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Integrated Function of a Kinetic Proofreading Mechanism: Steady-State 
Analysis Testing Internal Consistency of Data Obtained in Vivo and in Vitro 
and Predicting Parameter Valuest 

Masahiro Okamoto and Michael A. Savageau* 

ABSTRACT: Experimental measurements of the kinetic 
mechanism involving isoleucyl-tRNA synthetase proofreading 
valyl-tRNAne in Escherichia coli have been incorporated into 
the conventional Michaelis-Menten model for this system. 
The model was subjected to a detailed mathematical analysis 
in the steady state. The results of this analysis provide an 
excellent illustration of the value of integrating fragmentary 
data into a model of the intact system. (1) Such integration 
provides a rigorous test for consistency of the individual 
measurements. For the above synthetase system, the published 
experimental data were found to be internally inconsistent. (2) 
Such integration predicts which experimental data are most 

I n  order to maintain biological accuracy and integrity, living 
systems expend a considerable fraction of their available free 
energy for proofreading, repair, and disposal of faulty com- 
ponents. These processes have a formal similarity, and we have 
developed a general theory for the analysis of such phenomena 
(Savageau & Freter, 1979a, Freter & Savageau, 1980). 
Although these general methods have been applied to the 
specific case of Michaelis-Menten mechanisms (Savageau & 
Lapointe, 1981) and although these methods have been used 
to test certain experimental measurements (Savageau & 
Freter, 1979a,b; Freter & Savageau, 1980), a complete 
characterization of a specific proofreading mechanism has 
never been presented. In this and the following paper (Oka- 
mot0 & Savageau, 1984), we shall present such a charac- 
terization by focusing upon the single best studied proofreading 
mechanism-isoleucyl-tRNA synthetase proofreading valyl- 
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suspect. In this case, one of the three most questionable 
measurements, the isoleucine pool size in vivo, was found upon 
reexamination to be in error by 10-1 5-fold. Correction of this 
error produced a self-consistent set of parameter values. (3) 
The integrated analysis provides predictions for various pa- 
rameter values. In many cases, these predictions provide 
estimates for parameter values that are difficult to determine 
directly or that have yet to be measured experimentally. (4) 
A sensitivity analysis provides an indication of the relative 
importance of various parameter values and, hence, an indi- 
cation of where future experimental effort might be focused 
most profitably. 

tRNAIie in Escherichia coli. The isoleucyl-tRNA synthetase 
occasionally links the amino acid valine to tRNAne, However, 
the synthetase is known to possess a second activity that allows 
it to preferentially hydrolyze valyl-tRNA'" and thereby prevent 
the initial error in amino acid recognition from being passed 
on to the finished protein product. This process, by which an 
enzyme "reexamines" its products and preferentially "rejects" 
those that are faulty before they can be utilized, has been called 
by various names, including verification, editing, and kinetic 
proofreading. We shall simply use the term proofreading. 

We have adopted the accepted Michaelis-Menten model 
for this enzyme [e.g., see Yarus (1969), Eldred & Schimmel 
(1972), Holler & Calvin (1972), and Mulvey & Fersht 
(1977)], used experimental measurements made both in vitro 
and in vivo, and integrated these to obtain a complete char- 
acterization of the rate constants and steady-state concen- 
trations in the model. The results of this analysis suggest three 
important conclusions. (a) The published experimental data 
are internally inconsistent. (b) The analysis predicts which 
experimental data are most suspect. (c) The analysis predicts 
values of key physiological and biochemical parameters in vivo, 
including amino acid step time, tRNA charging ratios, amino 
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FIGURE 1 : Isoleucyl-tRNA synthetase proofreading valyl-tRNA1IC. 
Branching diagram that characterizes the pattern of macracopic fluxes 
in a single-stage proofreading mechanism. 

acid pool sizes, and parameters that previously have not been 
measured. Furthermore, the analysis used in this study 
identifies parameters for which a relatively small change in 
value produces the largest effect upon the behavior of the 
integrated system. This type of sensitivity analysis [see Cruz 
(1973) and Savageau (1976)l is performed by making a given 
percentage change in one of the parameters of the system and 
then calculating the resultant percentage change in the be- 
havior of the system. By repeating the procedure for each of 
the parameters, one can identify those to which the system is 
most sensitive. Since experimental error in the measurement 
of these parameters will have the most profound influence upon 
the predicted behavior of the system, the analysis indicates 
that future experimental effort might be focused most prof- 
itably upon determination of these values. 

