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A HSTRACT: The inhibition of phosphorylase kinase catalytic 
activity by 0.1 M neutral salts was predicted by the Hofmeister 
series of anions. The site of action of the salts was determined 
by the following evidence to be on the phosphorylase kinase 
molecule directly, rather than on its protein substrate. (1 )  
Nonactivated kinase was more sensitive to salt inhibition than 
the activated form. (2) Ca2+ partially overcame the inhibition 
of nonactivated kinase. (3) Inhibition by CI- occurred with 
either phosphorylase or a tetradecapeptide containing the 
convertible seryl residue as substrate. (4) Phosphorylation of 
nonactivated phosphorylase kinase by protein kinase was 
markedly inhibited by NaN03 ,  but this salt had little effect 

Phosphorylase b kinase (ATP:phosphorylase phospho- 
transferase, EC 2.7.1.38) is a key enzyme in the cascade of 
reactions associated with glycogenolysis and subsequent energy 
metabolism in skeletal muscle. Because low concentrations of 
Ca" are absolutely necessary for catalytic activity (Ozawa 
et al., 1967; Krebs et al., 1968), the enzyme often has been 
considered to be a hinge point coupling muscle contraction with 
encrgy production. Yet, despite the importance of this enzyme, 
few effectors of phosphorylase kinase have been described, and, 
other than Ca'+, none has been shown to act predominantly 
on the phosphorylase kinase molecule, as opposed to its protein 
substrate. 

Besides being phosphorylated by protein kinase, phospho- 
rylase kinase also is able to phosphorylate itself (Walsh et al., 
197 I ) .  This autophosphorylation reaction has been of con- 
tinuing interest to us because of its probable involvement with 
the lag in the rate of product formation seen during the activity 
assay of nonphosphorylated kinase (Krebs et al., 1964; De- 
Lange et al., 1968; Cohen, 1974; Carlson et al., 1975; Carlson 
and Graves, 1976). We wished to study how effectors of 
phosphorylase conversion would influence autophosphorylation 
and the lag. To do this, it was first necessary to find a class of 
cffcctors that would act predominantly on the phosphorylase 
kinase molecule, and not on its substrate. 

There have been reports of the influence of neutral salts on 
phosphorylase kinase from rabbit skeletal muscle. Krebs et al. 
( 1964) reported the activation of phosphorylase kinase in the 
presence of MgATP to be inhibited by NaCl and KCl. Sacktor 
c t  al.  ( 1  974) reported the inhibition of phosphorylase kinase 
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on the phosphorylation of histone by protein kinase. The in- 
fluence of neutral salts on phosphorylase kinase activity was 
biphasic. Although activity was inhibited a t  low salt concen- 
trations, it actually was stimulated as the salt concentration 
was increased. A similar biphasic response to various salt 
concentrations was observed in the velocities of autophos- 
phorylation of phosphorylase kinase. The lag in the rate of 
product formation seen during the activity assay was less 
pronounced at  inhibitory salt concentrations and was abolished 
at  stimulatory salt concentrations. How the influence of salts 
relates to autophosphorylation and the lag is considered. 

catalytic activity by K+, N a f ,  and Li+. In this work, we have 
studied in greater detail the inhibition of phosphorylase kinase 
catalytic activity by low concentrations of neutral salts. Evi- 
dence is presented that demonstrates that these salts act di- 
rectly upon the phosphorylase kinase molecule. Correlations 
are made of the biphasic effects of the neutral salts on catalytic 
activity, autophosphorylation, and the lag. 

Experimental Procedure 
[y-32P]ATP was prepared by the method of Glynn and 

Chappell (1964). Histone (type 11-A) from calf thymus was 
purchased from Sigma. Neutral salts were purchased, when 
possible, in the anhydrous state. All the salts were dried in a 
vacuum oven a t  a pressure of less than 1 mmHg before use. 
NH4Br, NH4C1, sodium acetate and potassium acetate were 
dried for 6 h at  50 "C. All other salts were heated at  95 "C for 
a minimum of 20 h. 

