) 0
| | |
-0O—P—0—P—0—P
Lo
NH,
o) 0
| |
0 ||D o) T 0
o o

Fig. 2: Structure of ADP3-

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

ATP# + H20 = ADP3- + H2POy4 AG1 (1)
15.Propose a mechanism for the hydrolysis of ATP# into ADP3-.

Hydrolysis of ATP into ADP is thermodynamically favourable but Kkinetically
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 o subunits and 3 3 subunits arranged in an hexagon with a y
subunit that passes through the center of the hexagon. The y subunit can rotate and its
rotation induces conformational changes of the three § subunits. The conformations of
ATP/ADP binding site of the  subunits that have been identified are fg, where the site is
fully opened, Buo, half-opened site, Buc, half-closed site, and two binding conformations



Brp and Ppp. Upon rotation of the y subunit, one of the three 3 subunits goes through the
following cycle:

Be — Prp — Por — Puo — Puc — PE
This is summarized in Fig. 3.

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

Site A:G1 (K] /mol)
Aqueous solution (in presence of Mg?+) -29

Bre 6.2

Bop -37.7

Brc -53.1

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

16.From Table 1, identify the § 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 y subunit.
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Fig. 3 : Hydrolysis cycle of F1-ATPase. (a) Molecular representation of the mitochondrial
F1-ATPase (a3B3yd¢). (b) The proposed cycle of the tri-site ATP hydrolysis mechanism. The
cycle starts from an ATP waiting state, with one [-subunit fully open (Pk), the second [-
subunit half-open (Bro), and the third [-subunit closed (Stp); Brp contains the ATP bound in
the previous cycle. The calculated 85° rotation is caused by the ATP binding to Br and a
cooperative opening of the [Puo-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 Buc-subunit and a concomitant expansion of the Bpp
binding pocket to form Bro. [From Jingzhi Pu, and Martin Karplus PNAS 2008;105:1192-
1197]

18.Figure 4 shows the atomic arrangement of ATP or ADP + H;PO4 in the Brp
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 PBrp site [From Yang, W., Gao, Y. Q., Cui, Q., Ma, . &
Karplus, M. PNAS 100, 874-879 (2003)]

The rotation of the y 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 Graber and collaborators [P. Turina,
D. Samoray and P. Graber 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) + ZHZO(aq) = ADP3_(aq) + HPO42_(aq) + H30+(aq, out) ArG OIZ(aq) (2)

where H30*(aq, outy designates an aqueous HzO*@q) cation in the outside environment.
Reaction (2) is then coupled to the transfer of n protons from the outside to the inside:

nH30+[aq, out) = nH30+(aq, in) ArG®’3 (3)

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



AG®s = nFAQ (4)

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

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

21.We will denote A:G%gobar its standard reaction free energy. Determine
ArG®global as a function of ArG°2@aq) and Ag.

pHout = 8.45
[K*]out = 180 mM

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. Grdber EMBO 22,
pp. 418-426, 2003]

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

[ADP*~][HPO; ]

©= [ATP*7]c0 (5)

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

RTInQ.q = —A;Gglopa +nRTIn10pH;, — (n — 1)RT In 10 pH

out (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 MgCl,. pHix 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.

In 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



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 A:G°2q) for
reaction (2). Is it compatible with the standard reaction free energy ArG®'1(aq)
for reaction (1) that is reported in Table 1?7

Numerical constants

Faraday’s constant: F=96500 C/mol
Universal gas constant: R =8.314 ] /K
In 10 =2.303



| ol | I | 02| comz |

[ W2 |

(Z1 = Uﬁ.:ﬂ $39s9q sanbpwoje sassvm)

[Wa2 |

SINTWATH SHA IN01IdOIdd NOLLVOIAISSVIO

e | WS | sl | ST | Ba | s | d
I1|ON|PWN| w4l $3| 3O (3G |wO|wy| nd| AN| N | Bd (YL | SAAINLLOV ve
cos] 204 1o oo o8 0 % o rq o 2d is___os
I69ZL | YOBLL | COGOL| OZ401| COV0I | 05291 | CBUSI | SZZSh| 26161 | 9c0as| [ovs]l | #Sovi | 160ws | Zhowt
N |qA|wl| J3|(oH| AQ| qL|PD| N3 Ems.unz id (@D | SIAINVHINVT~
LY4 o 89 8 ) 9 | o 29 ) o8 L L.
feo2) | (o2l | L9 | coz2z| cowz| K2
yun(dunbunoy, | eH| id4
804 S04 »1 o L) )
zd | ©12) | (002) | w890z | Z20Z | SCYOZ | 05002 | 596t | poSeL | 22281 | 206t | 12901 | seesL | So08s | evess | 16ees | €261 | 18I
ug(vj|od|!a |(ad| IL |BH(nv|3d | 4 [SO|(eHd| M | BL | JH (1| 28| 8D
n«-amm_ 8.8”.I- S.Ev.o R‘.«W Rd.w! 8.!”. —v.w..-l ﬁkﬂm n-ﬁuln Ssnlh B.Sﬂs —!m. x‘: Bouns v«ﬁnn tha 8‘88_ lv,ll
ox_o_.aw..stvo?E.E:mﬁo:nzh>_maz
(5] = is & [ 4 iv] o 53 (23 £ 2 Ly or 3 ”© &
00ee | voseL | vons | 28w | 1oz | szzen | esse | oeoco | eows | coses | owss | scsvs | nesis | 2ve0s | eouy | 95690 | sco0r | se06c
Djig (9SS (SY (8D (D (UZ ND|IN (0D |9F |UN|ID | A |LL |9S| 8D
13 % 5 IE [ 4 ® zZ 2| g2 "2 x4 z 12 g 6
evese | ssv'se |oe0ze | woo [ oeonz [ meez | = " oL ] . z 9 s ’ t | socre | oz
wlipisldliisliv NOLLISNVYL 30 XN VLIW 6| eN
o-:h. .Ihc”- ..3"- Bsw.. :3". = N.qn_ :3. :
eN|d [O|N (D | 8 °g | N
gq"_ s—o !- 25 !o a-... u.-.BS...
aH H
2z |




