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Basicity of N-Acetyl-1-Histidine and Stability of Its

Complexes with Divalent Metal lons
Vithaya W. Ruangpornvisuti

Department of Chemistry, Faculty of Science,

Chulalongkorn University, Bangkok, Thailand 10330

Abstract

Formation constants for proton-related species of
N-acetyl-1-histidine ~‘and ~ stability constants for its complexes
with Mn(11), €o(1), Ni(l), Cu(ll) and  Zn(II) have been
determined by potentiometric titration.  Analysis of complex

equilibria have beén earried out below pH ~ 8.6.

Introduction

Many of dipeptide compounds and their complexes with
various metal ions (1-8) have been widely studied by various
methods. We have found that most dipeptide complexes with
divalent metal ions have been unstable as the form ML ( if LH2
denotes dipeptide compound). It means that only one proton of
dipeptide should depart from the LH™. In general, we know that
dipeptide or_polypeptide present in form of zwitterionic species »
in aqueous solution and involve with one deprotonation and one
protonation equilibria (1,8); the amino terminal (N-terminal) of
amino . acid, can be protonated and on the other hand, its acid
proton can be loosen strongly. H-::wever, peptide bond-forming
nitrogen of dipeptide or polypeptide compounds (9) usually is too
weak to be protonated. )

As the N-aceyl-l-histidine is a bioactive compound, the
stability of its complexes with those essential trace-elements
could give much useful information to comprehend the biological

mechanism. A study of non-amino terminal containing peptide



such as N-acetyl-1-histidine and its complexes with Mn(1I),

Co(11), Ni(11), Cu(ll) and Zn(ll), is, therefore, an interesting

work.

Experimental

Chemicals used in the experiments are listed as follows.
N-acetyl-l-histidine of Sigma grade and MnSO,, CoSO,, Ni{N{Ja]I,
CuSO 4
(AR grade) was applied as the innert background solution. In the

titration, the standard solutions of 0.1 M HCl and NaOH  (Merck

and ZnSO, of analytical grade were used. Potassium nitrate

Chemicals) were used to adjust the pH of solution.

Measurements : An automatic potentiometer of ORION model EA 906
including combination pH electrode model 81-02 was performed.
The pH electrode was calibrated by three standard pH buffers.
Accuracy of the instrument was indicated by the slope value based

on the isopotential point of pH 7.00 = 0.0 mV, exceeding 99 %.
Instrument diperser of the automatic potentiometer has been
adjusted during experimental period of twenty titrations by
deionized water.

All  measurements of potentiometric titrations were
carried out at 25.0 £ 0.1" € and ionic strength of 0.5 M KNO,.
The acidity of the solution was adjusted by hydrochleric acid and
the pH of the system solution was increasingly varied by~ 0.1 M
sodium | hydroxide  (in 0.5 M KNDS). The initial ~“volume. of each

3. The titrations were performed under

titration was 50 cm
nitrogen atmosphere by flowing nitrogen gas, saturated by
potassium nitrate vapour, through the titration chamber.

For the observations of alone: N-acetyl-l-histidine
ligand, three titrations were recorded within pH range ~ 3 to 11
and five titrations of N-acetyl-l-histidine complexes were within
pH~3 to B.6 according to the precipitation of metal hydroxide.

In the titrations of complex system, the metal to ligand

ratio was varied from 1:2 to 1:5. The initial concentration of



metal and ligand used in the experiments were below 0.004 M.
At least 50 data points of each titration were obtained to be
used in the process of computer refinements; sodium hydroxide

3

titrant was added 0.05 cm” for each record.

Computer refinements

Dissociation and protenation constants of
N-acetyl-1-histidine were . obtained  together with the
dissociation constant of water (KW) by simultaneous optimization
using MINIQUID ‘eomputer programme (10). Fermation constants of
N-acetyl-l-histidine are shown in Table I and dissociation
constant of water refined from optimizing process is a reasonable
value of log Kw = 13.68 (11).

Stability constants of complex species, obtained from the
computer refinement are shown in Table IL These stability
constants were optimized together with the previously obtianed
formation constants of ligand alone. Metal monohydroxide
species, _M(DH}"'., and K were also included in the optimizing
process in order to precisely obtain the stability constants of

the complex system.

Results and discussion
Madel D | of '_the equilibria = concerning. with the

N-acetyl-l-histidine (LH) ligand and its complexes are listed

below.

1
LH sty b ow B
KE
LH + HY o > LH;
K3
- + 2+
LH2 + H W === > LH3



4
T LAl T — > MLt
Ks
M2t 4 2NNV ELS > ML,
=

2+

N FAAR T - > MLH

The most  preferable model of N-acetyl-l-histidine
complexes with various metal ions, obtained from the optimizing

process of the cau‘nputer refinement are shown as follows.

o =

——— s -

M2+fN-ac¢t1r1-I-histidine. present species

MnZ* MnL* and MaLH®*

e CoL* and CoLH?*

NiZ* NiL* and NiLH*

cu?? cuL?, CuLH?*,CuL, and CuL(OH)
2494 zaLt, ZaLH?* land ZnL(OH)

T I o 5 5 . 5

Species distribution of N-acetyl-1- histidine, calculated
according to its formation constants, is shown in Fig.1. Species

domination of N-acetyl-1-histidine depending reasonably on the pH

of the solution are in the sequence of LH32+ < LH; <LH<L  as

increasing of the pH.
The stability constants of the N-acetyl-l-histidine
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complexes with Mn(lI), Co(ll), Ni(ll), Cu(ll) and Zn(IlI), which
correspond to the equations are given in Table II. It remarks
that in the complex system of N-acetyl-l-histidine with Mn(I1),
Co(lI) and Ni(ll), the species ML and ML, can survive  within
the pH range of 3 to 8.6.

