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Alteration of the Conformative Response and Inhibition of 
Xanthosine 5'-Phosphate Aminase by Adenine Glycosides* 

Naomi Zyk,t Nathan Citri,t and H. S. Moyed 

ABSTRACT: Modification of the conformative response of 
xanthosine 5 '-phosphate aminase to its substrate, xanthosine 
5 '-phosphate, by inorganic pyrophosphate has been found 
to be essential for its sensitivity to inhibition by adenine 
glycosides. The millimolar concentration of xanthosine 5 I- 
phosphate which induces a half-maximal conformative 
response, the conformative response constant or K,,, is 0.1. 
In the presence of inorganic pyrophosphate this value is 

P revious studies (Udaka and Moyed, 1963; Fukuyama 
and Moyed, 1964) have shown that the adenine glycoside 
antibiotic psicofuranine (6-amino-9-~-psicofuranosylpurine) 
causes an irreversible inhibition of XMP aminase (xanthosine 
5'-phosphate:ammonia ligase (AMP), EC 6.3.4.1). The 
inhibition was found to depend upon the presence of the 
substrates, XMP, and on one of the products, PPi, of the 
catalytic reaction. A subsequent report (Zyk et al., 1969) 
presented evidence that exposure of this enzyme to XMP 
results in a conformative response, a reversible change in the 
conformation of the enzyme associated with the binding of 
the substrate, which is greatly enhanced by PPi and magne- 
sium ions. Enhanced conformative response was found to 
be essential for the reversible interaction of the enzyme with 
adenosine. In the present communication we examine the 
role of the conformative response in the reversible and 
irreversible binding of adenine glycosides. The results to be 
presented indicate that the susceptibility of XMP aminase 
to inhibition by adenine glycosides is determined by the 
extent of response of the enzyme to the modifying effect of 
PPi. Loss of responsiveness to PPi resulting from environ- 
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reduced 33-fold. Such modification can be eliminated by chem- 
ical treatment or genetic alteration with the further conse- 
quences of loss or diminution of sensitivity to irreversible 
inhibition by the adenine glycoside antibiotics, psicofuranine 
and decoyinine, as well as diminution of sensitivity to revers- 
ible inhibition by adenosine. Catalytic activity however is 
not appreciably affected by elimination of the modifying 
action of inorganic pyrophosphate. 

mental or genetic changes confers resistance to adenine 
glycosides. 

Materials and Methods 

Chemicals. Psicofuranine and decoyinine were gifts of the 
Upjohn Co. The other adenine glycosides, XMP, trypsin, 
and pronase were commercial preparations. 

Purification of XMP Aminases. The previously published 
purification procedure was employed (Fukuyama and Moyed, 
1964). There were modifications in the strains of bacteria 
and in the method of cultivation. The bacterial strains were 
Escherichia coli B-96, a purinerequiring mutant blocked 
in inosinicase, and its derivatives B-96-7, B-96-17, and B-96-24, 
which were selected by Mr. Kerry Donovan for ability to 
grow in the presence of bacteriostatic concentrations of 
psicofuranine. Derepressed synthesis of XMP aminase was 
achieved in all strains by growth for 8 hr in a mineral salts- 
glucose medium supplemented with 2 m g / d  of Bacto Difco 
Casamino Acids (vitamin free) and 40 p g / d  of AMP. 

XMP Aminase Assay. The procedure was as previously 
described (Zyk et a[., 1969). 

Heat Treatment, Pronase Treatment, and Trypsin Treatment. 
The procedures were as previously described (Zyk et aI., 1969). 

