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Titration Microcalorimetry. Application to Measurements
of Heat of Ca®’-Association with Ca*-Binding Proteins

Masaru Tanokura and Kazuhiro Yamada

A microcomputer-controlled system of a batch microcalorimeter equipped with a
titration apparatus was described. Using this system, enthalpy titration profiles of bovine
brain calmodulin by Ca®* were observed both in the absence and in the presence of Mgz+
and at 5, 15 and 25°C. Titrations of calmodulin with Ca%* in the absence of Mg showed
that the Ca®" -binding reaction is endothermic and thus is driven solely by the entropy change.
Following the method of Sturtevant [Proc. Natl Acad. Sci. U.S. 74, 2236 (1977)], the
magnitudes of the hydrophob1c and intramolecular vibrational contributions to the entropy
change of calmodulin on Ca®*

’

-binding were estimated. Ca®* -binding to calmodulin gives
rise to an increase in hydrophobic entropy and thus to an “‘assembling” of nonpolar groups.
Ca** -binding also gives rise to an increase in vibrational entropy, indicating a “softening”

of the overall structure of calmodulin molecule.
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Fig. 1. Block diagram of a batch microcalorimeter
equipped with a titration aparatus and control-
led by a microcomputer. 1, microsyringe for the
injection of a Ca** (or Mgﬁ) solution; 2, micro-
syringe for the suction of a solution in the
reaction cell in order to keep the pressure in the
cell constant; 3, reaction cell; 4, thermopile;
and 5, calorimeter block.
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Fig. 2. Titration apparatus consisting of four
microsyringes and a motor which is controlled

by a microcomputer.
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Fig. 3. Part of the calorimeter record obtained
during enthalpy titration of bovine brain cal-
modulin with CaCl, in a solution containing
0.1 M KCl and 20 mM Pipes-NaOH (pH 7.0) at
25°C. The calorimeter cell contained 5 ml of
calmodulin solution at the concentration of
0.19 mM. The calorimeter block was rotated,
to mix the cell contents, marked by “c”. Later
rotations were accompanied by injection (4.1 p)
of CaCl, solution (0.1 M), marked by numbers.
The heat attributable to the reaction of Ca**
with calmodulin was obtained by integration of
the calorimeter record and by subtraction of
the average heat of rotation.
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Fig. 4. Part of the printe

r output of an

enthalpy titration.

(a) Output during the
titration and (b) the result of the titration; 1, note on the experiment;

2, integral

values of calorimeter voltage; 3, data typed in from microcomputer keyboard for

processing observed data; 4, titration number;
heat produced in mJ; 7, molar ratio of Ca?

in kJ/mol protein.
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5, observed heat in mJ; 6, total
* to protein; and 8, total heat produced



e

VEN

#

RHSEEEBOEETH D, ko 2K Ca® K
ERIBENMCTEAT H7:0060THD, mD 2 A
BUG e SEEEARBT 200D TH D, ARl
BT AE—42—(3, v4 703V 2— 25048
T—MEEL, (EAHERSI ROy ) v AE#T 5,

Fig.313, 9 VMO A Ly I LZREABETH LA
EF 2 ) vOCaT L AEGHTE DG TH D, HEHI
0.1 MKCl1, 20mM Pipes-NaOH (pH 7.0) # & T:751%
’C“&ﬂ) ABERBEIR25CTH A, ANET 2 VD

TREARBENINTH BT, TV EAME— B LD
ﬁmmmé<,ﬁﬁ@ﬁmwiéﬁ@6th%3my
ml (0.19 mM) ORHER AR LT 5, BlicBINT,

¢ TRLEOE, Ca¥ BMEMATICT M T a

7 EEEEL, BIEOBREITE ~72bDTHL, Ca”
WA TRELZ & 013, Z2h3mEHORINTH
L ERTTIRL T,

w70V - ENORBHOEHBEOED Z
HARIXDOEIZITIE - TCD, HHEEL, —EHER
(CMYBHITFIRIVZVF A —EEBLTH YT ) /7
257135, 9, S AMOMAIERNET S C&iICk -
TR—RF7A4A V52T 5, IROTT T ay 7O
AT KT, [EEs S 10EOEAENET 5,
D%, ILIEHN-R T4 v 2idEd 5, BlEA
1715 - 7zWE o0 10 R 0 JUE D &, BlxRT 5 S & A
gH s oOMEFHORMA ALK CEitE-T “¢”