The species distribution of various complex systems,
plotted according to data obtained from the evaluated formation
constants are shown in Fig. 2. The similar distribution of mL*
and MLHZ* were obsetved as showing in Fig. 2(a), 2(b), and 2(c).
The species ML.H2+ dominantly exist in acidic range (maximum peak
at pH~5) and ML in basic range of the maximum peak at pH~ 8.2.

For Cu(ll)/N-acetyl-I-histidine complex system, cuL* and
CuLH?* not only exist in such a solution but CuL, and CuL(OH) are
surviving as well. The species distribution of complex species
(Fig. 2(d)) shows that CuLH' dominates in the acidic solution
(maximum population located at pHas 4) and CuL® is within the pH
range of 5.0 to 7.0.

In case of Zn(l[)/N-acetyl-I-histidine complex system,
ZnLH?* nume rously-appears within-the pH range of 4 to 6 and ZnL"
above the pH § (maximum peak~ pH 8). Species ZnL(OH) is
existing above the pH 7 (see Fig. 2(c)). -

Hydrolysis constants-of various metal ions involving with
the complex formations, obtained from the simultaneous optimizing

process are tabulated below.

o - o e T S S S e S

Viad log Khydrul}rms T H,0 ---> M(oH)* + HY)
Mn?* -9.53 + 0.08
co?* -9.54 1 0.12
NiZ* -8.50 + 0.05
cu?t -7.20 % 0.21

ZnZt -8.70 + 0.06

] o o o o e e T B s o o e o o
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The above result corresponds to the order of magnitude of
the hydrolysis constants of these metal ions as citing in
refs. 12,13. The sequence of these constants is given below.

Cu(ll) > Ni{ll) > Zn(11) > Co(11), Mn(II)
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CAPTION_OF FIGURES

Figure 1. Species distribution of species according to

N-acetyl-l-histidine ligand alone.

Figure II. Species distributions for ~complex species of
N-acetyl-1-histidine complexes with (&) Mn(ll), (b) Ce(ll),
(c) cu(l), (d) Ni(li) and (e) Zn(ll). These curves were plotted
using calculated data from the evaluated formation constants,
based on the metal to ligand ratio of 1:2 (Concetration of metal

ions and ligand are 0.001 and 0.002 M respectively).

Table I. Logarithmic value of dissociation and basicity
constants of N-acetyl-l-histidine ( initial concentration of

0.001 M ligand ).

Table 1. Formation constants given as log K of

N-acetyl-l-histidine with divalent metal ions.



Formation equations log K

Ky (LH —->L7+ HY) -7.19 + 0.01

) R
K, (LH+ H" ——->LH* éi 2.96 + 0.04
— —‘ll

2.47 1 0.11
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Hz"‘ log K of complex species

ML(OH) MLue*
MnZ* a 2.3640.07
colt a 2.81£0.09
Ni2* a 2.2440.07
cu* L44s0.04 | 2.3940.10
ZnZ* 5.7040.04 | 2.5240.06

a Species not detected Below ¢
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2 FORMAT féff‘ HYBRID 51 MODEL',13,2X.2023/) MINGO110
A2 FORMAT(10%,1514) MINO0120
3" FORMAT (1615) ¥INGO130
4 FORMAT s' X0 FREE CONCENTRATIONS TO CALCULATE') MINOQ140
5 FORMAT (4012) MINOO]50
6  FORMAT (' ALL BFTAS REJECTED') MINOB1 60
JINP=5 MINGD1T0
JOUT=6 \\\\ MINOD180
TOL=1.E-03 SO MINODI90
phiry S ihaeass
20 XP=300 — e FHEIIEEI
NODEL=1 / ) \N T
OFEN (UNIT=5,E; ‘ \
30 READ(JINP, 1) MINOO260
OPEX (UNTT=6,Fidif=. ] \
WRITE (JOUT gl 1 = 5\ MINOG2T0
FRITE;JGUT W7 . MINOO7 80
REAL (JIXFE, 3} ! Al ﬂﬁﬁﬂﬁ,hﬂ JPR, KPR, (LPR(K} ,E=1, 5]HIEI aagQ
IF (XC) 40,2 : ¥ING0300
40 WRITE (JoU N7 \ - NINOO310
STOP b, X MINOG3 20
50  NEMF=NMBE-NC \Y NIN00330
TFAIL=0 " A _ N MINOO340
A D O S ARSI T M T, e
+  MaxiT,IPRIN hqu,; ’ ¥IK00370
IT (ITAIL) 60,60,/852 YIN003280
60 UU=1. NTN00390

C COUNT THE NUMBER OF REFINAB] ES,SET UP THE INDEX VECTOR NINO0400
M=0 ZIRY I\ MINDO410
DO 80 1 et MINOO4 20
IF :Lr&trjzgan 80,70 NTX00430