Results 

Znteraclion of XMP Aminase with Adenine Glycosides. In a 
previous report (Zyk et al., 1969) we described the XMP- 
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FIGURE 1 : Structures of psicofuranine and decoyinine. 

and PP,-mediated interaction of XMP aminase with adeno- 
sine. This interaction is wholly reversible in contrast to the 
essentially irreversible interaction with psicofuranine in the 
presence of XMP and PP, (Udaka and Moyed, 1963; Fuku- 
yama and Moyed, 1964). Since adenosine and psicofuranine 
differ only in the structure of the sugar moieties, we examined 
the effect of other replacements for ribose on the interaction 
with XMP aminase. The adenine glycosides tested are listed 
in Table I. Except for psicofuranine and the closely related 
decoyinine all other compounds interacted reversibly with the 
enzyme. The reversible interactions were reflected in measur- 
able inhibition of the catalytic activity which, however, was 
very low on a molar basis compared with that observed 
with adenosine. Similar results were obtained when the inter- 
action was tested in terms of stabilization of the enzyme to 
proteolytic inactivation (Table I). Psicofuranine and decoy- 
inine (Figure l), which cause irreversible inhibition, differ 
from the other adenine glycosides tested having a hydroxyl 
group substituted in position 1 of the sugar moiety. It seems 
likely that such substitution is necessary for the irreversible 
binding of these inhibitors. 

TABLE I :  Effect of Adenine Glycosides on the Rate of Inactiva- 
tion of XMP Aminase by Pronase.. 
.~ ~ ____ 

Adenine Glycoside 1 - (V/Vo)b 
. . ~~ 

None 
Adenosine 0.93 
2 '-Deoxyadenosine 0.24 
3 '-Deoxyadenosine 0.12 
9-~-Lyxosyladenine 0.20 
9-~-Xylosyladenine 0 .15  
Psicofuranine. d 
Decoy ininec d 

0 XMP aminase (6.5 p g  of protein), 1.5 pmoles of Tris-HC1 
(pH 7.4), 2.5 pmoles of MgC12, 0.3 mpmole of XMP, 30 
mpmoles of sodium pyrophosphate, 30 mpmoles of adenine 
glycoside as indicated above, and 2 pg of pronase in a volume 
of 0.30 ml were incubated at  37". The treatment was termin- 
ated at  30-sec intervals by dilution with 2.2 ml of the assay 
reagents. The mixture was then transferred to cuvets for 
assay of the residual activity. b The rates of inactivation in 
the presence, V ,  and absence, Vo, of adenine glycoside were 
determined from the linear slopes obtained by plotting log of 
residual activity against duration of treatment. The extent 
of protection from inactivation by pronase is expressed as 
1 - (VjV,). c The structures of these compounds are shown 
in Figure 1. d The enzyme is irreversibly inhibited by these 
compounds. 
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FIGURE 2: Competitive inhibition of XMP aminase by adenosine. 
Initial rates are measured by following the decrease in absorption at 
290 mp at pH 8.5 due to the conversion of XMP into GMP. The 
reagent mixture contained 180 pmoles of Tris-HC1 (pH 8.5),  25 
pmoles of MgC12, 0.25 pmole of ATP (O),  0.50 pmole of ATP (W), 
1.0 pmole of ATP (A), 0.3 pmole of XMP, 160 pmoles of (NH&S04, 
and 0.25 pmole of sodium pyrophosphate (pH 7.4). For the experi- 
ment in which PP, was omitted (o), 0.25 pmole of ATP was em- 
ployed. V = - A  absorbancy at 290 mpimin. 

Compeiitice Inhibition of XMP Aminase by Adenosine. The 
inhibition of catalytic activity by adenosine is fully reversible 
under the experimental conditions of Figure 2. Adenosine 
acts as a competitive inhibitor with respect to ATP with a 
Ki of 1.2 p~ as determined from a plot of the reciprocals 
of the observed velocities us. inhibitor concentration (Figure 
2). The K, determination was performed in the presence of 
excess, 100 p ~ ,  PP,. In the absence of added PP, slight 
inhibition is observed (Figure 2) which may be attributable 
to PP, produced in the course of the catalytic reaction. Thus, 
the effect of adenosine on aminase activity, like its stabilizing 
effect on the aminase described in a previous report (Zyk 
et al., 1969), depends upon the presence of PP,. Since both 
effects reflect the reversible binding of adenosine, we conclude 
that this binding depends upon the conformative response 
induced by XMP and modified by PP, (Zyk et al., 1969). 