All enzymes used in this work were isolated from rabbit 
skeletal muscle. The catalytic subunit of protein kinase, pre- 
pared by the method of Beavo et al. (1974), was generously 
provided by J.  R .  Skuster. Phosphorylase b was isolated as 
described (Fischer and Krebs, 1958). Residual A M P  was re- 
moved by treatment with acid-washed Norit A. The glycero- 
phosphate was removed by dialysis against 40 mrvl Hepes' or 
Tes, 30 m M  mercaptoethanol, pH 6.8. Xonactivated phos- 
phorylase kinase was prepared by the method of Brostrom et 
al. ( 197 1 ) apd, for most experiments, was further purified by 
DEAE-cellulose chromatography (Cohen, 1973; Jennissen and 
Heilmeyer, 1975). This kinase was stored frozen in 50 m M  
glycerophosphate, 2 mM EDTA, 1 m M  dithioerythritol, pH 
7.0. Phosphorylated kinase for use in gel filtration experiments 
and the experiment described in Figure 1 was prepared from 
nonactivated kinase that had not been subjected to DEAE- 
cellulose chromatography and that still contained a small 

__ .- 
' Abbreviations uhed: Hepes, .V-2-hydrox)e thylp ipera~inc- . \ ' -  

2-ethanesulfonic acid; Tes. .~- t r i s [h~ .droxymethyl ]methyl -2-aminoet l~-  
anesulfonic acid; CAMP. 3':5'-cqclic adenosine monophosphate; EGTA. 
ethllene glycol bis(@-aminoethyl ether)-N..V'-tetraacetic acid: DEAE.  
diethglaminoeth) 1. 
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TABLE I: Inhibition of Nonactivated Phosphorylase Kinase by 0.1 
M Neutral Salts a t  p H  7.5." 

Constant Ion % 
Ion Varied Inhibition 

Na+ acetate +29 
(stimulation) 

40 
64 
77 
88 
93 
95 

37 
40 
44 
46 
54 

64 
73 
73 
76 
1 7  
80 

The  assays contained phosphcrylase b (8.6 mg/ml), buffer (50 
m M  Hepes, p H  7.5), M g A T P  (8.6 m M  Mg(CH3C02)2,  2.5 m M  
["PIATP), mercaptoethanol (13 m M ) ,  and salt (0.1 M) and were 
initiated by nonactivated phosphorylase kinase (0.34 pg/ml). After 
30 min a t  30 O C  the incorporation of 32P into phosphorylase was de- 
termined. 

amount of endogenous protein kinase. The phosphorylation 
mixture contained nonactivated phosphorylase kinase (3.2 
mg/ml), MgATP (16 m M  Mg2+, 6 m M  ATP), c A M P  (4  X 

M), and pH 6.8 glycerophosphate (40 mM). The phos- 
phorylated kinase, which would be expected to be phospho- 
rylated by both protein kinase and self-phosphorylation, was 
desalted on Sephadex (3-25. It had a p H  6.8:8.2 activity ratio 
of 0.49. Phosphorylase and phosphorylase kinase concentra- 
tions were routinely determined spectrophotometrically by 
using absorbance indices of 13.0 (Kastenschmidt et al., 1968) 
and 12.0 (Hayakawa et al., 1973), respectively, for 1% protein 
solutions a t  280 nm. Molecular weights of 1 X IO5 for mono- 
mer phosphorylase (Cohen et  al., 1971) and 1.28 X lo6  for 
phosphorylase kinase (Cohen, 1973) were used for calculations 
of the extent of phosphorylation. 

The phosphorylation of phosphorylase kinase, phosphoryl- 
ase, and histone was determined by the 32P incorporation into 
protein from [ Y - ~ ~ P I A T P  by utilizing the filter paper assay 
described by Reimann et al. (1971). For assays that measured 
the autophosphorylation of phosphorylase kinase, it was nec- 
essary to show that no significant phosphorylation occurred 
that could be attributed to CAMP-independent protein kinase 
activity. When nonactivated kinase was incubated with only 
MgATP (1 m M  Mg2+, 0.15 m M  ATP) a t  p H  6.8 and 30 O C ,  
less than 1 mol of phosphate was incorporated into the entire 
kinase molecule over a 45-min period. This concentration of 
MgATP is greater than the K ,  of protein kinase for A T P  
(Reimann et al., 1971), but is below the K ,  of phosphorylase 
kinase for ATP (Krebs et al., 1964). Inclusion of M 
cAMP and 0.5 m M  EGTA, which inhibits autophosphoryla- 
tion (Walsh et al., 1971), still resulted in less than 1 mol of 
phosphate incorporation over the same period. 