70 M=M:1 MINOO440
TVAR (M) =1 | = , NIN00450

80  CONTINUL A %INOD4T O
YM=LP*NC 7 _— MINO0470

IF (MAXIT dT - GOTO QJ MIN00480
EALL FﬂhCT .hwsr XC,LP,JOR, BABS, T, COXE, CX, CI, S8, KEY, ¥IND0490

L MIN00500
MINOO510

c SET THE '8 OF -VE BETAS TO ZMINQ0520
MINOO530

Ivang qlstqua

nn MINOG5S0

TF (REY(1)§ 210 MINO05E0

210 } MINOO570
440 ifuvinivenas g
NM+J) = t MINOO590

J+1 MINOOGOO

GOTO 250 MINO0610

240 KEY(I)=-1 MINO0620
CI(1)=0. BIN00630

250 CONTINUE MIN00640
=0 MIN00650

NRUN=0 MINOOGGO
TFATL=0 MING06T0

=0, MINOOGEO

c=1. MIN00690

280 NMN=NM-N MINO0700
NPNC=M+NC MIX00710
CALL MAMIX (NK,M,NMBE,NC, NPhC HHL,LP,Q 0C.S,U,V,¥,X.B,BT, MINGOT20

* CONC,T,IVAR,SIGMA,A,BB,BABRS MIKOO0730

+ J?R L, CX . TT,HK,EPS, 55 CB, ﬁAhI% IIRI\ " STEPS) MIN00740

IF (IFAIL) 300,400,400 MINDOT50

00 M=M-1 MINO0T50
TFATL=0 MINDOTTO



190

100

wnun
[e [9%)
38 L=

553
555
560
570

600

IF (K
103 J=J+ 1 q
CI(1)=0.
105 BABS(I)=BETA
IF (N-J) L06
106 WRITE {Jﬂgf.
WRITE (JOLT,
SToOP
107 1P=0
NTC=1
Do 108 1=1,
108 €X[1)=1.D-10
110 READ(JINP,3)
111 READ(JIXP.H)
READ (JINP,5)
WRITE (JOUT, |

e
e 1]
a-.m:_:::.--—lmgn-qum
-
5 =y

..:L-—h:r.l + U
— i L [T P T

q

IF (IPRI
GOTO 200
ETﬂF

Lttt = 20 ||

=

}ll

e

-

90
2}
5)

¥

=X (NM+1)

280
MODEL, TITLE

.GT. UU) 6OTO 552

., 4, NMBE, X, JOR, TVAR, STGMA, 55, KEY, BB, BABS,

,600,600,600,555,555,555,555,553) ,K

L La -

.

555

j

5

NK1) NK1 \HBE

YK, NMBE, LP
trvan
56

ﬁﬂ ﬁﬁ 5?
MODEL=MODEL-1

(k

JOR, T
), K=1

o
PD\E CB,S5,JPR, KPR, LPR, STEPS, JK, NK1) ¥

.NE. 0) WRITE {JGLT\"’?EL +TITLE

SUBROUTINE DINP (NK, H

*
*x

CONC, JEL, FZERO, ENF,
HY, TOLC, DT, DDT, IF

TMPLICIT REXL*E H
DIMENSION BAB

DIMENSION T{H
DIMENSION CX
DIMENSION J
DIMENSION T
DIHEWS[G%\%

COMMON
1 FORMAT
FORMAT

READ
OPEN

i
1“ FﬂRﬁﬁT {f
OPEN EI\I:

JINP Hf TENP
L¥IT=6
HRITE JOUT,

hRITE {TULT

ot et et
iy

-

-

L=

L=x}

13, '0F WHICH ARE TO 1
H:és BALANCE EQUATIONS-
PER DATA POINT'//6X

éﬂ‘“,

. ‘c r TR

IIE"HL\IQIYP )

ﬁ*ﬁﬁ%ﬂwﬂw e

4""--\-
l:l:h—l‘ﬂ

v DR KEY,BABS,T,

oL TOLU

'E ULIBRTUM CONST
THERE ARE',I1l,

MGB;EFREE CONCENTRATIONS

‘{fl;%l]“} .L=1,NENF)
E), (EZERO(L)Y,L=1,NENF)

M1N00780
MIN00790
4IN00800
MINO0810
MIN0O820
MINO0330
MIN00810
MINOO850
YIN0OBGO
MIN00870
4TNOORS0
MIN00890
MING0900

IN00910
MIN00920

100930
MIN00910
MIN00950
MINO0950
MIN00970
MIN00930
MIN00990
MIY01000
MIN01010
MIN01020
MIN01070
MIN01040
MINO1050
MINO1060
MINO1070
MINO1080
MINO1090
MIN01100
MINO1110
MINO1120
MINO1130
MINO1110
MINO1150
MTINO1160
MINOL1T0
uT501189
¥INO1190
MINO1200
MINO1210
MINO1220
MIN01230
MINO1210
MINO1250
MIND1260
MINOL370
MINO1220
MINO1290
MINO1300
MINOL310
MIN01370
MIX01330
MINO1340
MINO1350
MINO1360
MIND1370
MINO1380
‘INO1390
MIN01400
MTNO1410
MINO1420
MINO1430
MINO1140
YTNOL 150
MINOL460
SINOL170
MINO1480
MINO1490
MINO1500
YTN01510
MIN01520
NTNO1530
NINO1510
MINO1550



lg e ]

o

BOWk bk Rk

LI 1Y B

-

w0 ]
ALY

2.

=

ga:“-“""}"' e B e o L e - s B R

i
e o

LlesmeieesE o0 G

e T T RRE 1

.
Iy = A T e

.TMFLICIT RE:
DIMEXEION kK
& EP!‘ N

=,

o by b B
i b
]

L b g il T et e e e, o

PACYES (| e Py

JOUT, B (ADDC(E) , k=1, KNRT) V1K1
Loy GOTO 1116

=1, X r
(1, TITAR)

S
=

0
= T T

B B T T L et T

e = BN U

i Ll
== iy
A R T e el i
o
L e = Y
l.d"! v

iota
-

b
TN e T T e

o
PO e T b

=
L
PRI L L
oA ol o el

LR =1 B L

B e

QEQTquﬂEQHwﬂ"nﬂfﬂux
e

et T
[l ) o
P I Pt S P Y
‘ot ot
T

T D e
e | =

L

RO
R ]

a1 L T Pt TN

= "
B B DT L

S [ T
=

-

i

I".'Zl"TI"u.E “ﬂ E\'

'{\HEE +NK)

eY, DiNCY,C

B{“"
vﬁl?f_____"__"_____—___________

OP

@5“;%rﬁmumwam N9

Btﬂﬂtl} :

b

S il Tred

0
)
1
0
1

e ||

ArmiTmeyasy

‘EPS(])
NIXT 1OOF BEGINS

k)
e Lty e N

)
AR
{}-JDFfI,J]*CIEJI
NI

il T

I =]+ oo ".‘m“-i"'-—-..u.-—-.HL,'!