Model 
We shall consider a Michaelis-Menten model with a single 

stage of proofreading. But first, let us examine Figure 1, which 
illustrates the general branching structure of such proofreading 
mechanisms. There are four independent fluxes in such sys- 
tems: a, b, c ,  and d.  a is the net flux representing hydrolysis 
of correctly acylated tRNA, b is the net flux representing 
production of correctly acylated tRNA, c is the net flux rep- 
resenting hydrolysis of incorrectly acylated tRNA, and d is 
the net flux representing production of incorrectly acylated 
tRNA. The macroscopic behavior can be represented con- 
veniently by a set of six macroscopic parameters defined in 
terms of these net fluxes (Savageau & Freter, 1979a; Freter 
& Savageau, 1980): initial discrimination ratio 

I = ( a  + b ) / ( c  + d) 

p = ( c / d ) / ( a / b )  = b c / ( a d )  

(1) 

(2) 

proofreading discrimination ratio 

net forward flux 
F = b + d  

net recycling flux 
R = a + c  

(3) 

(4) 
net error 

E = d / ( b  + d) 

C = R / F  = (a  + c ) / ( b  + d) 

(5) 

(6) 
These parameters, which have been measured macroscop- 

ically, also can be related to the underlying microscopic rate 
constants (Savageau & Lapointe, 1981), which in some cases 
have been determined in vitro by kinetic methods (see below). 

Figure 2 shows the specific Michaelis-Menten mechanism 
corresponding to the general branching model in Figure 1. The 
isoleucyl-tRNA synthetase (X,) makes a single type of sub- 

cost of proofreading 

FIGURE 2: Isoleucyl-tRNA synthetase proofreading valyl-tRNA1Ie. 
Michaelis-Menten model corresponding to the branched diagram in 
Figure 1. Free isoleucyl-tRNA synthetase, X,; free tRNAne, X,; free 
isoleucine, X,; free valine, X,; enzyme-bound isoleucyl adenylate, X5; 
enzyme-bound valyl adenylate, &; enzyme-bound isoleucyl-tRNAIIe, 
X,; enzyme-bound valyl-tRNAne, X8; free isoleucyl-tRNAIIe, X,; free 
valyl-tRNA1Ie, X,o. 

strate recognition error (valine, X4, for isoleucine, X,), followed 
by acylation (X, or X,) and ligation to tRNA’le (X2). This 
sequence of events occurs on the surface of a single molecule 
of isoleucyl-tRNA synthetase. The enzyme-bound amino- 
acy1-tRNA1lC (X, or X,) is either released (X, or Xlo) for 
eventual incorporation into a growing polypeptide chain or 
hydrolyzed to yield free amino acid and free tRNA in the 
proofreading reaction. 

The mechanism is assumed to operate within E.  coli cells 
growing exponentially in a glucose minimal medium with an 
average doubling time of 47 min. All of the elementary steps 
in the mechanism are reversible, although the amino acid 
biosynthetic pathways, the hydrolytic proofreading steps, and 
the uptake of aminoacyl-tRNA for protein synthesis are 
represented by their net forward rates. In practice, the hy- 
drolytic steps are essentially irreversible under the conditions 
described above. 

Experimental Procedures 
Only some of the parameter values for the model have been 

experimentally determined; others, as we shall see, can be 
obtained by using the experimentally determined values to- 
gether with the fundamental equations describing the mech- 
anism. 

The Initial Discrimination Ratio ( I ) .  This macroscopic 
parameter is given by the ratio (Vmax/Km)II,[Ile]/[( Vmax/ 
Km)Vd[Val]]. The kinetic studies of Baldwin & Berg (1966), 
Loftfield & Eigner (1966), Fersht (1977), and Freist & 
Cramer (1983) have shown that the isoleucyl-tRNA synthetase 
of E.  coli has a Vmax/Km ratio for isoleucine that is about 
100-200 times that for valine. Following Freist & Cramer 
(1983), we shall assume a difference of 180. Raunio & Ro- 
senqvist (1 970) have determined that the concentration of 
valine in vivo is about 5 times that of isoleucine. Hence, the 
estimated value for the initial discrimination ratio is I = 36. 

Proofreading Discrimination Ratio ( P ) .  The flux mea- 
surements of Hopfield et al. (1976) provide an estimate of this 
parameter. They found the c l d  ratio to be 270 and the a l b  
ratio to be 0.5. However, the latter figure is an overestimate 
that should be corrected by 50% (Mulvey & Fersht, 1977), 
Le., a l b  = 0.25. Thus, the proofreading discrimination ratio 
for this system may be estimated to be P = 1100. This value 
appears to be relatively high, given the similarity of the 
molecules being recognized. However, the “double-sieve” 
mechanism of Fersht (1979) can produce such high values; 
alternatively, two stages of proofreading (each with a more 
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be assumed to have a value of 20 s-l. 
Fundamental Equations. The kinetic equations that govern 

the system represented in Figure 2 are given below, and in the 
steady state (when the concentrations and fluxes are un- 
changing) the derivatives of each of the concentration variables 
must be set equal to zero: 
Xi = k-3X5 + k-4X6 + (k7 + k1)X7 + (k8 + k2)Xg - 

kJ1X3 - k4X1X4 - k-7XIX9 - k-gXiX10 = 0 (7) 

2 2  = (k-5 + k1)X7 + ( k d  + k2)Xg + kJ9 + ki&lo - 
kJ2XS - k&g6 = 0 (8) 

X 3  = f i  + k-3X5 + k1X7 - k3X1X3 = 0 (9) 

(1 1) 

(1 2) 

(13) 

(14) 

3 4  =f2 + k-4x6 + k2x8 - k4X1X4= 0 (10) 
X 5  = kJlX3 + k-J7 - k-J5 - kJzX5 = 0 

2 6  = k4X1X4 + k-&8 - k4X6 - k&zX6 = 0 

X 7  = kJ2X5 + k-7XiX9 - (k-5 + k7 + k1)X7 = 0 

= k&2& + k-gX1x10 - (k-6 + k, + k2)Xs = 0 

X9 = k7X7 - k-7X1X9 - kJ9 = 0 

210 = k&8 - k-&lX10 - kl&,o = 0 

(15) 

(16) 
Not all of these equations are independent, e.g. 

