




































































































































































































































































































































































































































































































































( l) 
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c 
c 
c 

6- 1 continue d 

OUTPUT FORHAT 

IF<HCDIKPAGE,il,EQ.OlPRINT 111 
111 FORHAT<1H1) 
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ENO WHILE 
STOP 
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C= 4 8 9 10 11 

4. 20 
11.00 

-,OJ23 
1. 12 27 

GAl-'•ACTrn BETA·ALTrn S1-ACTl'°« 

AF.EA . -. o n ·e o 1445 • 00 5 3 
FARE A • 1 _547 • o 3& • 0295 

FRACTION OF PFOTEINS : 
OF SUBSTITUTEC SITES = 

FSS FOR BKG, = 
-. 0033 • o o 64 

• 0013 

. 5.00 c;,eo 1.20 g •. a 11. o o 
1 7 .2 a g,oo 1. 2 5 • 5 0 • 2 a 

0.0000 ,0323 .0889 .11)H • 2 42 4 
2,0553 I 8.' Q 3 .1062 • oz.; 1 .0167 

I 0015 • 0007 
.0085 • 0 0 36 

b 

13.00 
o. o a 

• . 3232 
o. 0000 

HIGH LEVEL ..... H16-1·2 HI38SVl+O GEL 19 •.....•.......•.......... 
XS CALE= • 0 3 0 3 PH XR 
YSCALE= • 0 8 33 OD UNI r S/Uta T YR 

XR= 1. o o 2. 1 0 2. <:- o 3.10 
12. o o 1 31 0 0 15, D 0 15.'30 

YR= . o. 00 1. 1 o z. E: I) 2. 7 0 
11 3 0 .30 .20 o.oo 

31 50 

2. 1+0 

i..20 

6.oa 

s.oo 
g,70 

6000 

r.oo 
8.60 

3. 10 

91 00 10.20 11.00 
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6.3 Generation of a Random Amino Acid Sequence with a 

Specified Amin9 Acid Composition 

To relate high level mistranslation during amino acid 

starvation to the error frequency during normal protein 

synthesis, it was necessary to determine the relationship 

between step time at the relevant codon and the protein 

synthetic rate (Section 3.2). This relationship varies from 

one protein to another depending on its amino acid sequence 

and therefore to determine if actin was representative of 

overall protein, I analyzed several hypothetical sequences in 

addition to the actin mRNA sequence. 

The position of histidine or asparagine residues were of 

most interest. In some cases, a table . of random numbers 

(Selby, 1967) was used to determine these positions. 

However, for general analysis of protein synthesis under 

various conditions, it is useful to have a complete, random 

amino acid sequence for a protein of length M residues with a 

specified amino acid composition. The program shown in 

figure 6-2a was written for this purpose. M integers are 

sequentially selected at random on the interval l1,M1. If 

the integer has been previously chosen, the closest unchosen 

integer, alternately above or below the selected integer, is 

found. The i n t e r v a 1 l_1,M) is subdivided according to the 

frequencies F(i), i= 1,2,3, ... ,20, and the amino acid to 

which the integer corresponds is appended to the sequence. 



1 

2 
~ 3 .. lo 

5 5 
& 6 
7 7 

' s 
9 q 

12 1 i) 1) 
1) 
1) 
1) 

13 11 1) 
tr. 12 1) 
15 1J 1) 
lf> 14 1) 
17 15 1.) 
18 16 1) 
19 17 1) 
zo 1~ 1) 
71 19 
;>~ 2'l 
lC. 21 

1 l 
?. ., 
3 3 
4 .. 
c; 5 
& f, 
q 7 ( 1) 

10 g 

12 9 
15 llJ ( 1) 
tf, 1l ( t.) 
18 1Z ( 2) 
zo 13 ( 3) 
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HETHCC SELECT ~ ;ANDCM NU~~E? ~ P~TWEEN 1 ~N) ~. !I=' ;~E ~U~~E~ Ht~ 
SE£~. PICl<EC f'f.FOR~, FT 'lO TH: CL:>s::sr t.<UILA8L;: ·w~s:::R 9cLOW (t.!lCV~) iHE 
SE.£CTE.C 1-CU"EIE~ IF C'L~:;::.r:u:.. (,FO:.LS::.1. 
OlvICE THE S~CEUNCE ~ lNTJ zq PAPTS ••• 
1 ••• t- F<U 1 M Fltl•1 ... M (l='(U+F<?.», ETC ••• IF ~ FALLS I~ T~E !TH 
BLJCK, INSE~T AAMN<Il ONTO TH~ ~Pl SEOUEhCE 