L=

R{J 1)*JOR(1,1)
J,d)-CN(3)

O——i1 G OO0 w0o=

-

tOT e e P T T T T e

=
S eLLTID Sl
et
it
1= ‘-"'-l—l [

e
2
bt

NP )Y 1T6Y CTITREAR) JR=1 0PY (BN 1Y T 2k

E (KD, £=1,XMBE), (EMFAL) 121, 5T%F)

cxt\vnri.

B 3

Dy

"“wﬁiﬁwﬂ?mumw PRE

L9

oa0R, UN, TTLEPSA, NV, 00,

TT(NYBE) ,
CT (NMBE

oy JTSaCE AT XRU LEA Il ‘p]%ﬂﬂl

NIN01660
N1N01570

COODOODDOO DD D TDODE
LY i Lk ! e D D O Y Ve

-
oy -y
T R R e N L Lt L

DoODDODLDDOODD
D300 200 70 00 90 0% 09 00 M « T d mudaald ek id o] ] =] BB S B T O

DL 00 - LT e ! D i S B

4 e e e ek e B i e s o b B el o B b ot o ot b b
2RDSDSMTI@PMEHEDBULDBIGD IO DRIV UDOTOL T TOODW oSO S D

e

MY
N1ye:

=
e
i
ﬁ
LB |
‘ DoODDOW DR DD DD

LT o a1 e A D B -] Y LT i |

T et e e e Lt E R DL 2T 2T I ) ...'l'.- b
T Ll [ ek TSR DN ] LT e L

I



—_—
—
=20

o
ks ok [
ocoo

c
150

s e
O ]
ooDo

=8325228

el
e e e, B 5 e D PP e [ e i

C REL

190

280

C
290

70

=

—
=il

IR=1S
HgEMN O

3

[NT FOR 2ND FUNCTION CALCULATION
LEQ. 0.) GOTO 170
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{0 .EQ. 0.
DO 310 I=i,NC
ﬁg =D0+S Iﬁsm*

BE g
= % & =
CI{II_C%{IF cT(d) 'AE::V"‘

B oo o 3
?ﬁﬁﬁ“;ﬁ%\ﬁpiﬁwmmi
’ﬁm H0anIANENAR

[ L Lo Lo Bt ¥ T 2
b Lo R Rao | I.I- il ] 3

ERG
LESKI- FALTURISEB BT FACT
1) GO TO 3

NC .
NC-

3% 1= 1,841
? % P10
1 TEQ. TP1) GO TO 320

J_
10 R=1F1,J11
i?EJ JR)ABIK, D)

XOW HOLDS TUE INVFRSE OF THE CHOLESKI FACTOR I

= I e ..--.:dn.n.'l' | L-ll.l -—-nH
=l 3L

THE DIﬁhDW%L ELEMENTS OF THE INVERSE OF THE XEM ARE SUMMED IN TWI?

TR=0.
DO 350 I=1,\C

MI¥02360
MING3370
MINOZ2380
MINO2390
MTIY02400
MING2410
MINO2420
MIN07430
MIX02440
MINO3450
MINQ2460
MING2470
MINQ2480
MINO2490
HINO7500
MING2510
MINO2520
MINO2530
MINO7540
MINOZ550
MINO?560
MINOZ25T0
MIN02580
MIN02590
MING 2500
MINO3610
MIN0Z620
MINO2630
MINOZ640
MINO2650
MINO7660
MINO2670
MINO2680
MINO3690
MINO2700
MINO3710
MINO2720
MIN02730
MINO2740
MINOZT50
MIN02760
MINOTT0
YINO3780
MINO2790
MINO2800
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11N028 30