Irreversible Inhibition by Psicofuranine and Decoyinine. The 
inhibition of XMP aminase by psicofuranine and decoyinine 
is irreversible under the conditions described in Table I1 
and Figure 3. Rates of inactivation appear to follow first- 
order kinetics as illustrated by the linear slopes obtained for 
psicofuranine in a semilogarithmic plot (Figure 3). The 
pseudo-first-order rate constants of inactivation, k' ,  deter- 
mined from these slopes are listed in Table I1 which also 
lists the k' values for decoyinine obtained in an analogous 
manner. Although the rate of inactivation by decoyinine is 
somewhat slower than that by psicofuranine, the two com- 
pounds are otherwise very similar in their effect on the enzyme; 
in both cases the effect is strictly dependent upon the presence 
of XMP, MgC12, and PP,. Furthermore, the rates of inhibition 
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TABLE 11:  Requirements for Inactivation of XMP Aminase 
by Psicofuranine and Decoyinine.4 

k ' b  

Additions Psicofuranine Decoyinine 
~ 

None 0.010 0.010 
XMP PPi MgP+ 0,255 0.208 
XMP - Mg2+ 0.021 0.010 
XMP PPi - 0.021 0.018 

- PPi Mgz+ 0.010 0.010 

5 XMP aminase (6.5 pg of protein), 1.5 pmoles of Tris-HCl 
(pH 7.4), and, as indicated above, 0.30 mpmole of XMP, 
0.30 mpmole of sodium pyrophosphate, 2.5 pmoles of MgCI1, 
and 0.30 mpmole of psicofuranine or decoyinine here incu- 
bated in a volume of 0.30 ml at 37'. The treatment was 
terminated at 30-sec intervals and residual activity was 
measured as described in Table I. 6 Pseudo-first-order rate 
constants, k ' ,  for inactivation were determined by plotting 
the log of residual activity against duration of treatment. 

by both compounds are reduced by an  equimolar concentra- 
tion of ATP and completely prevented by an  excess, 100 p ~ ,  
of ATP. This is illustrated for psicofuranine in Figure 3. 

Relationship between Inhibition and Conformative Response. 
Since inactivation by psicofuranine or decoyinine depends 
upon the presence of XMP it is possible to vary the rate of 
inactivation by varying the concentration of XMP. The 
XMP-dependent variation in the rate constant of inactivation 
k ' ,  is illustrated in Figure 4. Half-maximal rates of inactiva- 
tion by identical amounts of psicofuranine and decoyinine are 
achieved with an  identical concentration of XMP, 2.0 LM, 
even though the observed rates of inactivation by the two 
compounds are not equal. The value of 2.0 p~ is reasonably 
close to the conformative response constant, K,,, obtained 
for XMP, 3.0 p ~ ,  in the presence of PPi by the trypsin inacti- 
vation method (Zyk et a/., 1969). This is consistent with the 
proposal that the recognition of the two inhibitors depends 
upon a conformational transition induced by XMP and 
modified by PP,. The slightly greater affinity of the aminase 
for XMP obtained by inactivation with the adenine glycosides 
than by the tryptic inactivation method in the presence of PPI 
probably results from the mutual enhancing effects of binding 
previously observed for XMP, PPi, and psicofuranine (Fuku- 
yama and Moyed, 1964). 