TR UM OmiERD 5, TNAROBEINZ 1
BALRTACLICED, BAMEONS, Nk
S5AMOR—27 4 Vi, ROMEORO~N-27 4~
ELTHvSND, Ca¥ A NALEAICIE, ~—
R FA Y AELHUIE Ca™ BAINA, RSB
EFREBICRAECLIAMB-TheTHITay 0 %
ML, Ca® #0EEMET 5,

Fig 4 (a)ICHEAFTIE > TOBRD 7Y v & =~
WAERRLUT, O, BADRHIT
2DF—H— FMSATILI, CORIEICT T BT X
I THB, DT, BEHEN SO NEEOMBEMTH
b, Fig 4 (b)TRIEM TRIC, MEHRERH LTS
VA IINEETH S, @i, HNIEREHRRIC
A7 Ra YL —ADF— - FEDA LK, MEFE
F— 2 OWIBICHEREEAR LD TH S, @i

Ca® BBEODTEADTEDTHANETRTRTHD, &
REOHICHEAIS NI BRE A m] 20T & LT HEDHE
WAL DICESTHI LIz, ®IZOOERAE
JERMEL T2 o0 TH S, ©13Ca" & akiEn
BHOEVETHO, ®ldk]/mol protein iCH#E L1
HHREBETH S, Lich-T, @FFEIC, @xkthcr

vA a3 L —

— 160 —

X U

z}th,;

oy FYA &k D AT (Fig 5)siion b,
COMER, Ca” IBIROTEAN20E, T oy s
OWERF G HSCa® TR DTEA A b5 /i 10 [, H\
BTHRICIOEIT, 2ETH 105 ONETH 5
TNTHEEIN TS @f&%%%bf%%i(*u
RELKT T 5,

3. HLETF2YLORBFEHB

HNET 2 3, DADNADEORA I DR 4

DOMFRTHIES AL, ZBREROEMCES L T
Bo TUROEDIT 48 T I/ BIEE LD, ST
16700 DEAETH A, Ca™ #0819+

Bz 4flH D, Ca’ OIFHic Mg Doy 2 (Gl 4
F VAR R, —REEREDH TR ATE
D, WIMTHE I VYORMDOE D EEEHBOT 5

A FDHON ETENEMED 12 5TTH D,

3.1 CazfALTLiELWALET2Y L OR

%%

HIECA O 2 EEEEEHIME O S0 s oTs g
SO, EDFHDITKN SO ) 7ol (TCA)
w7 AR A FT 20, SDS KK EE T
B AL ET 2 ) VRS OBAEEH TR, HRX
nrchvET o) VIRER, TCAZINZ THEXE 5,
InAEDED IM b Y X THEML, 1mM NaHCO; 1272
WLTBRTACEICE-T, Cak i LTELA
NET L) B ON G, ZONEORAR, MEATT
$HTEWE-T, Camfi LTS ANET 2 )
VOB ONL L ETH D, A Cadi!d, HTEits:
’Ck}_"ET%‘ L7z& & A 03mol/mol protein YA NTH - 72,

LoNF AN ET 2 Y VT, BEAC . — Ly NED T
iau,@E&SDs7wéiwﬁmmeo-7wﬁu
FOLVEES RN CHRER LT, WO,

xﬁiaﬂhbawtw<t WIclz, Bl TCA
'&03 IMic, FL— FEIE(Dowex-Al, Chelex 100
BEYEMOBHET™ | ImMEBIZOLTETT 5
K1 e mdb 50T, SEICH CTHOSE 52 L
T& 5,