,_...
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RETURN MINO3960
END MIN03970
“LBRUUTIWE MAMIN (NK,N,NMBE,NC,NPNC,NMN,LP,0,0C,S,U,V,W,X, MINO3980
C,T,IVAR,SIGMA, A, BB, BABS, MINO3990
* kzv Jua.Cﬂ.TT,Hx,Ers.ss,ca.waer IPRIN, STEPS) MINO4000
IMPLICIT REAL*8 (A-f,0-2) MIN04010
DIMENSION A(NMBE,NPNC),BB(N,N),B{(NPNC,NMY) MINO4020
DIMENSION C(NMBE,LP),T(NMBE,LP),CB(NK,LP),BT(NMN,NPNC),TITLE(20) MIN04030
DIMENSTON BABS (NKY,CI(NK),KEY (NK), STEPS (NMBE, LP) . STGMA (N) IN04040
DIMENSION X (NMN),SONMNY, ULNMN) , V (NMNY , W (NMN) | IVAR(N) MINO4050
DIMENSION CX(NMBE) ,TT (NMBE) , HX (NMBE) , EPS (NMBE) , JOR (NMBE, NK) MINO4060
COMMON JINP,JOUT, NF, LARS,NRCY . TFATL,ALLO, TOL, TOLU, ACCM, TITLE MIN04070
C MINIMISATION FOR SOLUTION EQUILIBRIA USING MARQUARTS METHOD MINO1080
NC1=NC+1 MINO4090
YM=LP*NC MINO4100
NM1=NM+1 MINO4110
v=1. MTN04120
1 K=0 MIND4130
Do 2 IP=1,LP MINO4140
po 2 I=1,NC MINO4150
K=K+1 MINO4160
2 X (K)=C(I, IP) MIN04170
00 3 I=1,N MINO4180
k=K+1 MINO4190
3 BABS (IVAR(I)) =X MINO4200
CALL FUNCT (NK,N? 8,KEY,CB, STEPS) MIND4210
NF=NF-1 MINO4220
c MINO4230
5 IEXIT=2 _ MINO4240
DO 10 J=NM1,NuN MINO4250
V(J)=0. SN MINO4260
DO 10 I=NC1,NPNG L > NN MINO4370
10 B(I,J)=0. A CA S N MINO4280
C ASSEMBLE MINO4290
NN=0 MINO4300
DO 30 IP=1,LP MINO4310
CALL CALC ' (NK,N,N#fE MINO4320
* " NPNC,LP,NY, XM, NN, ¥, MINO4330
Do ﬂo =1.5C MTN04340
L=\ —I MING4350
DO 19 J=I,%PNC MINO4360
=0, MINO4370
DO 18 K=1,NMBE MINO1380
18 2=2 vntx.rita{a 1) MINO4390
19 BEJ L) =7 MINO4400
S v
= =L ™ . &
=T (N MINO4470
[PNC=I-%C - MINO01440
DO 25 J=IPNC,NFAC MINO1450
7=0., = MINO446¢
DO 23 K=1,¥MBE | MINOA4T(
23 Z=2-A(K IPSC}*J 5 MIN044
55 B(J,L)=B(J,L)-Z MIX044
30 XN=NNENC MINO45
DO 10 I=NC1,YPNC MINO45]
L=I-NC=NM MINO45
10 LSBT ﬂ']U‘LL’J‘VIEJ‘lﬁﬂ'ﬁ IR
60  NRUN=NRUN - MINO45d
ILEPE-l MINO45
1 MINO456
70 MING4ST
} MINOASE
o g ) i
90 rr EOQ. 0. un TG 110 MTY
2 MINO4616
nE 95 IP= 1 VIR
h = rLF fy ¥
PO 95 T=1,NC MINO4610
AT g
95  B{I,L)=H{L)* .
0o {00 I:lrﬂq YINO46TI
L=¥¥-1 MINO4680
100 B(I-XC,L)}=U(L)*01 MINO469
g m e
CALL CHOLS (XN, NC,NM,NMN,NPNC,LP,B,BT,S, TEXIT,NK, NMBE, X, W, MINO4T2
« "TVAR,BABS,C) MINO4T
C REL SHIFTS ARE NOW IN W, AND LT IN BT, B IS UNCHANGED MINOA TN
¢ NEW TRI&L PARAMS ARE IN § AND BABS MINO1T5!
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(=al=pl=3]
o000
AL OO =]

Chioh

i et
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1 et b )

[ 0} RETURN
. 2 GO 70 GO0

.; Go TO 335

Om=ES =TT

¢ 0. 0.) GO TO 345
gqml}mn*um
HNC% (NK,NMBE,XC,LP,JOR, BABS,T,C,CX,CI,S5P, KEY, CB, STEPS)

L
5

CGH?ERGE&CE TESTS
fnsr 58 .GT. TOLU) IE%IT
{

F
F (IEXIT .EO. ﬂ} GO TO 4Q5
F (DD .GE. 0.) GO TO 39q\ //
FAIL =7
0 10 4u5
1=8

ﬂ .5 - = HHJHJ&T_E
{?P RIr ﬂ} 8 70 605

REL SHIFT')

FGRHAT { GC LE'ﬁZIQ 'FUNCTIONS CAICUIRTEBLU—' +1PELT.9/

W

gy ﬁ%amms

' MARQ

}RIT‘:." {J(}U T,602) I‘Jaﬂﬂ}iﬁ—) WL}
AT tiur s
FR=

1
F
J

1

Do

DO 606 K=1,NC
F(S{NH*K] GT 0.) GOTO 606
R=-.99/¥ (XN+K)

b2

CONTINUE

F R E? 1.) GOTO 608

L'Rh+

A
N
C
55
1
G
D
X

{L}-EIL} (1.+FR*¥ (L))
N=NN+NC
ALL hEG (NFK,N,NMN,NM, X, ¥,KEY, TVAR,CT)

=58P

F (IEXIT E 2 .OR. IFAIL .XE. 0) GO TO 620
0 TO {Gln

0 615 1 nuﬁ
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620

630
700

103

106
109

710
715

12

L =]

130
140

150

790
800

140

168

170
Jog

4

MmO

L]+FR*HJL{*X{L}
GoTo 703

]
1
W
W
""'\-n

MmO i 8
—3

NUE
FREQ. 1.) GOTO 709
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END
SUBROUTIXNE FUY

CI,U,KEY,CB, 5
IMPLICIT REAL*S

.l

A-H,0-2

)

DIMENSION T(NMBE,LP)3.CONC (NMBE, LP} CB hj;LP} 5TE

cv. ( I&CG\Ct{r IP)

[l'_ll—lf... =5 i
T

U=U+EP
CONTINUE
RETURN

DIMENSION JUR{WHBE NK) , TITLE{20) , BABS (NK) , EI{NL]P%%E%BEILP}

DS Ty ﬁﬁ 3&3% ceM, TITLE Iy
¢ THIS SUBROUTIN il ALL THE DATA POMIN
C BUT STORES THE CONCS OF ALL COMPLENES CA ED By mam&jn? NINTNININ
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UTIU\ OF THE NORMAL

EXD
SUBROUTIKE CAL

¢ (NK,N,XMBE,XC,IP,JOR,CONC, IVAR,A,EPS,CB,
IRt AR
DIMELSION T1TI £{“01,&?R{xﬁnt.ﬁﬂ} A (NMBE, NPXC) , TPS (XMBE)
DIMEXETON ??}IEEE?“%%;JL-:?B{%#L?{#—%{?_H
DIMEXETON IV U NME)  STEPS (4%
CONNON JINE, JOUT, XF, LARS, SRUN, IFAIL, AL10, TOL, TOLU , ACCH, TITLE

Do 10 J=
cx{am cntb ]F

DO 30 T-1,NMBE

EPS(I})= BTEF“(I 1F)