H ·TEGEF OP1 (r:;QQ) ,At.I, AA"1't (?f)) 
Olt'E!l;SION F (20) 
~Hghg~~1> 

2 ~5~g~f~t6FS.3/4FS.J) 
H= 374 
OO<K=t,~> 

CALL KANPfiOC H,F,AAH~,'(P1,S) 

OUTPUT 

P!'INT12, M 
12 FORHAT(1H1///f10XtRANOOH PROTEih OF LENGT~tI,.f/////) 

PFINT11 UA~M<I> FCI>,l=t 20) 
11 FORHAT<~XtCOHPoslTIONI t//~0(10XAt,3X,F5.~f)) 

PHNT10 
10 FCPHlT(///~XtSE~UEWCElt//) 

PPINT3 (!tP1<II Im:l,1'0 
3 FCF.HATlsx,sc10A1,2X)/) 

El'<DCO 
STOP 
Et-JD 

SUSPCUTINE ~ANPROC~,FA~A~N,R.~t~S> 
I~TEGE~ ~Ft<~>fS(M) ,A I,AA~N<2 > 
OIHE~SION F(20 
LOGICAL FLAG 
FLAG::. FALSE. 
oo<~7Jtd~ 
HODO 

SELECT A NU'1BE P, WITHJUT ~EPLAC::HENT e~TWEE~ 1 ANO "' 

OO(J::t lo!) 
~=IkG<1~~) 
IF<FL.<G 

WHlLEISl"l),t_),Q) 
N=tl-1 
IF Cl'l.E:Q, Jl N=t'I 

ENO WHILE 
ELSE 

HHlLE<S<N>.Ea.o> 
N=t1+1 
IFrn.c:a.1'1+1)N:1 

EMDWHILE 
ENO IF 
FLAG:, NOT.FLA; 
S(N) ::Q 

N •US: EEEN DETERt-!INEOa NOW OETERHIHE WHICH AA THIS COR.F.ESPet;os TO. 

UI=O 
SFI=O• 

•SFI.GE.FLOATCN>•.001) Ut.TIL<FLOAT ('i) 
AAI=AA!+1 
SFI=SFI+FlAAIJ 

E~OUNTIL 
RP1<Jl=AAHH<AAit 

END DO 
RETUl'N 
E~O 

FUhCTION IRG<M~N) . ~Erw-~ l"1 A NO 1.1. 
c RA~OCH NU~SER GE~ ~~T~~ TO P~OVIOE A~ I~TEGER ~-~ NUH 13E RS. c Ll~EAq COhGRUENTIAL 11::THOO lf G~NERATING FSEU1)•PA~JOM 
c DATA l0l!Y/214746J)46,56871l/ 

IY=HOD< s&2s•rv+2~221,11> 
IPG=~+<N-~+tl•IY/l) 
R.ETUPN no 

Figure 6-2 Computer program for generating a random 

amino aci<l sequence with a specified composition. 
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6. 4 Computer Simulation . of Protein Synthesis During Amino 

Acid Starvation 

The program shown in figure 6-3a was written to 

theoretically analyze the kinetics of ribosome movement on 

mRNA during amino acid starvation. The prime purpose of the 

simulations was to relate protein synthetic rate to the 

increased step time of ribosomes at codons corresponding to 

the starved amino acid. The logic flow of the program is 

described in section 3.2 and further illustrated by the 

documentation associated with the program (comment (C) 

statements). 

The UNTIL construct "UNTIL(NM.EQ.O) ... END UNTIL" reads 

data cards specifying the mRNA length and position of the 

modulator codons. Any number of the translational parameters 

can be varied as desired with appropriate "DO" constructs. 

For each input mRNA, the simulations are generated for all 

specified variations in the translational parameters. For 

example, in the program illustrated (figure 6-3a), all 

parameters are held constant except TP, the mean "defined" 

step time of the ribosome at modulator codons (i.e. t ~./t51 ,.). 

The DO construct "DO(TP=50, 150,50) ... ENDDO" generates 

three simulations of protein synthesis as the mean value of 

TP takes on values 50, 100, 150. In each case TP is a random 

variable uniformly distributed about the mean valu~ plus or 

minus 203. At the beginning of each simulation, one ribosome 

is initiated at the first codon and iteration continues until 



2LiJ_ 

NR=4 ribosomes have completed synthesis of the mRNA. The 

input mRNA for the sim.ul ation shown was actin. The results 

of the simulation are shown in figure 6-3b. 