The tetradecapeptide was prepared synthetically on a 
Beckman 990 peptide synthesizer and purified to homogeneity 

Time (minutes) 

F I G L R E  I :  Effect of KCI on the activity of nonactivated and phospho- 
rylated kinase. The reactions included phosphorylase (10.1 mg/ml), 
MgATP (6.9 mM Mg(CH3C02)2, 2.1 mM [32P]ATP), buffer (47 mM 
Tes, pH 7.5), and mercaptoethanol (10.7 mM) and were initiated with 
phosphorylase kinase. Where included, the KCI concentration was 70 mM. 
Aliquots were removed at 5-min intervals for determination of 32P incor- 
poration. ( 0 )  Phosphorylated kinase (0.8 pg/ml); (A) phosphorylated 
kinase plus KCI; (0) nonactivated kinase (2.5 pg/ml); ( A )  nonactivated 
kinase plus KCI. 

by using combinations of gel filtration and ion-exchange 
chromatography. Purity of the peptide was determined by 
high-voltage electrophoresis and amino acid analysis. For- 
mation of phosphorylated peptide was followed with an assay 
developed by G.  W. Tessmer of this laboratory. Reaction ali- 
quots (up to 20 PI) were applied to 1 X 2 cm strips of Whatman 
P8 1 phosphocellulose paper, which has a high affinity for the 
phosphorylated peptide. The reaction was stopped by dropping 
the paper strips into 1 N acetic acid. Excess [32P]ATP was 
removed by washing the strips four times a t  20 min each with 
the acetic acid. Each washing contained at  least 10 ml of acid 
for each strip. The papers were then rinsed with ethanol, fol- 
lowed by ether, dried, and counted in 10 ml of Bray's solu- 
tion. 

Sedimentation velocity experiments were carried out in a 
Spinco Model E analytical ultracentrifuge. The rotor speed 
was 52 000 rpm, and the temperature was 22 OC. Pictures were 
taken a t  4-min intervals with a Schlieren optical system. 

Results 
Inhibition of Activity by Low Concentrations of Neutral 

Salts. Preliminary studies with LiCI, KCI, NaCI, and NH4CI 
a t  a concentration of 30 m M  showed that they all inhibit 
phosphorylase conversion by nonactivated kinase a t  pH 7.5 by 
about 25%. It was unclear if inhibition was actually due to the 
cations, the anion, or a general effect of neutral salts. 

A detailed study of the relative effects of cations and anions 
on the conversion reaction was undertaken. The results of this 
study, in which 0.1 M salts were included in the assays a t  pH 
7.5, are presented in Table I. When anions were varied and 
Na+  held constant, there was a wide range of inhibition de- 
pendent upon the anion substituted. The inhibition ranged from 
40% with chloride to 95% with iodide. The reaction actually 
was stimulated 29% with acetate. Therefore, the anions 
themselves influence the catalytic reaction regardless of the 
effect of the cation. With the exception of Sod2-, the pattern 
of inhibition obtained a t  pH 7.5 with these anions is closely 
predicted by the well-known Hofmeister series. The anionic 
Hofmeister series for increasing effectiveness in promoting 
protein destabilization has been reported by Lewin (1 974) to 
be: SO4*- < CH3COO- < CI- < Br- < N03-  < I- < 
SCN-. 

Less inhibition was caused by chlorides than by bromides 
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when the anion was held constant and the cation varied (Table 
I) ,  but the level of inhibition observed with either anion was 
relatively independent of the cation used. Note, for instance, 
that KBr and (CH3CH2)4NBr caused the same inhibition. The 
Li+ and NH4+ cations were furthest from the norm and caused 
the least and the most inhibition, respectively, with both anions. 
This behavior of Li+ and NH4+ follows the cationic Hof- 
meister series: Li+ > K+ > Cs+ > NH4+ (Lewin, 1974). In 
summary, the conversion of phosphorylase by nonactivated 
phosphorylase kinase is influenced both by cations and by 
anions, but to a much greater extent by the latter. The results 
indicate that a locus exists on kinase, or phosphorylase, or both, 
that is sensitive to anions and that the effect follows the Hof- 
meister series. 