Elimination of the ModiJying Eflect of PPI by Urea and 
Guanidine. Our previous observations on the PPi-induced 
modification of the conformative response to XMP have 
indicated that this modification can be partiy eliminated by 
raising the temperature. Thus, the PPi-dependent decrease 
in K,, for XMP determined from rates of thermal inactivation 
a t  55' is only 3-fold as compared with the 33-fold decrease 
recorded by proteolytic inactivation at 37' with either 
trypsin or pronase. In contrast, the unmodified K,, values 
for XMP in the absence of PPi were identical by the three 
methods and thus not affected by the higher temperature 
(Zyk et al., 1969). These observations suggested that the 
PPi-induced modification of the conformative response 
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FIGURE 3: Effect of ATP on inactivation of XMP aminase by psico- 
furanine. XMP aminase (6.5 pg of protein), 1.5 pmoles of Tris-HC1 
(pH 7.4), 0.30 mpmole of XMP, 0.30 mpmole of sodium pyrophos- 
phate (pH 7.4), and 0.30 mpmole of psicofuranine were incubated at 
37" in a volume of 0.30 ml. ATP levels: (0) none, (m) 1.0 p ~ ,  and 
(A) 100 p ~ .  The treatment was terminated by dilution with 2.2 ml 
of the reagents for assay of XMP aminase. The mixture was then 
transferred to cuvets for assay of residual activity. 

involved a superimposed conformational change which 
could be readily disrupted. Consequently, we tested the 
effect of a relatively mild treatment with other conformation- 
disrupting agents, urea and guanidine-HCI. Typical results 
are summarized in Table 111. The rate constants of inactivation 

'*t 

I 
p M  XMP 

FIGURE 4: Effect of XMP on the inactivation of XMP aminase by 
psicofuranine and decoyinine. Rates of inactivation were determined 
as in Figure 3 with 0.30 mpmole of psicofuranjne (0) or 0.30 mp- 
mole of decoyinine (0) and amounts of XMP varied from 0.30 to 
3.0 mpmoles. Pseudo-first-order rate constants were determined as 
in Table 11. 
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FIGURE 5 :  Inactivation of parental and mutant XMP aminases by 
psicofuranine and decoyinine. The rate of inhibition was determined 
as in  Figure 3 ,  but without added ATP and with either 0.30 mpmole 
of psicofuranine (a) or 0.30 mwmole of decoyinine (b). Purified 
aminases were obtained from strains B 96 (O) ,  B 96-17 (D), B 96-7 
(O), or B 96-24 (3). 

in the presence of 0.1 mM XMP and 0.1 mM PPi are compared 
with the corresponding constants in the presence of XMP 
alone. The difference between the rate constants is markedly 
decreased by 3.3 M urea and 0.33 M guanidine-HC1 at 5 5 " .  
Moreover, the effects of urea and of heat are additive as 
expected. 

Elimination o f  Sensitivity to Adenine Glycosides by Urea 
and Guanidine-HC/. The correlation between the effect of 
PPi on the conformative response (Zyk et al., 1969) and on 
the XMP-dependent rates of inactivation (Table 11) suggest 
that PPi may be required for inhibition by the adenine 
glycosides because of its effect on the conformative response. 
If so the susceptibility of the enzyme to inactivation by the 
adenine glycosides should be eliminated by preventing the 

TABLE I I I :  Elimination of PP, Effect by Urea or Guanidine: 
. - - -~ ___ _ _ _ ~  - 

Treatment kotb kp' kp'lko' 
~~ 

37 O 0 0 
37", 2 pg of trypsin 0 19 0 09 0 47 
37O, 2 pg of Pronase 0 25 0 12 0 48 
55" 0 29 0 17 0 59 
37", 3 3 M urea 0 20 0 15 0 75 
5 j 0 ,  1 67 M urea 0 56 0 50 0 89 
5 5 O ,  0 33 hi guanidine-HC1 0 66 0 67 1 02 

'. XMP aminase (6.5 pg of protein) was treated in the 
presence of 1.5 pmoles of Tris-HCl (pH 7.4), 30 mpmoles 
of XMP, 2.5 pmoles of MgCln, and as indicated above, 30 
mpmoles of sodium pyrophosphate, in a volume of 0.30 ml. 
The treatments were terminated at 30-sec intervals and residual 
activity was measured as described in Table I. b Pseudo-first- 
order rate constants for inactivation in the absence, ko' ,  and 
in the presence, k p ' ,  of PPi were determined as in Table 11. 