32 AT

P EEIUOMg T IC K BEGETI, 5C, 15T, 25T
’Cﬁfo\ato mazici, 0I8mM AL EF Y Y, Ol
MKCIl, 20mM Pipes {piperazine-N, N' —bis (2-

ethanesulfonic acid))-NaOH (pH 7.0) # A I8 5
ml ARz,

25CICBIT BMg™ REFDCa® 1tk 3,
2 ) YOBGEEN L 3 — FADEEO—E Fig 3 1K
Ltzo Fig 43, COPEDNTY) v E—~DIMITH 5,

HvET

Netsu Sokutei 11(4) 1984



MEZA70A0) 2 Y — — Ca" FABHEM Ca™ HABBE~DBHE —

3.3 Ca’ #BAICLBH DHHE

Cal #5MCX O H ul s A8 503, ihah
72H 2B %A Pipes 1T SN ARk B EAHET 2
CEIEAT, hveETaY v ~mCal” DEaEAR
Hotsb,

Ca® #EMMick 2 H oMU, BUsEIc il AR
TPipes BEALZEE LN ENICHT, Ca’ Eil A
VA F2HEIC pH % 7.0 1 — TR D DI 4812 NaOH o
BhHORHECENTEEY, 2L LTknr
H' ool (B2, Mg o £ L0, Cal”
FEOHA L= H70 01281 (5C), 0104 (15C),
0121 (25C), 5mMod Mg™ »s4LfE4 284012,
006 E(5C), 0.05F1L(15C), 0.04 E1(25C) Th
-7 PipeS/\O)H+0)%§ﬁ(DI‘/é?/l/!:"—%{ﬂ:(AHPipes)
13, 25CIRBNT—1146k]/mol P TH 0T, 2h
CHEDOTCa™ #5010k 2 HY UL OBE he AHpys &
HHE U720 AHpipes 12, 5C & 15TICEB T 25C &
CAHAIRTE L 726

Mg? #iic L A H o, Ca® MFEL s
W, BRI L = ud 720 006 =4 (5C), 006 =
w(15C), 007 ®n(25C)TH -1

3.4 BBFTHIR

25CIZ43 % Ca™” B 5INT M ™ 12 & 5 Sl dhis
ZFIg SIZRT. MM S b5 B5517, AvET Y
v Catt G 1L ST MY O R REVTR T
Hb, LIdi-T, thoDRBIZTY boe—T{tD
BOHGFTHEITLTNBC Ehbb, 5mMOMe?
OISETABAEO Ca™ BRIIRATLETHD . 14 mM
0 Ca®" BHEET AEHHO Mg™ T TIRADIMA I E
BXNIED 1o, M2 OBEHELISNEADC ™ Itk 5
R, To0BRBIca T ons, B 1B
Ca®' L L BT DB OB HOBENE 60T,
MO N R TER B L » THBS T on b, B2 0B
B, 1 BRI b ooT, I A 2 lkEic k
STHHOT o b,

FEIEOD T 2 e—Bfb A & T Fig 6 IR L7,
AT —EDMITETE LS, LOTTHER
Hosi < Ca” OHELITOERO Mg™ 5T (CaM—
CaM-Mg,) Tl 5 mMMg* D% & 72, T bk
DT ERGL (1) 14mM o> Ca¥ BEIES 28840
Mg™ i, THbLEALET 2 ) v - Ca DEAKIC
Mg® AT T ¥ 2 1 € — £ 8l s,
(2) Ca” BHELLIBOBAO Mg e (W v EF 2 Y v

/mol) & 5mM Mg™ isdh 54 B85S0 Ca¥ e (e
Tal)y-MgBAMAECS ORI DT v ELE-—

Netsu Sokutei 11{(4) 1984

o 0-9-0-9-0-0-0-0-0-0-
g o
g
/'/.
107 ./'
./
/
- .
[ 0 ‘ )
o
£ X
, %
5 N
< “
S -0 N\,
' o
o~o<o.g-o—o~o—o—o—o-o-o_
.
-20 ~_
e,
\A
\A
-30.
N N I
Ca/CaM or Mg/CaM