During the activity assay of nonactivated phosphorylase 
kinase a t  neutrality there is a lag in the rate of product for- 
mation (Krebs et al., 1964); Le., the enzyme evidently becomes 
more active with time. lnclusion of 0.1 M salt in the assay of 
nonactivated kinase a t  pH 6.8 altered this lag in the rate of 
product formation. Despite the fact that the most pronounced 
lag is normally seen a t  p H  6.8, inclusion of NaCI, NaBr, or 
NaNO3 in the assay caused the progress curve to become more 
linear. Holding the concentration of N a N 0 3  constant a t  0.1 
M and lowering the kinase concentration also caused the lag 
a t  pH 6.8 to become less pronounced. The process through 
which salts make the progress curve more linear is not totally 
clear. Any one of a number of observable changes occur in the 
progress curve when pH, salt, and enzyme concentrations are 
varied. The onset of the lag may be delayed, only the initial 
portion of the lag may occur, or the duration of the lag may be 
lengthened. It is often difficult to determine which of these is 
the predominant change because limiting substrate concen- 
tration and enzyme instability become factors with time. It is 
clear, however, that low concentrations of neutral salts do in- 
hibit the autoactivation of nonactivated kinase. 

Sodium nitrate was used as the neutral salt in many exper- 
iments because it inhibited kinase activity nearly as much as 
NaSCN or Na l ,  but was not believed as likely to cause irre- 
versible inhibition. The reversibility of inhibition by 0.1 M 
N a N 0 3  was tested by preincubating a t  pH 6.8 and assaying 
a t  pH 8.2, a t  which the enzyme is most active. This allowed a 
substantial dilution of the salt into the assay. Preincubation 
of nonactivated kinase (29 pg/ml) for 15 min a t  30 OC with 
0.1 M N a N 0 3  followed by dilution to 0.7 mM N a N 0 3  and 0.2 
,ug/ml kinase provided the same kinase activity as that ob- 
tained when kinase (0.2 pg/ml) was not challenged with any 
NaNO3 except for 0.7 m M  N a N 0 3  in the assay. Therefore, 
the inhibition of nonactivated kinase by 0.1 M N a N 0 3  is 
completely reversible. 

Preincubation of kinase with phosphorylase, a process that 
stimulates kinase activity (Kim and Graves, 1973), was ex- 
amined to see if  it would alter the salt inhibition. The per- 
centage inhibition brought about by 70 m M  KCI at  pH 7.5 was 
the same whether or not the kinase was preincubated with 
phosphorylase. 
Site of Inhibition of Neutral Salts. Experiments were per- 

formed to determine if  neutral salts inhibited the reaction by 
binding to the enzyme or to the substrate. Figure 1 shows the 
effect of 70 m M  KCL on phosphorylase conversion a t  pH 7.5 
by activated (phosphorylated) and nonactivated phosphorylase 
kinase. The activated kinase is not inhibited at  this level of KC1 
(closed symbols), whereas the nonactivated kinase is (open 
symbols). This result suggests that the anion probably is acting 
directly on the kinase and not on the substrate, phosphorylase. 
I f  the major locus of action by the anion were on the substrate, 

then one would have expected inhibition to occur with both 
forms of kinase. In a separate experiment with 0.1 M NaN03 ,  
which is more inhibitory than KCI, the activated kinase also 
was inhibited. The inhibition of nonactivated kinase was, 
however, five times greater than the inhibition of activated 
kinase. So, again there was a differential effect of salts on the 
two forms of kinase. 

Added evidence that the anion acts on the kinase molecule 
was obtained with experiments that measured the ability of 
Ca2+ to partially overcome salt inhibition. The 85% inhibition 
of nonactivated kinase a t  pH 7.5 by 70 m M  KCI was reduced 
to 25% by addition of M Ca2+, a known activator of the 
kinase molecule (Ozawa et a]., 1967; Krebs et al., 1968). 
beither differential salt inhibition of nonactivated and acti- 
vated kinase nor the ability of Ca2+ to overcome salt inhibition 
is absolute proof, however, that the salt acts on kinase. Both 
phosphorylation and addition of Ca2+ have been reported to 
increase the affinity of phosphorylase kinase for phosphorylase 
(Krebs et al., 1964; Heilmeyer and Haschke, 1972). If the salts 
acted on phosphorylase, causing it to be bound more poorly by 
kinase, then activation of the kinase or addition of e a 2 +  would 
decrease the salt inhibition. Different types of experiments 
therefore were required to determine, without doubt, the site 
of salt action. 