TABLE rv :  Effects of Urea and Guanidine-HC1 on the Rates 
of Inactivation of Parental, B 96, and Mutant, B 96-17, Forms 
of XMP Aminase by Psicofuranine and Decoyinine:i 

Inhibitor Additions B 96 B 96-17 

None None 0 .00  0 .00  
None 2 . 5  M urea 0.081 0.083 
None 0.33 h i  guanidine 0.034 0,036 
Psicofuranine None 0.255 0.187 
Psicofuranine 2 , s  M urea 0.128 0.083 
Psicofuranine 0 , 3 3  M guanidine 0,098 0.034 
Decoy inine None 0.208 0.127 
Decoy inine 2 . 5  M urea 0 083 0.05s  
Decoyinine 0 .33  M guanidine 0.119 0 043 

XMP aminase (6.5 p g  of protein), 1.5 pmoles of Tris- 
HC1 (pH 7.4), 2.5 pmoles of MgCI2, 30 mpmoles of XMP, 
30 inpnioles of sodium pyrophosphate, and, as indicated, 
0.30 mpmole of psicofuranine or decoyinine, and urea or 
guanidine-HCl were incubated in a volume of 0.30 nil at 37". 
The treatments were terminated at 30-sec intervcils. Pmido- 
first-order rate constants for inactivation were determined 
as in Table 11. 

~ _ _ ~ _ _ _ _  -~ -. ~. . 

PP, modification of the conformation of the enzyme. In the 
previous section we have demonstrated conditions under 
which the effect of PPi on the conformation is largely abol- 
ished (Table 111). We have determined the effects of similar 
conditions on the rates of inactivation of the aminase by 
psicofuranine and decoyinine. The results, presented in 
Table IV, are consistent with the above interpretation; urea 
or guanidine-HC1, which cause a marked reduction in the 
PPi effect on the conformation of the enzyme (Table III), 
also cause a reduction in the susceptibility of the enzyme to 
inactivation by psicofuranine and decoyinine (Table IV). 
Also included in Table IV are the results obtained with a 
mutant enzyme, B-96-17, which is less sensitive than the 
parental enzyme to inactivation by these adenine glycosides. 
The susceptibility of the latter enzyme is completely eliminated 
by 2.5 h i  urea or by 0.33 M guanidine-HCl. Additional prop- 
erties of this and two other mutant enzymes are described 
in the following section. 

Inhibition Parterns of Enzyme Prejiarations Derired f rom 
Psico/Lranine-Resistarzt Mutants. XMP aminases from psico- 
furanine-resistant strains (B-96-7, B-96-17, and B-96-24) 
derived from E. coli B-96 have altered susceptibility to 
inhibition by adenine glycosides. Two of the mutant aminases, 
B-96-7 ana B-96-24, are completely resistant to irreversible 
inhibition by psicofuranine and decoyinine; the third mutant, 
B-96-17, retains sensitivity to irreversible inhibition by these 
antibiotics, but its rate of inactivation is lower than that of 
the parental aminase (Figure 5). A tenfold increase in the 
concentration of XMP under otherwise unchanged conditions 
had no effect on the rates of inhibition of any of the aminases. 
A similar increase in the concentration of psicofuranine 
or decoyinine did not result in inactivation of  the B-96-7 
and B-96-24 aminases, but the rates of inhibition of the 
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FIGURE 6: Competitive inhibition of parental and mutant XMP 
aminases by adenosine. The effects of the indicated concentrations 
of adenosine were measured as in Figure 2 in the presence of 30 
mpmoles (0) or 120 mpmoles of ATP (0). Purified aminases were 
obtained from strains B 96 (a), B 96-17 (b), B 96-7 (c), or B 96-24 
(d). V = - A  absorbancy at 290 mp/min. 

parental, B-96, and the intermediate, B-96-17, were accelerated 
as expected. 

The two mutant aminases, B-96-7 and B-96-24, which are 
resistant to irreversible inhibition by psicofuranine and 
decoyinine are nevertheless susceptible to reversible inhibition 
by these antibiotics. Furthermore, all three of the mutant 
aminases, like the parental enzyme, are reversibly inhibited 
by adenosine; the inhibition is competitive with respect 
to ATP (Figure 6). However, the Ki values are elevated for 
the mutant aminases, ranging from 25.0 PM adenosine for 
B-96-17 to 51.0 and 56.0 ~ L M  adenosine for B-96-24 and B-96-7, 
respectively. The Ki value for the parental enzyme is 1.2 PM 
adenosine. 