8 1  = -(A5 + 2 6  + 2 7  + 28) 
X 2  = -(27 + X8 + X9 + X l 0 )  

x s  = x1 + x5 + x6 + x7 + xg 
XT = x2 + x7 + x8 + x9 + XI0 

or, alternatively 

(17) 

(18) 
where Xs and XT are the total synthetase and tRNA1Ie con- 
centrations. 

We also shall use the following physical and algebraic 
constraints: 

(19) 

s57 = k d k 7  (20) 

A = (X7 + X9)/X2 

where A is the amino acylation ratio 

where SS7 is a "symmetry coefficient" with respect to the 
release of uncharged (k-5) and isoleucyl-charged (k7 )  tRNA 
that is initially taken as unity 

s68 k - 6 / k 8  (21) 

where s68 is a symmetry coefficient with respect to the release 
of uncharged ( k d )  and valyl-charged (k , )  tRNA that is ini- 
tially taken as unity 

0 3 4  = K3/K4 (22) 

where 034 is a "discrimination factor" between the corre- 
sponding cognate (K3 = k3/k-,)  and noncognate (K4 = k4/k4) 
steps that is initially taken as 180 (Loftfield & Eigner, 1966; 
Freist & Cramer, 1983) 

O56 = K 5 / K 6  (23) 

where D5, is a discrimination factor between the corresponding 
cognate (K5 = k, /k- , )  and noncognate (& = k6lk-6) steps 
that should be greater than 1 for effective proofreading and 
is initially taken as 5 

k9 = kl0 (24) 
when codon-anticodon recognition is unaffected by the amino 
acid residue bound to the tRNA 

E = f Z / ( f i  + f 2 )  (25) 

reasonable proofreading discrimination ratio) can produce 
similar results (Freter & Savageau, 1980). 

Concentrations of Isoleucine and Valine in Vivo. By using 
gas-liquid chromatographic techniques, Raunio & Rosenqvist 
(1970) have determined the concentrations of these amino 
acids to be X ,  = 41 pM and X4 = 231 pM in E. coli growing 
with a doubling time of 47 min. 

alb ,  c ld ,  E, and C Values. Mulvey & Fersht (1977) have 
estimated the a / b  ratio to be 0.064, and with the value of P 
given above, one can estimate the corresponding c ld  ratio to 
be 70.4. From the values of these two ratios and the value 
of I given above, one can calculate (from eq 1, 5, and 6) that 
the net error E = 4.14 X lo4 and that the cost of proofreading 
C = 0.093. Other estimates of these parameters might be used 
[see Savageau & Freter (1979a,b)]; but, as will be shown later, 
the results are relatively insensitive to their values. 

Concentration of Isoleucyl-tRNA Synthetase. This enzyme 
is a monomer having a molecular weight of 1 14 000 (Arndt 
& Berg, 1971). The monomer constitutes 2.45 mg/g of total 
cell protein (Pedersen et al., 1978). Total cellular mass (dry 
weight) consists of about 75% protein (Maalae & Kjeldgaard, 
1966), and since the cellular volume per gram dry weight of 
cell mass is about 3 mL, we can estimate that the total in- 
tracellular concentration of isoleucyl-tRNA synthetase is X s  
= 5.0 pM; Le., Xs  = X ,  + X5 + x6 + X7 + X8 = 5.0 pM. 

Concentration of tRNA"'. The total intracellular concen- 
tration of tRNAVa1 has been given by Lewis & Ames (1972) 
as 12 nmol/g dry weight of bacteria. If we adopt this value 
for tRNA1le and convert it to molar concentration, we find a 
value of X, = 4.0 pM. However, since synthetases and their 
cognate tRNAs tend to be found in equimolar concentrations, 
we have changed this estimate to 5.0 pM; Le., X ,  = X 2  + X7 
+ X8 + X9 + X l o  = 5.0 pM. As will be shown later, this 
parameter is quite insensitive, and thus, either value could have 
been used without significantly changing the results. 