The phosphorylation of phosphorylase kinase by the cata- 
lytic subunit of protein kinase was also influenced by neutral 
salts. When nonactivated phosphorylase kinase was used as 
substrate, 0.1 M N a N 0 3  inhibited its phosphorylation by 
protein kinase by approximately 50%. N a N 0 3 ,  however, 
caused only a slight inhibition (less than 10%) of the phos- 
phorylation of histone by protein kinase. These results suggest 
that there is a locus of salt sensitivity on the phosphorylase 
kinase molecule. 

More conclusive evidence that anionic inhibition of phos- 
phorylase conversion is directed toward the phosphorylase 
kinase molecule would be to show that the effect still occurs 
with an alternative substrate for the kinase. A low-molecu- 
Iar-weight alternative substrate would be desirable because 
it would less likely be influenced by low concentrations of the 
neutral salts. A tetradecapeptide corresponding to residues 
5- 18 at  the amino terminus of glycogen phosphorylase (Titani 
et al., 1975) and containing the convertible seryl residue has 
been shown to be a substrate for phosphorylase kinase (Nolan 
et al., 1964; Tessmer and Graves, 1973). This peptide, which 
has the sequence Ser.Asp.Gln.Glu.Lys.Arg.Lys.Gln.Ile.Ser. 
Val.Arg.Gly.Leu, was used as a substrate in experiments 
measuring the inhibition by neutral salts. It was found that 70 
m M  KCI inhibited peptide phosphorylation by nonactivated 
kinase a t  pH 7.5 by approximately 85% (Figure 2) .  This in- 
hibition was partially overcome by addition of M Ca?+ 
(results not shown). Because it is unlikely that this concen- 
tration of KC1 could affect the peptide, the salt inhibition of 
peptide conversion was interpreted as being directed through 
the kinase molecule. The sum of the data in this section pro- 
vides strong evidence that the inhibition of phosphorylase ki- 
nase activity by neutral salts is caused predominantly by anions 
acting directly on the kinase molecule. 

Stimulation of ActiGity by High Concentrations of Neutral 
Salts. Whereas inclusion of 0.1 M salts in the kinase assay 
caused inhibition of catalytic activity, a second effect was found 
a t  greater salt concentrations. Nonactivated kinase was 
preincubated at  pH 6.8 with various concentrations of NaN03.  
Assays of catalytic activity at  pH 6.8 were then initiated with 
aliquots taken directly from the preincubation mixture and 
diluted threefold into the assay. Low concentrations of N a N 0 3  
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a YLLL 5 10 15 20 30 I 
Time (minutes) 

F I G U R E  2: Effect of KCI on the phosphorylation of the tetradecapeptide. 
The reaction mixture included peptide (0.7 mM),  MgATP (8.1 m M  
Mg(CH3C02)2, 2.5 m M  [32P]ATP), buffer (40 mM Hepes pH 7 .7 ) ,  and 
mercaptoethanol (4.3 mM) and was initiated with nonactivated kinase 
(4  gg/ml). Where included, the KCI concentration was 70 mM. Aliquots 
were removed at  times indicated for measurement of 32P incorporation 
into peptide. (0) H20;  (A) KCI. 

caused inhibition of the kinase activity, but, as the concen- 
tration in the preincubation mixture was increased above 0.1 5 
M, the inhibition grew smaller (Figure 3). When the N a N 0 3  
concentration of the preincubation mixture reached 0.35 M, 
stimulation of activity was observed. So, there are two opposing 
effects of N a N 0 3  on kinase activity at pH 6.8. It causes inhi- 
bition at low concentrations and stimulation at high concen- 
trations. 

At the highest level of N a N 0 3  shown in Figure 3 (1.05 M 
in the preincubation mixture and 0.35 M in the assay), the 
activity at pH 6.8 was stimulated fivefold during the first 5 min 
of the assay. The insert of Figure 3 shows the time courses for 
the control reaction and for the reactions in which maximal 
stimulation and inhibition occurred. Note that no lag is ob- 
servable in the time course corresponding to maximal stimu- 
lation. In all cases in which nitrate stimulation occurred, there 
was no observable lag. In the case of the time course corre- 
sponding to maximal inhibition, a lag became evident after the 
reaction had proceeded for 30 min. 