Conformative Response of Mutant Aminases. In view of 
the role of the PPi effect in the sensitivity of the parental 
aminase to adenine glycosides, we examined the possibility 
that a genetic loss of sensitivity could be associated with a loss 
of conformative responsiveness to PPi. This proved to be 
the case as shown in Figure 7 which compares the conform- 
ative response of the parental and mutant enzymes with XMP 
in the presence and absence of PPi. Results are plotted by a 
method which permits a comparison of widely divergent 
K,, values on a single set of coordinates (Zyk et al., 1969). 
The relative rates of inactivation, V/Vo,  obtained as described 
in the legend to Figure 7, are plotted against K,,/(XMP) + 
Kc?. The theoretical straight line in this plot joins the point 
for (XMP) = 0 where V = Vo and the point for (XMP) 
approaching infinity. The value of the vertical intercept, 
R = Vs/Vo (where V. is the rate of inactivation with saturating 
XMP), depends upon the method used for inactivation 
(Zyk et al., 1969); in this case with tryptic digestion the R 
values are 0.15 for one of the mutant aminases, B-96-24, 
and 0.04 for the other mutant and parental aminases. 

The experimental values, expressed as VIVO follow the 
theoretical slope when plotted as a function of Kc,/(XMP) 

‘ . O B  
0.5 

0.5 I .o 

(b) B96-17 
R = 0.04 

(d)  B96-24 
R.O.15 

0.5 I .o 

Kcr  

[XMP] + Kc r  

FIGURE 7: Effect of PPi on the conformative responses to XMP of 
mutant and parental XMP aminases. XMP aminase (6.5 pg of pro- 
tein), 1.5 pmoles of Tris-Hcl (pH 7.4), varying amounts of XMP, 
2.49 pmoles of MgCln, and 2 pg of trypsin were incubated with (0) or 
without (0) 30 mpmoles of sodium pyrophosphate (pH 7.4) in a 
volume of 0.30 ml. The treatments were terminated at 30-sec in- 
tervals, residual activity was determined and plotted as described in 
Table I for calculation of the rates of inactivation in the presence, V ,  
or absence, VO, of XMP. The values for R were obtained by extra- 
polation to infinite XMP concentration in plots of VjVo cs. l/(XMP). 
Kc, = conformative response constant, the concentration of XMP at 
which 50 of the enzyme has undergone the conformative response. 
The fraction of the enzyme in conformative response, For, = (1 - 
(V/Vo))/(l - R). Kc, values are determined from plots of I/& us. 
(XMP). Details for the derivation and calculation of the constants 
have been published (Zyk et al., 1969). A K,, value of 100 p~ was 
assumed in all cases, and, in addition, a Kcr value of 3 p~ XMP in 
the presence of PPi (m) was assumed in one case (Figure 7a). 

+ Kc, if the value substituted for Kc, is correct (Zyk et al., 
1969). This relationship is illustrated in Figure 7a where 
the previously established values, R = 0.04 and Kc, = 100 
PM, for the parental aminase, B-96 have been substituted. 
We have also determined and substituted the unmodified 
Kc, and R values for the three mutant enzymes (Figure 7b-d). 
The significance of the higher R value for B-96-24 is not 
clear, but it seems unrelated to the level of resistance. 