Aminoacylation Ratio for tRNA"'. Lewis & Ames (1 972) 
have reported that exponentially growing cultures of wild-type 
enteric bacteria have about 77-88% of their tRNAHis ami- 
noacylated. We estimate a similar range of values for the 
aminoacylation ratio ( A )  of tRNAIie; namely, A = (X7 + 

Flux of Isoleucine through the System. The amino acid 
isoleucine constitutes about 240 pmol/g dry weight of E. coli 
(Roberts et al., 1957). For E. coli growing with a doubling 
time of 47 min, approximately 0.059 pmolls isoleucine must 
be acylated to tRNA in every gram dry weight of cells. Thus, 
the flux of isoleucine through the system in steady state i s h  
= 20 pM/s. 

k3 and k-3 Values. Holler & Calvin (1972) have used 
stop-flow techniques to investigate the preequilibrium kinetics 
of the isoleucine activation reaction catalyzed by isoleucyl- 
tRNA synthetase. They found values of 2.2 X lo6 M-' s-l 

and 15 s-l (pH 8.0, 25 "C) for the rate constants k3 and k-3, 
respectively. By assuming a Qlo = 2 for this reaction, we have 
estimated that k3 = 4.4 X lo6 M-' s-l and k-, = 30 s-l (pH 
8.0, 35 " C ) .  

k5 and k-5 Vahes.  Eldred & Schimmel (1972) have re- 
ported the equilibrium constant for binding tRNA"" and the 
cognate synthetase to be K5 = k5/k-5 = 2.86 X lo6 M-' at 3 
OC. 

k7 and k-7 Values. Yarus (1969) has reported the equi- 
librium constant for binding isoleucyl-tRNAne and the cognate 
synthetase to be K7 = k7/k-7 = 7.1 X lo4 M at 17 OC in the 
presence of ATP and isoleucine. The forward rate constant 
k7 L t;', where t, is the amino acid step time. k7 initially will 

X9)/X2 = 4.0. 
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a / b  = k lX7 / (k7X7  - k-7X1X9) 

c / d  = k,Xs/(ksXs - k-SXIXIO) 

(26) 

(27) 

and 

The experimental data presented in the previous subsections, 
together with the constraints imposed by the above equations 
governing the system, allow one to estimate the remaining rate 
constants and concentration variables in the steady state. We 
shall make such estimates in two stages. First, we shall obtain 
conditions that ensure nonnegative concentration values. 
Second, these conditions will be refined so as to ensure non- 
negative rate constants as well. 

Results 

Conditions for Nonnegative Concentration Values. From 
the experimentally determined values given in the previous 
section and the reasonable assumptions regarding the values 
of k7 and S57, the following independent parameters can be 
specified for the system in Figure 2: 

fi = 20 pM s-l k3 = 4.4 X lo6 M-I s-' 
k-3 = 30 s-l Ks = ks /k -S  = 2.86 X lo6 M-' 

k7 = 20 s-' K7 = 7.1 X M 
E = 4.14 X a / b  = 0.064 

X3 = 41 pM Xs  = 5.0 pM XT = 5.0 pM 
A = 4.0 5'57 = 1.0 (28) 

Only this subset of independent parameters is involved in 
determining the allowable range of values for the concentration 
variables. When these values were entered into a program 
designed to find values for the rate constant k9 that would 
guarantee nonnegative values for all of the concentration 
variables (see Appendix), no acceptable values of k9 were 
found, which indicates that the values given in equation 28 
are internally inconsistent. At least one of the values in eq 
28 must be altered to produce a biologically meaningful es- 
timate for the rate constant k9. 

We have used two criteria for identifying the parameters 
whose values are most suspect: effectiveness (sensitivity) in 
producing biologically meaningful estimates for k9 and mag- 
nitude of experimental error inherent in measurement. For 
example, a parameter whose measurement was accurate to 
f100% still might not be questioned if it were very insensitive 
and one with f l %  accuracy still might be questioned if it were 
extremely sensitive. However, one that was both accurately 
determined and very insensitive would not be questioned, while 
one that was known imprecisely and had a high sensitivity 
would certainly be suspect. 
As can be seen in Table I, a change in some of the parameter 

values is more effective than a change in others with regard 
to producing biologically realistic estimates for the rate con- 
stant k9. According to the ranking in Table I, there might 
be reason to question the measurements of X,, K,, K7, X,,  and 
k3. 

A reexamination of the inherent experimental error in X ,  
leads us to the conclusion that it is probably small. Although 
overestimates in the protein fraction and in cellular volume 
have probably been made, they would tend to be small and 
in opposite directions. Reexamination of the experimental 
conditions used for the measurement of K5 suggests that this 
parameter value may be high because of the salt concentration 
and temperature used. The salt concentration has a marked 
effect upon the value of K5 obtained in vitro, and Lovgren et 
al. (1976) have suggested that the value of Ks in vivo may be 
considerably smaller than the value reported by Eldred & 
Schimmel (1972). Measurements of Ks at physiological 

O K A M O T O  A N D  S A V A G E A U  

Table I :  Effect of Change in Independent Parameter Values 
upon the Allowable Values for the Rate Constant k ,  

parameter valuea allowable values for k,a 

0.25 
5.00 
6.00 
7.00 

2.86 X l o 6  
5.00 X l o 6  
7.10 X l o6  
3.6 X lo- ' '  

5.0 X 
5.7 x 1 0 - 8  
4.1 
41.0 
205.0 
410.0 
550.0 

4.4 x l o 6  

1.0 
20.0 
400.0 
1.5 
30.0 
999.0 
1.0 
20.0 
500.0 
0.2 
4.0 
80.0 
0.01 
1.00 
20.00 