Stimulation of nonactivated kinase at pH 6.8 by high salt 
concentrations was not a specific effect of NaN03 .  RbBr, 
CsBr, and LiBr were progressively more effective than NaN03  
in causing stimulation when preincubated for 30 min at 1.2 M 
with the kinase. Activation was also observed if the salts were 
diluted to 10 mM in the assay after the initial preincubation 
was carried out at salt concentrations of 1.2 M. After 10-min 
preincubations with 0.9 M LiBr, it was noted that, while the 
activity at pH 6.8 increased 500??, the activity measured at pH 
8.2 was decreased by 20-50%. Preincubation with 1 M NaI 
or NaSCN caused nearly complete inhibition of catalytic ac- 
tivity. 

Attempts to Dissociate Phosphorylase Kinase with Neutral 
Salts. Because treatment with trypsin activates phosphorylase 
kinase (Krebs et al., 1964) and tryptic fragments of kinase 
retain catalytic activity (Graves et al., 1973), we checked the 
possibility that salts could cause stimulation of activity by 
promoting dissociation of the kinase to a more active state. 
There has been a previous report of unsuccessful attempts to 
dissociate nonactivated kinase by use of high concentrations 
of neutral salts (Graves et al., 1973); however, the salts used 
in that study (NaCl, NaC104, and KI) are all inhibitory at high 
concentrations. In the present work, analytical ultracentrifu- 
gation was used to determine if dissociation could be induced 
by 1 M NH4NO3 or LiBr. Both these salts caused aggregation 
of the enzyme. A low concentration of N a N 0 3  (0.1 M) did not 
change the protein’s sedimentation properties. 

Time (minutes) 

n 

d 

I 

0 0.2 0.4 0.6 0.8 1.0 
NaN03 Concentration (M) in Preincubation 

F I G U R E  3:  Effect of various NaNO3 concentrations on the activity of 
nonactivated phosphorylase kinase at  pH 6.8. Nonactivated kinase (27  
gg/ml)  was preincubated at  30 OC with N a N 0 3  at  the concentrations 
indicated. The preincubation buffer was 20 mM Hepes-15 mM mercap- 
toethanol, pH 6.8. After 30 min, the kinase was assayed by diluting 
threefold into a reaction mixture containing phosphorylase (14.9 mg/ml), 
buffer (50 mM Hepes, pH 6.8), mercaptoethanol ( 5  mM), and MgATP 
(6.7 mM Mg(CH3C02)2, 2.3 mM [32P]ATP). The incorporation of 32P 
was determined after IO-min assay time. The insert shows the time courses 
for the control reaction and for the reactions in which maximal stimulation 
and inhibition by N a N 0 3  occurred. Symbols: (0) 1.05 M NaNO3 in 
preincubation; ( A )  no NaN03;  (0) 0.15 M N a N 0 3  in  preincubation. 

200 400 600 800 
NaN03 (mM) 

F I G U R E  4: Effect of N a N 0 3  on autophosphorylation. Nonactivated ki- 
nase (0.4 mg/ml) was incubated with buffer (20 mM Hepes, pH 6.8), 
mercaptoethanol (10 mM),  MgATP ( I O  m M  Mg(CH3C02)2, 3 mM 
[32P]ATP), and various amounts of N a N 0 3  as indicated. At  various in- 
tervals, 25-pI aliquots were removed from this assay mixture for the de- 
termination of the rate of 32P incorporation. 

The influence of neutral salts on the behavior of activated 
phosphorylase kinase was also studied with gel filtration. Se- 
phadex G-200 columns (1.1 X 30 cm) were equilibrated with 
pH 8.6 glycine (50 mM), mercaptoethanol (20 mM), and ei- 
ther KBr (3 M) or LiBr (1.5 M). When 32P-labeled phospho- 
rylated kinase (80 pg) was passed through these columns, all 
the radioactivity eluted in a single, sharp peak coinciding with 
the void volume. So, no evidence of dissociation by neutral salts 
was obtained. 