Fig. 5. Enthalpy titration profiles of calmodulin
at 25°C and pH 7 with Ca®* in the absence of
Mg2+ (O), with Ca®* in the presence of 5 mM
Mg2+ (@), with Mg?* in the absence of Ca®* (N)
and with Mg2+ in the presence of 1.4 mM Ca®*
(A). The titration profiles have been corrected
for the heat of interaction between the Pipes
buffer and protons released. Solid lines in the
titration profiles are the calculated curves based
on the equations described in the text and the
values listed in Table 1.
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Fig. 6. Schematic diagram of the enthalpy changes
of calmodulin on the reaction with Ca®* and
Mg?*. Numbers are the enthalpy changes (AH)
in kJ/mol calmodulin for individual reactions.
CaM denotes calmodulin.
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Fig. 7. Results of curve-fitting for the enthalpy
titration profile of calmodulin with Ca®* in a
Mg2+—free solution at 25°C. The solid line was
obtained by assuming that all the four Ca*-
binding sites are identical and is described by
the following binding parameters: log K = 5.6,
f=0.9 mol per mol site and AH =4.79 kJ per
mol site. The dotted line was determined under
the assumption that the Ca®*-binding sites are
classified into two categories and is described
by the following binding parameters: log K,
=log K,)=6.2,log K3 (= log K4) =4.8, f1 (=/2)
= 0.8, f5 (=fa) = 0.7, AH, (= AH;) = 3.02K]
per mol site and AH3 (= AH4) =7.37 kJ per mol
site.

EMIhAEmTHREEES L CRAT LT A -4
DA Table 1 10F D TIRL T, KESHESERE S
SEIRFEI AL & OER O/ N & S RBP B O Sy
20T, Cat o AT I IR LS &
SICHA D, 1o, Mg ST B LISLmIc K
SHNEDICHZ B, bLE Mg #Ca™ &EARICE
AHNCRESEICENS LT, ALETFT 2 ) VICHGLT

Table 1. Binding parameters of calmodulin on
Ca%*-binding

Site T(i(r:np S log KT k]-Ax:{oI"l
5 08 62 24
L2 15 08 62 32
o 25 08 62 30
Mg -free 5 07 50 a4
34 15 07 44 69
95 07 48 74
5 07 62 13
L2 15 07 60 —98
. 25 11 64 ~59
5mM Mg 5 11 48 ~63
54 15 09 46 64
25 10 46 ~44

* The values of log K are estimated within =05.
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Table 2. Thermodynamic parameters of calmodulin on Ca**-binding at 25°C

Site AG® AS® AS, (CaM) AC,® AC, (CaM)
Klemol ™ Jemol T KT Jemol WK JemoleKT  Jemol KT
Ny 12 354 129 64 32 197
g ~lree 3,4 —974 17 52 146 ~13
1.2 —365 103 166 —228 282
2+
> mM Mg 3.4 —262 73 136 98 44
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Fig. 8. Temperature dependence of enthalpy
changes associated with Ca®* -binding to
calmodulin (a) in the absence of Mg2+ and
(b) in the presence of 5 mM Mg?". The
numbers attached indicate the particular sites
involved.
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Fig. 9. The hydrophobic (hydro) and vibrational
(vib) contributions to the entropy changes
associated with Ca?" binding to calmodulin (a)
in the absence of Mg?* and (b) in the presence
of 5 mM Mg2+. Entropy changes are ascribed
to the binding sites involved as indicated at the
bottom of the figure. Entropy changes are
drawn in a cumulative way, so that the final
levels indicate the overall entropy changes when
calmodulin binds four mol of Ca®*.

Table 3. Estimation of hydrophobic and vibrational contributions to the changes in
heat capacity and entropy at 25°C

Site ACy (hydro) AC, (vib) AS, (hydro) AS, (vib)
Jemol 'K ™! Jemol 1K™} Jemol™'- K™ Jemol'.K ™
1,2 —151 23 39 25
M 2+_f >
g Three 3,4 —50 37 13 39
1,2 —353 70 92 74
5mM Mg”" ’
mvi Ve 3,4 —69 113 18 118
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