4.14 X 

3.00 x 105 

7.1 x 10-9 

4.4 x i o 5  

6.0 x 107 

1.00 x 10-5 

8.18 x 10-3  
8.28 x 10-3 
0.001 
0.064 
1.28 
0.25 
5.00 
100.00 

>1.2 x 1019 
>4.9 x 1018 
>3.4 x 10l8 
389-1168 

>4.9 x 10'8 
none 
226-2 70 
none 
>4.9 x 10l8 
>7.2 X 10" 
34.5-34.7 
none 
>4.9 x 10l8 
>1.5 X 10l8 

> 4 . i  x 1019 

2.7 x 1017 to  L O X  1018 

32.9-33.4 
>1.0 x l o z o  
>4.9 x 10'8 
32.5-33.1 
none 
>4.9 x 10'8 
8.5 X 1019 to  8.0 X 10" 
>2.4 X 10" 
>4.9 x 10'8 
>2.2 x l ozo  

>4.9 x 1018 
none 
none 
>4.9 x 10l8 
1.0 X 10" to  8.0 X 10'' 
>3.4 x 102' 
>4.9 x 10'8 
>2.0 x 10'8 
>4.9 x 1018 
>4.9 x 10'8 
>4.9 x 10l8 
none 
>4.8 X 10l8 
>4.9 x 1018 
>8.2 X 10l8 
none 
>4.9 x 10l8 
>1.5 X 10" 

4.3 x 1018 to 1.0 x 1019 

~~ 

a See text eq 28 for units. 

temperatures are difficult to make, and the survey of such 
measurements by Lovgren et al. (1975) did not include 
physiological values for isoleucyl-tRNA synthetase. However, 
the value they gave for seryl-tRNA synthetase at 25 O C  

[originally reported by Rigler et al. (1970)l suggests a Ks value 
for isoleucyl-tRNA synthetase that could be about that 
reported by Eldred & Schimmel (1972). At any rate, these 
errors would be in the wrong direction to resolve the incon- 
sistency noted above (see Table I). By the same reasoning, 
the value of K7 may be somewhat low because of the conditions 
used for its measurement in vitro. Measurements of pool sizes 
such as X ,  are inherently difficult. In reexamining the data 
of Raunio & Rosenqvist (1 970) we have found an error of 
about 10-1 5-fold in their conversion of micromoles per gram 
dry weight into micromolar units. This error alone is sufficient 
to produce the inconsistencies that we have observed among 
the published experimental data. Although the isoleucine and 
valine concentrations are in error, the ratio of their concen- 
trations that was used in a previous section to estimate I may 
still be valid because these authors used the same conversion 
factor for calculating the molar concentration of each amino 
acid. There appears to be little reason to question the ex- 
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perimental value of k3. Although k3 is as sensitive as X3,  this 
simply reflects the fact that they occur as a product, kJ3, and 
thus, changes in k3 mimic changes in X3.  In view of this 
reassessment and the fact that the revealed error in X 3  alone 
can account for the inconsistency, we have chosen to retain 
all the previous estimates in eq 28 except for X3, which we have 
adjusted to 550 pM. 

Conditions for  Nonnegative Rate Constants. In addition 
to the parameters listed in eq 28, there are three parameters 
(S68, D34, and D56) that are involved in determining the al- 
lowable ranges for the rate constants in the system. It should 
be emphasized that these three parameters have nothing to 
do with the conditions for nonnegative concentration values 
given in the previous section. Equations 9-27 and the equation 
K5 = k5/k-5 provide a set of 20 equations with 20 unknown 

X2,  X5 ,  x6, X I ,  X8,  X g ,  and Xlo. The eight concentration 
variables can be obtained in steady state by the procedure 
outlined in the Appendix. The unknown rate constants and 
the flux f 2  then can be sequentially related to other known 
quantities as follows: 

variables: f 2 ,  k l ,  k2, k4, k4, k5, k5, k6, k4, kg, k8, klo ,  X 1 ,  

f 2  = f , E / ( 1  - E )  (29) 

kl = ( a / b l f l / X 7  (30)  

k2 = (C/dlf2/X8 ( 3 1 )  

k-4 = D34k4/K3 ( 3 3 )  

k5 = S57KSk7 (34) 
k-5 = S57k7 ( 3 5 )  

k-6 = D56k6/K5 (37) 

k g  = k - 6 / S 6 8  ( 3 8 )  

k-8 = (k8X8 -f2)/(X1X10) (39) 

kl0 = k9 (40) 

k4 = ( l  + c/dlf2/(x1x4 - D3J6/K3)  ( 3 2 )  

k6 = ( l  + c /d lh / (X2x6  - DS&E/KS) (36) 

The values of the unknowns f2, k l ,  k2,  k5,  k-5, and k l o  are 
always positive if the concentration variables are positive. The 
values of the rate constants k4 and k4 will be positive if 

Similarly, k6, k+, and k8 will be positive if 

Finally, k-8 will be positive if 

O34 ‘ K&Ix4/x6 (41) 

O56 K&2x6/x8 (42)  

D56 ’ s68K&2x&8-1/[(1 + c/d) + s681 (43) 
Thus, when the concentration variables are positive, eq 41-43 
are necessary and sufficient conditions for nonnegative rate 
constants. 