DO 60 J=1,NC

Do 50 I=1,NMBE

DO 40 L=1,NK

§?%+5§{%}*JQR{J ,LY*JOR(T,L)
A(J,J)=A(J,J)-CONC(J, IP} '

po 76 J=1,N

JPNC=JNC \. “,af
TV=IVAR(J)

DO 70 I:},\qnt

A{I,JPXC}=CI{IV)* vy

Enﬂéﬁ 1=1,NC

DO_80 J=1, NMBE &h_,;!""f'

2=2-A(J, I *EPS(

V(NN+T)=Z2

DO 90 I=1,X

IPXC=T+XNC

TPNM=T+X\M

DO 90 J=1,NMBE

V(IPNM) =V (IPNY)

RETURN

END

SUBROUTINE CHOLSATX
w,IVAR, BABS,C)
IMPLICIT REAL*E (A
DIMENSION B(NPNC,¥WN
DIMENSTOX X (NMX), h{ﬂ
COMMON JINP,JOUT.NF

TTLE(20

(NMBE, LF

oL, T0OLL,ACCH, TITLE
FACTORISATION OF B,

T] ¥ITH L(T) STBRE

Do 145 1=1, ﬁkfj

11=1-1 b

Do 140 J=1,KPKC 3
ST=EB(J,L) ;J {
IF (11 FO. T0 120 i
0

ST= ST BTEH+N\ J) *BIIK+NN,1)
XT=8T

£ fheSei] Bk 850 V) e UINTT
Mfﬁmﬁﬁmmumm (R

EGHT UE
NN=NN+NC

DO 200 I=1,N
I1=1-1+NM

CHOLESKI FACTORISATION FOR BETAS

KTFST

IF (J .XNE. 11
IF(XT .GT.
IFATL=5
RETURN

GO TO 190
0.) GOTO 180
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c

120

190
200

3 1o TR
[
ooo

(B TR
LNda
oo

L3
L=al=al
e

270

C
275

280

nTcL IL%=1 JDSORT(XT)

BT{L JL)=XT*BT(L,IL)
CONTINUE
qrngﬁann SUSTITUTION FREE CONCS. FIRST

0o ;]ﬁ IP=1,LP

EEE} =S (L) *BT(L, 1)

F (NC .EQ. 1) GOTO 230
o 220 1=3,NC
L=NN+I
I1=1-1
5T=5 (L)
po 210 K=1,I1
§L=§T+BT{K I)*S(KL)
?L] %L

NN=NN+

FBRHARD SUBSTITUTION
po 250 I=1,N N\
L=N¥+1
I1=L-1

IFWC'I+?C
ST= {L}

=
—
208100t (& IP‘.’C!V~

§(L)=ST*BT(L, IPXC)
Dﬂﬂ

T THIS TIME
%I'l N

=X (L)
}} L)

ugd

K=11
(L
(L

gT ﬁmuu’imu’%mi
A mqmmwnwmaﬂ

1.;
SUBROUTINE INVER (N,NC,NM,NMN,NPNC,LP,BT,D,TR)
é}'ﬁ'ﬁiﬁ%éx“ﬁ%hﬁx e

ALCN OF THE INVERSE OF THE NEM. FORWARD SUBSTITUTION

B e e Lot [ mal el s T L
= e 0 o

Mo L Feichie G R e g e L Lo R Tl |
5 B n88

li
ke 4 e i
——f l—l ¥ e i Y
—=1
L L "-ﬁ
et n.
D

~—Omme

76

YINOT160
MINOT170
MINO7180
MINOT190
MINOT200
MINO7210
MINOT220
HINO7T230
MINOT240
MINOT250
MINOT260
MINOT270
MINO7280
MINOT290
MINO7300
MINO7310
MINO7320
MINOT330
MINQ7340
MINO7350
MINOTI60
MINOT370
MINO7380
MINO7390
MINQ7400
MINOT410
MINOT7420
MINO7430
MINOT440
MINOT450
MINOT460
MINOT470
MINOT480
MINO7490
MINO7500
MINO7510
MINOT520
MINO7530
MINOT540
MINO7550
MINOT560
MINO7570
MINO7580
MINO7590
MINOT500
MINOT610
MINOT620
MINOT630
MINO7640
HIND7650
MINOT660
MINOT670
MINOT680
MINOT690
MINO7700
MINOT710
MINOT720
MINO7730
MTNOTT40
MINOT750
HINOT760

MINOTTTO
HINOT780

MINO7790
MINOTR00

MINO7810

MINO7320

MIN07830

MIN07840

\TN07850

Y TNOT860

MINO7870

Y TNO7880

MINOT890

MINOTI00

YIN07910

MTNO7920

YINO7930

MIND7940

MINOTI50 |
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540
550

10

15

7=0,
Do 410 K=1,d1
7=7-BT (K+<\N,J) *BT(IL,K)
BT(1L,d)=2*BT (JL,J)
DO 440 J=1,N
JPNC=J4NC
%Eu&"r k=1,NC
aa =1,}
7=7-BT (K+NN.JPXC) “BT(IL,K)
IF (J .To. 1) GoTO 435
b o
E=Z-BT{K*hH JPNC) *BT (1L, K+NC)
L=NM+J
BT (IL,JPNC)=Z*BT (L, JPNC)
CONTIRUE
IF (% .EQ. 1) GOTO 500
N1=K-1
DO 470 I=1,N1 ‘\
T1=1+KN
11=1+1
DO 4
Ji=d-1
Ji=J+N
JPNC=J=XC
7=0.
D0 460 K=1
7=7-
BT{IL.JP\CI Z’BT[
FORM
DIAG.
XK=0
Th=0.
DO 5
DO 5
1L=X
7=0,
DO H1
7=7-B
TR=TR+Z
KN=NN+NC

INVERSION FOR EET&ﬁ?jTBQ

Do 550 I=1,N =1/
L=NM+I N

BT

JPNC=J+NC Y

7=0. =

DO 540 K=JPNC,NPN

L,K)*BT
t ZTETEI d } Té Tﬁ+z*D{IL}
BT[ILﬂJP c}=

e 17
R

IH?LIEIT
EéﬂEhEIGH X (NMN), h{hﬂﬁ}

i

m::- 1n91 =1,N

L=N
XT= K[L]+T*H{L *X (L)

IF (XT .GT. 0) GOTO 10
T--l /(L)

CGLTIHUE
IF {(J .Eg. 0}
V=I1VAR(J)

KEY (IV)=-NRUN*2
CI(IV)=0.