The unmodified Kc, values for all three mutant enzymes 
as well as for the parental enzymes were 100 PM (Figure 
7a-d). In contrast, there was a striking difference between the 
parental and mutant enzymes in their responses to PPi. 
PPi causes a 33-fold decrease in the KO, value for XMP with 
the parental enzyme (Zyk et al., 1969). There was, however, 
no detectable change in the Kc, values for XMP of mutant 
enzymes in response to PPi. This is illustrated in Figure 7a-d 
where the value of 100 PM is shown to fit all data obtained in 
the absence of PPi and all but one set of data obtained in the 
presence of PPi. The one exception is the response of the par- 
ental enzyme to PPi as reflected in the deviation from the 
linear slope shown in Figure 7a. This deviation is corrected 
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FIGURE 8: Effect of adenosine and ATP on the conformative re- 
sponse of parental and mutant aminases. The procedures were as 
described in Figure 7 except that either 30 mpmoles of sodium 
pyrophosphate (pH 7.4) plus 30 mpmoles of adenosine (0,o) or 30 
mpmoles of ATP (B, 0) were included in the treatments. The VIVO 
values are plotted twice, with high (0,Q or low (0, B) Kcr values 
substituted in the abscissa. The following Kcr values were employed: 
(a) B 96, KO, = 0.5 or 0.05 p~ XMP; (b) B 96-17, KO, = 0.5 or 0.05 
IM XMP; (c) B 96-7, K,, = 1.0 or 0.05 p~ XMP; and (d) B 96-24, 
KO, = 1.0 or 0.05 p~ XMP. 

when the correct K,, value for the parental aminase, 3.0 p~ 
XMP, is substituted in the abscissa. 

A further comparison of the responsiveness of the mutant 
and parental aminases is presented in Figure 8. A previous de- 
tailed study of the parental aminase has shown that 100 p~ 
ATP causes a decrease of more than 2000-fold in the K,, value 
for XMP; this effect of ATP can be duplicated by equimolar 
concentrations of adenosine and PPi (Zyk et al., 1969). This is 
evident in Figure 8a where the experimental points are seen to 
follow the theoretical slope in the presence of either ATP or 
adenosine + PPi when the correct KO, value of 0.05 p~ XMP is 
used in the abscissa. By contrast, the K,, values which give the 
best fits for the mutant enzymes are 1.0 IM XMP for B-96-7 
and B-96-24 and 0.5 p~ XMP for B-96-17, K,, values 10-20 
times higher than for the parental aminase. For closer com- 
parison V/Vo values have been plotted in each case substi- 
tuting the low, 0.05 ~ L M  and the high, 0.5 or 1.0 PM, KO, values. 
Although the mutant enzymes respond to ATP or to the aden- 
osine-PPi combination, the response is poor compared with 
that of the parental enzyme. It may be significant that the re- 
sponse of the partially resistant aminase, B-96-17 is somewhat 
better, KO, = 0.5 NM XMP, than that of the highly resistant 
mutants, B-96-7 and B-96-24, K,, = 1.0 p~ XMP. 

Discussion 

The inhibition of XMP aminase by psicofuranine and other 
adenine glycosides has been of particular interest because of 

the unique specificity of the inhibition and its unusual depen- 
dence on the participation of a substrate and a product of the 
catalytic reaction. Both the reversible inhibition by adenosine 
and the irreversible inhibition by psicofuranine or decoyinine 
appear to involve the ATP binding site as shown by the com- 
petitive relationships with the substrate. Yet, other similar 
ATP-driven reactions in the bacterial cell are not similarly 
affected by these inhibitors; they are either insensitive or sev- 
eral 1000-fold less sensitive than the aminase (Bloch and 
Nichol, 1964; Spencer and Preiss, 1967). The requirement for 
one of the substrates, XMP, and one of the products, PPi, for 
inhibition of the aminase by the adenine glycoside was equally 
puzzling. 

A possible explanation of these observations was provided 
by a detailed study of the interaction of XMP aminase with 
XMP, PPi, and adenine glycosides (Zyk et al., 1969). XMP was 
found to induce a marked change in the conformation of 
XMP aminase, which affects the stability and the binding 
characteristics of the enzyme. The conformative response to 
XMP facilitates the binding of PPi which in turn modifies the 
conformative response. It was shown, furthermore, that modi- 
fication of the conformative response to XMP is a prerequisite 
for a still further modification by adenosine. The experiments 
described here establish that both PPi and XMP are required 
for competitive inhibition by adenosine as well as for inter- 
action with other adenine glycosides. These observations con- 
firm earlier direct binding studies with psicofuranine (Fuku- 
yama and Moyed, 1964) and similar binding measurements 
with adenosine (N. Zyk, N. Citri, and H .  S. Moyed, 1968, un- 
published observations). 