When the parameter values established in the previous 
subsection are inserted into the last three inequalities, one finds 
a threshold value of 745 for D34 and bounds of 0.070 and 5.04 
for D56. All these conditions are satisfied by the values we 
have used for these discrimination factors, namely, D34 = 180 
and D56 = 5 .  Clearly, if we had used values in violation of 
these conditions, then negative rate constants would have been 
indicated, and the conditions in eq 41-43 would have suggested 
the direction in which to change the discrimination factors so 
as to establish consistency. 

By adoption of the “standard” set of self-consistent, inde- 
pendent parameter values in Table 11, one can solve for the 
remaining dependent rate constants and concentration varia- 
bles in steady state (see Table 111). There appear to be no 

~~ ~ 

Table 11: Standard Values for the Independent 
Variables of the System 

k ,  = 4.40 X lo6 M-’ S 
k - ,  = 30 s-’ 

X ,  = 550pM 
X, = 3.1 mM 

k ,  = 20 s-l 
K ,  = 7.1 x 10-9 M 

X T  = 5.0 pM 
Xs = 5.0 p M  

K ,  = 2.86 X lo6 M-’ s,, = 1.0 
s,, = 1.0 f, = 20 pM s-l 

A = 4.0 D,, = 180 
alba = 0.064 D,, =5.0 
~a = 4.14 x 10-4 

a P and C values fixed at 1100 and 0.093, respectively. 

Table 111: Predicted Values for the Dependent Rate Constants 
and Concentration Variables in Steadv State 

k ,  = 0.378 s-’ 
k ,  = 60.0 s-’ 
k ,  = 8.94 X lo3 M-’ S 
k- ,  = 11.0 s-’ 

k ,  = 4.19 X lo9 M-I  S - l  

k - ,  = 20.0 s-l 

k- ,  = 7.32 x 103 s-l 

k ,  = 7.32 x 103 s-1 
k - ,  = 1.01 x 1013 M-1 s-l 

k ,  = 33.0 s-’  
k , ,  = 33.0 s - l  

X, = 2.81 X lo-’ M 

X ,  = 1.56 X M 
X, = 1.72 X M 
X 7  = 3.39 X M 

x, = 9.98 x 10-7 M 

x, = 9.71 x 10-9 M 
x, =6.06 x 10-7 M 

f, = 8.28 x 10-9 M s-1 

X,, = 2.51 X M 

Table IV: Effect of Change in Independent Parameter Values 
upon the Allowable Values for the Rate Constant k ,  

parametera valuesb for k. 
acceptable values 

<19.0 
19.5 
20.0 
22.0 
24.0 
24.5 

>25.0 

k7C 

s 5 7  <0.95 
0.96 
1.00 
1.20 
1.40 

>1.50 

none 
3 3.34-33.35 
32.91-3 3.16 
3 1.80-3 2.5 0 
31.80-31.90 
3 1.80-3 1.80 
none 
none 
3 3.10-33.1 1 
32.91-33.16 

3 3.50-33.5 0 
32.70-33.30 

none 

Standard values for the other independent parameters are 
given in Table 11. 
k - ,  was fixed at  7.1 X 

See Tables I1 and 111 for units. K ,  = k 7 /  
M. 

unreasonable values among these dependent parameters. 
Variations in the values of the parameters kl and s57 were 

shown in the previous subsection to have little effect upon the 
behavior of the system. However, because these values initially 
were chosen somewhat arbitrarily, we have specifically ex- 
amined alternative values for these parameters. The results 
in Table IV show that values of k7 less than 19 s-l are in- 
consistent with the other experimental measurements. Below 
this limit, it is impossible to find values for k9 that will prevent 
the concentration variables in the system from becoming 
negative. On the other hand, k7 can be no greater than about 
25 s-’. Beyond this limit, negative rate constants began to 
arise. Thus, the allowable range for k7 appears to be 19-25 
s-l. Similar results for S57 are shown in Table IV; below 0.95, 
negative concentration variables are indicated, and above 1 S O ,  
negative rate constants arise. Thus, the allowable range for 
S57 appears to be 0.95-1.50. 

Discussion 
The postulation of a specific model for a biochemical 

mechanism places severe constraints upon the values of the 
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FIGURE Al:  Flow diagram illustrating the procedures used to exhaustively test for acceptable values of the rate constant k9. Acceptable values 
of k9 are those that yield a steady-state solution with nonnegative concentration values. 

parameters that characterize the mechanism. For example, 
in the previous section we have shown that the experimentally 
determined parameter values in eq 28 cannot all be correct. 
Of course, the discrepancy might be with the model, in which 
case the meaning of the various measurements themselves is 
unclear. Alternatively, one or more of the experimental 
measurements might be in error. In this latter situation, one 
can make reasonable inferences as to the parameter values in 
question. 

We have used two criteria to suggest which parameter values 
are most suspect when a set of parameter values is inconsistent: 
parameter sensitivity and experimental uncertainty. The pa- 
rameter values that are most suspect will be those that are most 
sensitive, i.e., for which the smallest percentage change in value 
would produce consistency, and those that have the highest 
intrinsic experimental uncertainty. 