Neutral Salts and Autophosphorylation. Besides being 
phosphorylated by protein kinase, phosphorylase kinase is able 
to phosphorylate itself (Walsh et al., 1971). Recent work from 
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this laboratory has suggested that the lag observed in the time 
course of the phosphorylase kinase reaction is due to auto- 
phosphorylation (Carlson et a]., 1975; Carlson and Graves, 
1976). Because neutral salts influence this lag (Figure 3, in- 
sert), we decided to study the effect of neutral salts on auto- 
phosphorylation. Once again, a biphasic response was observed 
as the concentration of N a N 0 3  was increased. The rate of 
autophosphorylation at  pH 6.8 decreased as the concentration 
of N a N 0 3  was raised from 0 to 0.5 M (Figure 4). The inhibi- 
tion grew progressively less as the N a N 0 3  concentration was 
increased to approximately 0.4 M. At  concentrations greater 
than this, the rate of autophosphorylation was stimulated above 
the control value obtained in the absence of NaN03 .  The 
maximal stimulation in this experiment, which occurred a t  0.9 
M NaNO3, was twofold. LiBr proved more effective than 
N a N 0 3  in causing this stimulation. At 0.9 M LiBr, a fourfold 
increase in the rate of autophosphorylation was observed. So, 
not only do high concentrations of neutral salts stimulate the 
rate of phosphorylase conversion by phosphorylase kinase, but 
they also stimulate the rate of phosphorylase kinase auto- 
phosphorylation. 

Discussion 
The disruption of protein structure and inhibition of enzymic 

activity by neutral salts is a widely observed phenomenon. The 
order of increasing effectiveness of anions in bringing about 
these changes in a diverse sampling of macromolecules is de- 
scribed by the anionic Hofmeister series. The inhibition of 
nonactivated phosphorylase kinase activity a t  pH 7.5 by 0.1 
M neutral salts (Table I) follows the order in which the salts 
influence other macromolecules (Warren and Cheatum, 1966; 
von Hippel and Schleich, 1969). The only major displacement 
on the anionic list for inhibition of nonactivated kinase is 
Sod’-; however, Sod2- could be influencing the substrate 
because it is known to stimulate phosphorylase activity (Engers 
and Madsen, 1968). 

It was concluded, because of the following reasons, that the 
locus of sensitivity to low concentrations of anions resides in 
the phosphorylase kinase molecule and not in its substrate, 
phosphorylase. ( I )  Nonactivated kinase was more sensitive to 
salt inhibition than the activated form. (2) Ca2+ partially 
overcame the inhibition of nonactivated kinase. (3) Inhibition 
by CI- occurred with either phosphorylase or the tetradeca- 
peptide as substrate. (4) Phosphorylation of nonactivated 
phosphorylase kinase by protein kinase was markedly inhibited 
by NaN03, but this salt had little effect on the phosphorylation 
of histone by protein kinase. 

Nonphosphorylated kinase was much more sensitive to salt 
inhibition than was its phosphorylated counterpart. Conse- 
quently, the anions probably inhibit enzymic activity by dis- 
rupting a portion of the enzyme’s structure, rather than by 
interacting directly with the catalytic site. If the anions exerted 
their effect by interacting with the catalytic site, then one 
would have expected the two forms of kinase to be inhibited 
equally. The finding of differential salt effects on two forms 
of an enzyme has previously been used by Warren et al. (1966) 
to argue that the anionic inhibition of myosin ATPase is 
through structure disruption. They found that native myosin 
was more sensitive to inhibition by salts than was a chemically 
modified form of the enzyme. 

A recent report by Jennissen and Heilmeyer (1975) provides 
further evidence of influence by the anionic Hofmeister series 
on phosphorylase kinase. They noted that the elution, with 
salts, of nonactivated kinase from a hydrophobic affinity col- 
umn followed the order of the anionic Hofmeister series. 

Effectors of enzymic activity are, without exception, also 
effectors of autophosphorylation, and in the same direction. 
Low concentrations of neutral salts, EGTA (Meyer et  al.. 
1964; Walsh et al., 1971), and low p H  (Krebs et  al., 1959; 
Carlson and Graves, 1976) inhibit kinase activity and auto- 
phosphorylation. Glycogen (Krebs et al., 1964; DeLange et al., 
1968), Ca2+ (Ozawa et al., 1967; Krebs et al., 1968; Walsh et 
al., 1971), high pH (Krebs et  al.,  1959; Carlson and Graves, 
1976), and several peptide substrates (Carlson et al., 1975) all 
stimulate activity and autophosphorylation. Recent work from 
this laboratory has suggested that the lag in the rate of product 
formation in the phosphorylase kinase reaction is due to au- 
tophosphorylation (Carlson et  al., 1975; Carlson and Graves, 
1976). The findings of the present work are consistent with that 
idea. Low concentrations of neutral salts inhibit autophos- 
phorylation and cause the lag to be less pronounced. High 
concentrations of neutral salts stimulate autophosphorylation 
and abolish the lag. 