These findings focus attention on the role of XMP and PPi 
in the inhibition of XMP aminase by adenine glycosides. We 
believe that the recognition of the inhibitor depends upon a 
specific conformational state of the aminase molecule and that 
transition to that state is induced by XMP and PPi. The cor- 
relation between the concentration-dependent effect of XMP on 
inhibition (Figure 4) and on the conformative response (Zyk 
et al., 1969) provide evidence for the postulated role of XMP. 
The participation of the PPi-induced modification of the con- 
formation response in inhibition by adenine glycosides has 
been inferred from two independent experimental approaches. 
The rationale in both cases is that since the response to PPi, 
unlike the response to XMP, is not an integral component of 
the catalytic reaction, it could be conceivably eliminated 
without loss of enzymatic activity. According to this view, 
elimination or reduction of the effect of PPi on the conforma- 
tive response should have a corresponding effect on sensitivity 
to adenine glycosides. 

This proposition was examined by both chemical and genetic 
modification of XMP aminase. Previous observations (Zyk 
et al., 1969) have indicated that the PPi-dependent transition 
in the conformation of XMP aminase is partially reversed at 
higher temperatures. We have now shown that the PPi effect is 
even more readily eliminated by relatively mild treatment with 
urea or guanidine-HC1 (Table 111). Significantly, these reagents 
eliminate susceptibility to irreversible inhibition by psicofur- 
anine and decoyinine but have little effect on the survival of 
enzymatic activity. 

Similarly, loss of sensitivity to adenine glycosides by muta- 
tion could be correlated with the loss of responsiveness to PPi. 
The mutants examined in this report were isolated on the basis 
of their ability to grow on psicofuranine. The resistant XMP 
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aminases have significant differences in Ki values for adeno- 
sine (Figure 5 )  which is consistent with resistance resulting 
from independent mutational events in each strain. Thus, it 
appears that structural changes which eliminate the effect of 
PPi on conformative response of the aminase of E .  coli permit 
the growth of this organism in the presence of psicofuranine. 

The resistance thus acquired is not simply due to loss of rec- 
ognition of the antibiotic. Although the affinity of the 
mutant aminases for adenine glycosides is reduced by a 
large factor (Figure 5), the more drastic change is the complete 
loss of the ability of PPI to modify the response to XMP. The 
only mechanism, so far observed, which confers resistance to 
adenine glycosides via modification of the aminase depends 
upon breaking the sequence of conformational transition 
which is required for recognition of the inhibitors. This ap- 
pears to be accomplished principally by disrupting the PPi-in- 
duced conformation with either urea or guanidine-HC1 or by 
mutational events, presumably appropriate replacements of 
one of several amino acid residues, which impair the flexibil- 
ity of the enzyme. 

The only other situation in which the conformative response 
was studied and related to drug resistance led to a similar con- 
clusion (Zyk and Citri, 1968). That study included observa- 
tions on the enzymatic inactivation of methicillin. Normally, 
the conformative response of the relevant enzyme, penicillin 
0-lactamase, is modified by the side chain of methicillin in a 

way which is unfavorable for catalysis. Elimination of this 
side-chain-induced modification results in an effective de- 
struction of the antibiotic (Citri and Kalkstein, 1967; Zyk and 
Citri, 1968). Thus, in the case of penicillin 0-lactamase, as in 
the present case, constraint of the conformative response in the 
relevant enzyme appears to provide a mechanism of drug re- 
sistance involving either the level of binding or the rate of drug 
destruction. Since the two cases which have been studied are 
totally unrelated, it is probable that similar mechanisms based 
on a modification of conformative response may be frequently 
responsible for drug resistance. 
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