242 
Fl N c;:) • F . 6 3 p 
,..u,..9ro 1110, t •• 1=~rsnt.r; l)i;~r1-1 igure - · rogram to simulate protein synthesis. 

1 ~~C~C'A~ cg~(!N~U~=7,~P,OUTPU-=·:l2,TA~~S=!NPUT,r:c~~=OUTPUT1 

2 

I 

2 
'! 
4. 

z 
7 
1 
2 
3 

5 
& 

5-; 

: 
? 
6 ., 
~ .. 

10 
11 
1? 

~~ 
! :: 
; : 
1,, 
l'< 
!: J 
21 
2? 

~3 
2 ... 

zc; 
2 E. 

27 
2 C! 
29 ... ., 
~i ..... 
!'! 
'T!. 
~:; 

:o .... 
;Q 
~q 

- , 
:.. ~ 

!... ~ 
:. ~ 
1.. ... 
i.:; 

-

f ~l 
f !. l 
f ,, 
f c) 
( 2 ) 
( C:) 
( 2l 
( (.') 
( ;:1 
( 2) 
( 2) 
( 2) 
c 2l 
( 2 ) 
( 2) 
( 21 I 

( 2) 
( 2> \ 
r 2) 
( 2) 
( ':l 
( 2) 
I '2> 
c ;:' l 
f Cl 
( '!, 
( L.I 
( ::1 
I ? I 
( 21 
( ~) 
( C: l 
I " I c I 
( ?l 
( (\ 
( 2 l 
f 2 l 
( :" l 
( , l 
( .., , 
( -: I 
! ~ l 
( - , 
f "'l 
! ) 

f 
( 
( 

f 
(' 
r 
r 

c 
c 
c 
c 
c 
c 
c 
c 
,~ 

c 
c 
~ 

~ 
c 
c 
c 
~ 
c 
c c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 

c 
c 
c 

c:'" ;:i r; ·' H' T : c 0 .., c" T c " ;; t' - :: 1 .,, r: v 1; i' 1.1 := r r r ::; !I T c o 11 A .,, "' r::- "' A ~ ~ ~ i:- u ..., c-:· r o N :i F s rs -= 
TI~:~ C. T (~~ct~. c:c ~ r.c:~ ALLU~~ Fe; FL::Y!nL~ ~OC~L!N~ ~c: TCANSLAT:CN 
::c.-:o:i•• ; · :-c s: IH!' !5 P1.r.-r:;ULC:.L v S•JITA:lL: l'"Ci:' A•Jt.LYSIS ~C' oc;CTC:!°" S•n.TH::TIC 
~:T::, ::;!PCS~~· ~u:ur~r. A~~ ncLYSO~: C!ST=!BUTIONS OU~!Ni. A,A, STACVAT:C~. 

i:'(W',•\ r;rv •-s TP:: oos :-;c~ _.. :;ipto:;o,.c v ON TH!=" 1-:NA c:-c,;;> <!.L'::,t'(•: ,!.1.L:,P..!"I 
l;(O:.~l=G c.-·irr:= s c:1 r.. c r: r:~:: ~·.::.~~l"T !'JI1';A T£'J Y:'.T 
1:fi<.~ I= ~ · 1-+: ('f•. oT::~ C:!nc c::i .. ·- i..t.~ ~o,..:::L::r::o p.:n1A T;;>Al\':LATIO~l 
C('<."'.'l = TH' L:r;r, ..... O• iP ·"'.' {TJ'•f Ut: ITSI ~!'1C501'' ~ '< ._ll'!T WAIT ON CCOO"- ~(1<,l) 
=IK,2) = ! :'.'F" =>ft<,!.l I'5 NOT t: "'0f1UL 6TCC CCQf'l',j <St: ::: ccr-: l'I C: LOWl 
Cf<.:1 A- ~ccULATC~ CO~OP..S <~:: er-isl !S A ~A~OO~ V'~!A~L~ WIT~ ~ E 'N TP AP..0 
UNirJ~M ~l~TcIQUTlC~ CV~~ TH£ CANG:'. ,,..,..o.~001 

~=~ 0 i¥~~A~ ~~E~og~Nc~t~N!J <~!i1~~~~ X 0 ri~i ~fy~E~g¥o~~0~L 1 to~~~J;~f C~IT::~IA. 
2. 0 rqosc~E K-1 IS .GT. 0 CODONS FUCTHEO ~O~N T ... ~ HESSAGE. 