The biphasic response of the enzyme to increasing concen- 
trations of N a N 0 3  (Figure 3) was unexpected. Although the 
greatest stimulation by N a N 0 3  was 5-fold, this amounted to 
a 12-fold stimulation over the reaction that showed the largest 
inhibition by N a N 0 3 .  W e  thought it remarkable that such a 
large stimulation of activity could have occurred because one 
would normally expect the inhibitory process to become more 
evident as the concentration of the effector was increased. 
Additional experiments must be performed to fully understand 
the mechanism through which high concentrations of neutral 
salts stimulate activity and autophosphorylation. It is possible 
that the salts cause a conformational change in the kinase 
molecule, which leaves i t  poised for subsequent autophos- 
phorylation and resultant activation. In  this case, the autoac- 
tivation would need be sufficiently rapid so that no lag would 
be evident in the activity assay. This might also be the situation 
that exists when the enzyme is assayed at  high pH. In this in- 
stance, autophosphorylation has been shown to be rapid, and 
the conversion of phosphorylase is linear. On the other hand, 
one could argue that the increased rate of autophosphorylation 
after preincubation with high concentrations of salts is either 
merely coincidental or a natural consequence of increased 
enzymic activity. W e  do not favor this last explanation, how- 
ever, because autophosphorylation and resultant activation of 
phosphorylase kinase can occur in the absence of any effectors. 
High concentrations of salts seem to cause the enzyme to ag- 
gregate and could, therefore, influence the rate of autophos- 
phorylation in that manner. This would be especially likely if 
autophosphorylation were an intermolecular process. 
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A Detailed Structural Comparison between the Charge Relay 
System in Chymotrypsinogen and in a-Chymotrypsin? 

Jens J. Birktoft,i Joseph Kraut,* and Stephan T. Freer 

ABSTRACT: An improved 2.5-h; electron density map of chy- 
motrypsinogen was calculated by incorporating heavy-atom 
anomalous scattering effects and a new model of the molecule 
was constructed. Phases from x-ray structure factors ( R  = 
0.43) computed from this model were then used in the calcu- 
lation of another electron density map against which the model 
was further refined. The catalytic Ser-195 side chain in the new 
model is in  the “down” or “acyl” orientation and its O r  atom 
is in position to form a normal hydrogen bond with Nt2 of 
His-57. In contrast, the corresponding hydrogen bond in a- 

B o v i n e  chymotrypsinogen A I  is the zymogen precursor of 
the pancreatic serine protease chymotrypsin A,, and of the 
other A-type chymotrypsins, notably As, A,, and A,, in which 
further autocatalytic peptide cleavages have occurred. The key 
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chymotrypsin (Birktoft, J. J., and Blow, D. M. (1972), J .  Mol. 
Biol. 68, 187) is severely distorted, probably as a consequence 
of a 1.5-A shift in the relative positions of the two cylindrical 
folding domains composing most of the molecule. We suggest 
that this activation induced distortion of the charge-relay, 
hydrogen-bonding system plays an important role in the genesis 
of enzymic activity, in accord with an earlier proposal by Wang 
concerning the role of bent hydrogen bonds in enzyme catalysis 
(Wang, J. H. (1 970), Proc. Natl. Acad. Sci. U.S.A. 66, 
874). 

chemical event responsible for activation of the zymogen is a 
single tryptic cleavage at the peptide bond Arg-15-Ile-16. 

In earlier publications from this laboratory (Freer et al., 
1970; Kraut, 1971), the crystal structure of chymotrypsinogen 
at a nominal 2.5-h; resolution was described and compared 
with the 2.0-h; structure of tosylchymotrypsin (Sigler et al., 

* Present address: Department of Biology, Gilmer Hall, University of 
Virginia, Charlottesville. Virginia 22901. 

I The terms chymotrypsinogen or zymogen will hereinafter be used to 
designate bovine chymotrypsinogen A; bovine chymotrypsin A, will be 
called chymotrypsin or simply “the enzyme”. 
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