IFAIL=-1

5{ [J .EQ. 1) GOTO 20
Do 15 1=1,01

L=NM+1
A(L)Y=X{LY+T*wW (L) *X (L)

EifTLE

i—l

RETURN
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78

I+1)
W{LP) X (LP)

SUBROUTINE DOUT3 (M.N,NMBE,X,JOR,IVAR,SD,U,KEY,COCO,BABS,
« " "MODEL, NM, NMN

IMPLICIT REAL*8 (A-H,0-7)

INTEGER SYM

L T L | == e L

il

—

-

=
aunnmtﬂnmuhainnmnunmaﬂnmaﬂnﬁ-h*q;
P T e = = === === =]

DIMENSION IVAR(N),SD(N) EGCG} N, X)L, X (NMN), SYM(40) MINOS
DIMENSTON KEY (M) ,BABS (M) NMBE, M) , TITLE(20) MIX08
COMMON JINP,J OUT, NF , LARS , NRUN  IFATL, AL10,TOL, TOLU, ACCH, TITLE MINO891
HATA STHI A IBT IC i D ] E ‘ FlitG ilHli'IlilJ‘i Kﬁiltliiﬂl‘ HIHDE 2
.oy g PR O TN T ) A LR L A MIN0893
x gl .4r . 9 11r 'a‘ vof Tul a b f vl aoby MIN0894
C__QUTPUT ROGTINE FOR Sakouakt NiNTHESA i MIND295
100 FORMAT ('1'///' MODEL',13,1X, zun MINOB96
101 FORMAT (' FAILS',12) ; MINOB9T
107 FORMAT(' REFI\EHEWT CONVER 1|: ‘ MINOB93
108 FORMAT ('+',35X,14,' ITERATIONS®, MIND899
# 1 sUM OF SQUARES =',1E ,t,.,. STD DEVIATION MIN09000
* 10G BETA STD. DEVIATION'/16% MIN09010
109 FORMAT (7H BETA (,Al, Jdh S % e MING9020
110 FORMAT {'+',23X,'REJECTED! AR MIN0O9030
113 FORMAT ('+',23X.'CONS X, 0PF12 --\__ MINO9040
111 FORMAT('+',23X, 'REFINED '2,2FL2, MIN09050
115 FORMAT (180, 'MATRIX OF CIENTS ngu I,J'//4H  1/) MIN09060
116 FORMAT (I4,11F10.3/5%11F A Y MIN09070
117 FORMAT (6HQ 15 l \ IN09080
WRITE (JOUT,100) MODELATT MIN09090
IF (IFAIL) 1,8,7 = MIN09100
7 WRITE {JDUT i0f) 1FA ) MINDO9110
co TO (16,16,16,9,9,9,949) \ MINO9120
8  WRITE(JOUT, 16?; 4 MINO9130
9 WRITE(JOUT,108) NRUN,NF,! ik MIN09110
K=1 8 MIND9150
DO 13 I=1,M . 3 MINO9160
R e NEN09140
' ‘ ¢ WG dad =L, : sidi
J=EEYiT}*3 4:::! ) MIND9190
IF (KEY(I) .LT. ~3] J=1 a———= 4 MINO9200
6o 70 (10,13,11,12),J B ~g4ﬁ§5§3:; MINO9210
10  J=-KEY(T)/2 N A ) MIN09320
WRITE (JOUT,110) J{-A . Wi MINO9230
GO TO 13 h &~ = ®) MINO9240
1 ﬁm=nmcmssm*m%w — HIN09350
WRITE (JOUT,113) BABELIY.XD = HIND9TE0
GOTO 13 r e MIN09770
12 SEDLOG KA (A0 {] 41Y09730
SDL:SD}Ki 100./AL10 MIN09290
WRITE GJOUT,114) X(K+\M), Eﬁjkl XL, SDL MIN09300
K=K-1 MIN09310
13 CONTINUE MIN09320
R MENULINEUSNT |
130 hRITE {JﬂhT,iIE WING93 40
0 15 I=2.N MIN09350
M=T-1 MIN09360
15 NRITE fd YIN09370
KRITE (1 151 mﬂqaawmmn
16 nzr MIN09390
IN09400
EUBRDUTI\E STATS (NK,NMBE,LP,JOR,T, CONC,CB,U,JPR,KPR,LFPR, STEPS, MINO9410
£ JK,NK1) IX09420
IMPLICIT REAL*8 (A-H,0-Z) MIND9430
INTEGER PLUS,BLANK,SYM,PT IN09410
DIMENSION JUR{NWBE*YH} T{NBE,LP) ,CONC (NMBE ,LP},catuh LP),LPR(5) MIN09450
DIMENSION lFﬂPlB]*!LIHtEI.SYH{iH CPTOLLG) , TITLE(20 [ﬂﬁ94ﬁﬂ
DIMENSION STEPS (NMBE,LP),JK(NKI .JIIPSfli JIIBL{1 MIN094T0
COMMON JThPiJﬂLT,RF.LQRS.ERHH.[FAIL.RLID.T L, TOLY,ACCM, TITLE ﬂ[ﬁﬂ94ﬂﬂ
BATA SYN/IAY, TBOTER UV ER EY, e R MIN09490
;.l~[1*|l":l1JI E‘:I. LI; H'; H‘l.r-.ll Plrlﬂlr erfﬂl;lrl r[I,'il';“ﬂ' \ 5 qrxﬂ,qaﬂu
"T',’3'.‘1"'3‘,'3','4',*5'.'6','1‘,'ﬂ‘*'ﬂ‘, i f. |tl 1'1*| L f qlxﬁgﬁlﬂ
DAT JIIPC/ -/
DATA JIIBL/' '/ _
© A STATISTICAL ANALYSIS OF THE REJIﬂU\LE OF ALL THE MASS-BALANCE ﬁlﬁﬂﬁﬁﬁﬁ
FQUITIONS, FOR FURTHER DETAILS SEE M.R.SPIEGEL, MIN09510