VAi;!llEL:'.S 

NM 0 , 0 i'~E ~U~AEP OF CGOO~S !N T~E ~RNA 
P..C ••• TH~ ~u~~f~ OF ccnoNS F~C TH E STACVfO A,A. I~ TH€ M~NA 
cco~ ••• TH~ PCSITIQP.. QC THE co~o~s FO~ TH~ STAPV~C A.A. 
c~~11 ••• ~ ~~0:F (N~~ ~ OF ccoT ~r~ oc !C ~ "'T!CV!~G LAnELl 
IVCIVCl ••• THF. T!"'C: =rno~c~: !VC TN!~IJTED T~ANSLATIO~ 
ri:: •• ,,... FA•J '' fl'.7.1 t.T MOOlJLAiOi; C'.)CQfl;S 
~~ g~~=5 ~~~n~~I~; ~a~G~oci~L~~~~2rQ~~N~:~0~~tni1~~02~s07H~~ COOOllSI 
r ••• ~r~r~u~ crsrA~c : fl~ C'.)" o~s 1 &LLC ~En ::;~T~EEN cr?C$O~Es 
C:!Q ST, •• c:cw TND ~ X '.)~ TH~ C:IPOSO~~ CLCSEST To T~E !"~NO OF T~E ~C:~A 
LAS7 ••• :;c 1; It.iO ':X 01=' TH~ C:I~C'':OME CLCS~ST iO T'-'E : .. E•:o oc: THE ~C:f'l!l 
KP EVIs ••• lC' K~~VIS IS 1 KIE~ ~s ~~VISED WHEh NO. QC: ~IOOSOMES Oh ~ESSAGE 

rs iOO LOW c~ TOO ~1;1-1 
KI~~ •• 10000 • T~~ o;cqA~Il!TV CF INITilTI~~ (PfC: U~IT TI~~· 
r•~o . 1 ••• -IH~ ~E0U!~EC TO T~C:~!NATE FQOM TM! LAST CODON (~ELEAS ~ TI~El 
I ••• -ruE , I.~. TM~ ITEOATIO~ INDEX 
!L~ ••• TIM~ OF T ~~ ~INATIC~ OF TH~ DP~VIOUS ~!BCSO~E 
TT ••• ;otNSIT il~E QI=' TH; P!1CSO~: 
C:N ••• ~OP~lL ~OOT:JN SVNT~!T!C ~~TE. I.E. !1(0•1/~!l 
co 0 ,.iHf ~NSTANTl~~OUS SVNT~:TIC ~ATE IN CHAINS CC,...OLET:O DE~ TI~E u~IT 

JIHEG:::s:: O."'Il=ST,"'I 5C,2l,FIC:STF,STCC, SDIST<!5d7j>,'30IST2t9C,21 
1,-::,c 0 csf2)l,?=srcc1cl,!V<qo) 

I"lI"."!t.LI7E 

'<=>r'JIS=li 
rJ ::> ,,. t. 
... "') = ~ c 'J 
srcc=1 
O=. "? 

qf==~lll'\ 
i.·1 =- .~?:'~ 1~:!"! 
;:.=r..~ ?o~. ~1-,"':.~:sro 

2G'.i '0k ... AT(2I':, 7 ~t.1) 
~:::-:_': :2'.[l , {(P C: S (K) ,t(':::_,l'v".::) 

2•j1 Fr)::'· l\TC:~ :.:.l 

U"'T~;.~~~r°J~?iC) 
QC(To=~C,!SC,501 

CY:.•:. 
._,~~~r~ !" CF•· ••;;,l 
1" 0 f1=! F IX ( ( 2 .c :::-FMl •TO) 
!L;=S 
c 0 r to.. T ?.'.: c: , Q£ s ro, ~,., •1c, Ne. 1cc:cs <'<1 • '< = 1. •ic 1 

2CZ FO;;r-ATC:. 14 1///SX3C~!.SX,I:!"' CCOON: H• TClAL."'!"2" t-OOUl:'lTC:: CO 
1a:i~s AT ~O~I~lO~S"// ~w=:~11 

::=ff\T:;. C,FLCA-(J(!': -l /!OOc ~ •• sroc,ri::. 1:..-i=- ... )•TP 
! FQ;;f"l: T U~X"C "13/SX"l<I "FCS,6/:'X"'STCC"' 1::1:::Y"'TC: "I'T .. f"l='J.. 