Our sensitivity analysis lead us to a reexamination of the 
isoleucine pool size as reported by Raunio & Rosenqvist 
(1970). It appears that these authors have used an erroneous 

conversion factor to generate micromolar values from micro- 
moles per gram dry weight. The measurements themselves 
might exhibit errors that we have not considered, but the error 
in the conversion factor alone is sufficient to account for the 
inconsistency in the original set of data. 

The parameter change that is most effective in producing 
consistency among the concentration values (nonnegative 
concentration values) is an increase in the concentration of 
isoleucyl-tRNA synthetase (&). A 40% increase over the 
experimentally determined value of 5.0 pM would be required 
if this error were responsible for the inconsistency; this seems 
unreasonable. The next most sensitive parameter is the 
equilibrium constant for binding tRNArIC to the cognate 
synthetase bound with isoleucyl adenylate (&). An increase 
of 2.5-fold over the experimental value of 2.86 X lo6 M-' 
would be required to account for the inconsistency. This 
magnitude of error may not be unreasonable because the 
conditions used in vitro were not physiological. (However, see 
the remarks concerning Ks at the end of the subsection Con- 
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NO NO 
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RETURN c3 
FIGURE A2: Expanded view of subroutine A in Figure A l .  The two real solutions of eq A5 are denoted a and @, where a < 8. 

ditions for Nonnegative Concentration Values.) Somewhat 
lower in sensitivity is the equilibrium constant for binding 
isoleucyl-tRNAne to the cognate synthetase (K,).  An increase 
of 8-fold is required to account for the inconsistency in the 
original set of data. This magnitude of error seems less rea- 
sonable but still might be attributable to differences in con- 
ditions in vitro and in vivo. The rate constant for binding 
isoleucine ( k , )  has been measured directly, and there is little 
reason to question its value; it seems certain that the errors 
in this measurement would be less than the 13.6-fold that 
would be necessary to account for the inconsistency. Thus, 
although we have identified the inconsistency with the revealed 
error in the concentration of isoleucine (X,)  and although this 
error is sufficient to remove the inconsistency among the or- 
iginal data, there might well be other parameter values with 
significant error. In this regard, our analysis leads us to 
emphasize the need for closer examination of the parameters 
Ks and K7. 

There are a number of other parameter values with con- 
siderable experimental uncertainty. However, their sensitivities 
are generally so low that an inordinately large experimental 
error (>102-fold in many cases) would be required to account 
for the observed inconsistency. For example, the net error E 
as determined from the measurements of Hopfield et al. (1976) 
and Mulvey & Fersht (1977) in vitro is somewhat higher than 
the value reported by Loftfield & Vanderjagt (1972) in vivo. 
The measurements in vitro might not reflect the true conditions 
in vivo. Alternatively, recent studies (Bouadloun et al., 1983; 
Parker et al., 1983) have suggested amino acid error rates for 
translation that exceed those reported by Loftfield & Van- 
derjagt (1972) and Edelmann & Gallant (1977) for extra- 

cellular proteins. The clearance of erroneous protein, which 
in effect provides another stage of proofreading, or the inability 
to excrete erroneous protein might account for the lower error 
rates seen in extracellular proteins [see also Yarus (1979)l. 
At any rate, in spite of such uncertainty in the value of E,  the 
sensitivity of this parameter is so low that a *20-fold change 
has no effect in producing nonnegative concentration values 
(Table I). Thus, errors in the estimate of E are unlikely to 
account for the inconsistencies in the set of experimental 
measurements noted in the previous section. 

With the exception of the above change in X, ,  all other 
experimentally determined parameter values were left un- 
changed (Table 11). This represents a minimal change suf- 
ficient to bring about consistency in the experimental data. 
Under these conditions, a reasonable and consistent solution 
was obtained for all rate constants and concentration values 
in steady state. The values in Table I1 might be interpreted 
as predictions for a number of biochemically and physiolog- 
ically important parameters. For example, the concentration 
of isoleucine in vivo is predicted to be 550 pM and the ami- 
noacylation ratio for tRNAk is predicted to be 4. From Table 
IV, the symmetry coefficient Ss7 (=k-5 /k7)  is predicted to be 
between 0.95 and 1.50, and the minimum value for the amino 
acid step time ( ts )  is predicted to be 0.0526 s. This latter 
prediction results because the smallest apparent first-order rate 
constant in the forward pathway must be greater than the 
inverse of the average amino acid step time ( t ; ' ) .  From our 
analysis, the smallest of these rate constants is k7, which has 
a lower limit of 19 s-l; hence, t;' I 19 s-'. This value compares 
favorably with experimentally determined values reported in 
the literature (Maalae, 1979). In addition to the predictions 
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FIGUREA~:  Expanded view of subroutine B in Figure A2. The two 
real solutions of eq AS are denoted a! and @!, where a! C @!. The subcases 
marked by the asterisks do not apply to cases 7-10 and 14. 