19

nﬂﬂﬂnﬂﬂuunﬂuuﬂuuuuﬁunugnn
WS = e G O = O T W D M e O O e O Tl D

nu:U.H“ﬂ.nu_ﬂﬂn_.ﬁﬁ_._ﬂ_n_.U..U_U.Uﬁ.nu_.U..Uﬁ?ﬂ_u.ﬁﬁvn_ﬂ_.u.U_un.U_ﬁvﬁ.__ﬂ_ﬂ.ﬂuﬁuﬁuﬁvﬁuﬂ__ﬁ.__ﬂ_.l_.l..l_1.1.1_.1.]_....11111111111111111”.14111 =
o o e e L e e S T S S S, e, S, e S e e S L e e L L L T B S e S S A o S L L LA L L R LA L L L L
e g e e e e e e e o e T e e e e e 00 00 0, 01 00 0 LT
e T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e S e N I e L A R R R R e e e i e L B L LN

MINO9540

= =
= v
— — ] [
e L= o
. - -
i [ | R A
— = - -
=5 z22 o)
T - -
- _cﬂ-_ = 4 ..Ij-. q
= . i Liaa I
Co T o B - -
—— O - e
o s -
. [T
il —= T, —_— =2
=1 =y e T
— il — - = .
= (==t = L= =
] o= [ —
= L fi et o L
o e e A
- el P = 8
Iz - R peu
[ Cd= = = —i b= a7 —
- = =Ll R =
- Sy=rEn b~ = = ELIm- r ==
K e il = Ll —o -
¥ LdCIcIOLnis G O i
—_ it s = | = &=t — =y
- e TR PR i - — L=
L3 af. =ibdp= O W3 = L o
[ B -1 = - - -
[ N L i T o N - - = bad
-ty e G =i ef= = = e T
[ - I S . = o —
[ £ oL Rn.u..nt — i — [ o]
= e e D s (T3] St — e =
[ L] o L Tl e K R S-S T | . =T i L
o [25 = P, — O‘“ - -] [ =% W= O = e
'3 Ll rn  [atl= = o [ e -] e
L (] = T o i e | v — o wel s —0
o = =1 AL LN el e 1L a B e O —
Lo ke i0~ta = — Lol L] = e, =L =
o o | ] =~ B B L — Il oW =20 S fad
= =1 — 2 e L B L e D = = g - — L€ # Foe— — .MT}SC B
O eSSl il SO — W9 = ' L2z + I8 O — e L D
Lt o= o G LT e e O ] 2t o M..u-l_ I A [T - [ [l L L 3 & Alta
Sy e L B e S = et = = — = = (= L L B A L Tt = bl
bt L L L e o O~ sbleel o = = = e [ b = L% Im et w w O e =
ESETES = CAL3s P = i) [ e [ I e L e | e T o - 1P - et 1 ool i S e 1 o I =L Y
e B e e =l LG = e =T | I <2 < [ L | (R 2-3-1-=1H = = o000 000 —egenf
O T T T TR LT [ = To ey e il e 1 - S T = [ #5 i S o 7 =D o= Rl DO0 ELE~OMR
—r it - [ e T + = s = &3 - B mlad L o L S B O +« RO —= O i~
e e ey ooy N e 1 e ot Lo Lo [T T Tl 0 ] OO O I OO0 | OHEORRE  EEal  blen O I B L = | D | e~
S (] St T T T T D P T e T T, ] (O R e« oD ] PR e A S A B A e = L L= D= L E L I ) A e R L | B O E,
O sy e g e s e e A e e I R R OO || O R A Ol R e e || e A e O || O DS OO U O e
e e e ey T IR T e e L L s L L= LML - L E o o ) — e b | - - [=] uﬂ.m Il bad i) saEE L ] ] SR LA D ] B e B
= SLHO00D0C000 O iIlEddddddl-dG D EaC RO OO OO OEEOD HDHP:ﬂﬁum 1 e e 5 = e 5 55 e O ) S 0 0 0 i D 2 0 T
e e 03 e i b i b e it o . e S G LI I I S S U D eSO Oaeaaft.abka=Aaar-m U namae Sk DU A D - UL s =0 s Ll O
*
—der W
e CICIcd &
[l o] ] =] o = ¥ . = ] w o o Lo T |
Cirrrdire— 01 o — = e ] - = o [ L ]
(] — — — = -3



150

180
395
100

410

430

460

470
480

3I-

R1=CLIM(R)

OBSCH=0BSCH+RAPP

REACT=DSQRT (/RDEN)

WRITE (J UT 1 g GBSCH RFACT

LF {KPR i 0 395
80 IP=1,

HRITE 5Jﬂﬂ? 2} 1P, (T(J,IP),J=1,NMBE), (CONC(J,IP),J=1,NMBE},

-1;EK}

R(I)
IF ’{L .GE. 1{ WRITE (JOUT,22)
Do 116
PT(I tnuwk
)

0 I=1,NMBE
IF LPR{I]
ERITE JOU

0) GOTO 480

E (JOUT, 25} {?LUS K=1,130)
IP=1,LP
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