1i. .. ) .. ,) 
~r:-r "'r ... 

.:. FO;:."'l.i f" l=' I~O S C"" : Ir: IT TECt- TT 1-1 i;o RP/;;;•J c;~10 
1 'l" /) 

:C INI7!ALI7:: 

~ 

i::. s = c. 
~H~~: 
::: s 5 :'). 
czss=o • 
c "'S<: :n 
! ;JC;;1 w • 

l './ ( !l =! 
( :) (1<V.-;:1,N::} 

. OC' ll<l=!.~1-l 
S:'.:I ST'(KKl<,<Ll=r. 

:N:;r:J 
7 ~J [""1 c 
~i~ ~ -=: 
le : ,=!. 
;; ( 1.:.) =l 
;; 1 • -1 :c:: TO" 
c;cN;.::.1;i.: ¥ 

c cE:::~t.T: u~iIL "c creoso~~s ~t.v: TC:ANSLATfC T4E ~ ~ sc:ar,f. 
c 

v .r;- :L cc< 11::: ,! l .:1.t.:~;:,1' 

L - "1 ~ 7(1('1f'ir,ll'LI c.:vc r.. .. . __ r.-:.uc : :"J C' Tl• i-" l"'(''lt,T ri: ;r~~ cc-noN VL ·-
nr II !7'" c v c-p .1::c,..: ... '<:, !.T - ... ~ :~r: i:r '.:t. CH ~P·:: p : -:cvAL, SOl~·('<l(V,"'LJ 
r~i ~=- 1i: - =-'1 r: v ~' : - :F ,, ;:-:r:("IU':- : 3 AT crnc• j K~. 

;: : ;:, '"~ c: "l '~ : < I\;: • L t. ~ T I 
r• < r:~ r.L : .rr :~ - c:l 

rr 1 -~=~:=:-.r~:-TFl 
: :<;:'."(<I( < , - I 1(1(.1(, :> ):'.;'J:~· tl(.( '( tl; (1(11'.IC',: 11+:_ ,, - c 

~ ' ·; : -; ... 

a 



qc; 
87 qo 
91 
91 
q;. 
95 
gs 

100 
101 
102 
10! 
105 
106 
108 

1oq 
111 
112 
11! 
11'+ 

11S 
11& 
119 
11q 
120 
121 
122 
123 
12i. 
125 
127 
129 
131 
132 
13! 

B~ 
1J7 
1 ~6 
139 
1'+C 
141 
142 

it~ 

1i.s 
1147 
1i.q 
150 
151 
152 
153 
15;. 
155 
156 
157 

1sa 
159 

'!) 
~) 

( T) 
( 'T) 

( 3' 
( C.) 
( 4) 
( 4) 
( cl 

( '°' > ( ... , 
( :-) 
( 4) 
( A..) 
( : ) 
( 't) 

( '! t 
( :'> 
( :') 

e, c; ( : ) 
E:I': ( C..l 
67 ( => 
h Q ( 5) 
~q ( "') 
7i) ( f.) 
7! ( E-, 
7" f ":') z; < ~, 
I~ ( e') 
77 ( 7) 

H < ol 
77 ( ~) 
7 Q ( 4, 
7q ( ~, 

( :!I 
( '?) 
( ~) 
( '.') 
{ °!) 
( "T) 

8 (' ( "!} 
l'l 1 ( I.) 
~? f t.) 
F!; ( L.\ 
e:.. < :.. > 

( J..) 
P? ( 4) 
ai:: < .. , 
(l"." ( :;; I 
8 Q ( ;; ) 

pg ( c:' 
q .' ( ~) 
a: ( ~ l qz < ::> 
a'" C L. l 
9 ~ ( L) 
95 ( C:\ 
o,: ( ~, 
97 ( 7' 

121 
12:? 

( 7) 
( 7l 
{ -, 
( ';") 
( 71 
( 71 
( Fol 
( :'l 
( L.) 
( L) 
( !.) 
( ::1 
( :q 
( :'1 
( 31 

~H 
In 
( 1.1 
( 4 l ( =) 
( 5) 
( !;) 
( s) 
( ::i 
( _, 
C :!I 
( :!l 

r H 
( ~, 

( '!l 
( '.!) 
( 21 

c 
c 
c 

~ c 
c 

c 
c 
c 
c 
c 
c 

r::: 
c 
c 
c 
c 
c 

c 
c 
c 

243 

Figure 6-3a, continued 
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