Table AI: Summary of Conditions 

Table AII: Conditions That Define Each of the Cases in 
Figures Al-A3 

case combination of conditions' 

1 A + C + E + H + K + N + P  
2 A + C + E + G + I + N + P  
3 A + C t 1: + I + N + P 

5 B + C + E + G + I + Q  
6 B + C + E + H + K + R  
I B + C + E + I + L + Q  
8 B + C + E + J + K + R  
9 B + C + E + J + L  

10 B + C + F + J  
11 B + C + T + I + Q  
12 B + D + F + I + L t Q 
13 B + D + F + I + K + Q + S  
14 B + D + F + J + K + S  

4 A + D + I .  t I + L + N t P 

subcasesb combination of conditions 

a N + O + U  
b N + P  
C o + u + w  
d M + T + V  
e M t T + P  

a Individual conditions are summarized in Table A I .  Subcases 
do not apply t o  cases 1-4. 

mentioned above, Table I11 may be viewed as predicting the 
values for a number of dependent rate constants and con- 
centration values that have yet to be measured experimentally. 

It should be emphasized that the standard values in Table 
I1 are not unique in producing consistent behavior for the 
system. As indicated above, one could have errors in param- 

eter values other than X3 and thus produce a consistent solution 
that is different from the one given in Tables I1 and 111. 
However, to substantiate such solutions, it would be necessary 
to identify appropriate errors in the experimentally determined 
parameter values. The sensitivities shown in Table I provide 
a useful guide for identifying such parameters. 
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Appendix 
Algebraic Solution and Test for  Consistency of Kinetic 

Equations. Equations 9-27 can be reduced to a set of four 
simultaneous algebraic equations: 

CJx, - C2X5 = CI (Al l  

CJX, + cJ2x5 - c&l = cl (A21 

c,x, - C J ,  = c9 ('43) 

XI = A x 2  - f l / k 9  (-44) 

We thank Dr. M. Yarus and an anonymous reviewer of the 

where the constant coefficients are given by 

C1 = (1 + a / b ) f l  C, = k-3 C3 = k3X3 
C4 = K5S57k7 C5 = f ik - I /k ,  C6 = (1 + S57)kl 

cl = ( a / b ) f l  c8 = k7 c9 = fl 
Equations Al-A4 can be further reduced to a quadratic 
equation in X2:  

Cl&22 + c,,x* + c1* = 0 ('45) 
where 

ClO = C4C3A c8 / (c2c5) 
c11 = A(C8 - c6) - c4[cIcS + c3(c9 + c s f i k 9 - ' ) I / ( C ~ C ~ )  

c12 = (c6 - c 8 ) f 1 / k 9  - c7 - c9 

The concentration variables XI, X 5 ,  X I ,  X,, and X l o  in turn 
can be obtained from the known values of X,: 

(A61 

647) 

('48) 

x9 = f l / k 9  (A9) 

(A 10) 

x l  = c13x2 + c14 
x S  = ClJZ + c16 
x, = A x 2  + c1, 

X l o  = f ,k9- 'E/ (1  - E )  

where 
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where 
c 2 0  = 1 - AC8(C2 + c3>/(c2c5) 

c21 = [tics (c2 + c3)(c9 + Cafikg-')]/(C2C~) + 
f,k9-I/(l - E )  + Xs - XT 

The values of X3, X,, Xg, and XI, are always positive. The 
solution for XI in eq A1 always will be positive if X5 L 0, since 
C1, C2, and C3 are all positive coefficients. Thus, necessary 
and sufficient conditions for all the concentration variables 
to be nonnegative are given by the following: (a) At least one 
of the solutions for X2 in eq A5 must be positive real. (b) The 
solution for X5 in eq A7 must be positive. (c) The solution 
for X7 in eq A8 must be positive. (d) The solution for X8 in 
eq A1 1 must be positive. (e) The solution for x6 in eq A12 
must be positive. There are four critical values of X2 corre- 
sponding to the last four conditions: 

Xcl -c16/c15 = [c1c5 + c3(c9 + ~ s f i k 9 - ' ) l / ( A ~ 3 ~ 8 )  

Xc2 = -C17/A = f , k , - ' / A  

x c 3  = -C19/Ga = [X, -flk9-1E/(1 - E)1/(1 + A )  

x c 4  = -c21/c20 = 
[cIc5 + (c2 + c3)(c9 + Cefik9-I) + c2cdik9-1/(1 - 

E )  + c2c5(xS - XT)] / [AC8(C2 + c3) - C2C5I 

The critical values of X,, Xci, and the functions f(Xci) = 
Cl&,,2 + C1lXci + CI2 ( i  = 1, 2, 3, 4) are in turn functions 
of a single unknown variable, namely, kg. Therefore, the 
necessary and sufficient conditions for positive concentrations 
become conditions on the allowable values for the rate constant 
k9. These latter conditions can be tested in a systematic and 
exhaustive manner as outlined in Figure A1 when eq A5 has 
one positive real root. When eq A5 has two positive real roots, 
exhaustive testing of the above conditions requires the addi- 
tional procedures given in Figures A2 and A3. However, the 
most appropriate biological results are obtained when there 
is only a single positive real root for eq A5. Tables AI and 
AI1 list the specific conditions that are tested in each of the 
cases shown in Figures Al-A3. 

Registry No. Isoleucyl-tRNA synthetase, 9030-96-0. 
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