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Endogenous Substrate for Cyclic AMP-Dependent Protein Kinase 
in Adrenocortical Polyadenylated Messenger Ribonucleoproteins 

Abstract. An endogenous polysomal cyclic AMP-dependent protein kinase specifi- 
cally phosphorylates a 150,000-dalton peptide bound to an adrenocortical poly- 
adenylated messenger ribonucleoprotein complex. There is a passibility that thispro- 
rein is a physiological substrate of cyclic AMP-dependent protein kinase and that the 
phosphorylation and dephosphorylation of this substrate may be important in the 
translational control of adrenal polyadenylated messenger RNA. 

Investigations by various laboratories 
have indicated that protein phosphoryla- 
tion is an important biological process 
that mediates several intracellular meta- 
bolic activities of eukwyotes (1). The 
phosphorylation reactions are catalyzed 
by cyclic nucleotide-dependent or cyclic 
nucleotide-independent protein kinases. 
Although we have recently provided 
evidence for the presence of an endoge- 
nous polysomal cyclic nucleotide-inde- 
pendent protein kinase that phosphory- 
lates several adrenal proteins associated 
with polyadenylated messenger RNA 
[poly(A)mRNA] (2), there have been no 

reports so far of an endogenous protein 
kinase activated by adenosine 3'3'-  
monophosphate (cyclic AMP) that is able 
to phosphorylate native poly(A)mRNA- 
associated protein [poly(A)mRNP] par- 
ticles. Failure to demonstrate this phos- 
phorylation with poly(A)mRNP particles 
was due to the technical problem of in- 
activation of protein kinase activity when 
poly(A)mRNP particles were isolated 
with conventional techniques of atfinity 
chromatography followed by formamide 
elution and ethanol precipitation (2). 

We recently described a technique for 
isolation of the polysomal particles that 

blood samples of I5 controls were ob&ned for 
the plasma and for washed red cells and whole 
blood (both 1 sed with saponin). From the 
plasma and relcell fenitins, an expected value 
for whole blood fenitin was computed and com- 
pared to the results obtained for the whole blood 
and for samples from the same donor which 
were dabbed onto filter paper. No significant dif- 
ference was found between the expected values 
and either set of actual values (paired t-test). 
The whole blood ferritin concentration did not 
differ significantly from the plasma ferritin con- 
centration. 
The log,, a v e q e  ferritin concentration (nano- 
grams per milltliter) was 1.384 * 0.359 (N = 
107); for 47 children, 1.328 2 0.360; for 30 
adult males, 1.554 2 0.313; and for 30 adult fe- 
males, 1.281 2 0.337. 
M. A. Siimes, J. E. Addiego, Jr., P. Dallman, 
Blood 43, 581 (1974). 
According to C. Davidson (unpublished data), in 
the Khumbu region of Nepal a small but signifi- 
cant amount of lead may be present in the 
smoke-fiUed air of the houses, which are heated 
by fire and have limited ventilation. David- 
son measured a lead concentration of 110 ng/m3 
when yak dung was being burned and 160 ng/m3 
when pine wood was being burned. In three ad- 
ditional tests in the open air a lead concentration 
of 0.9 t 0.15 np/m3 was found-consistent with 
the findings in our study. 
S. Hernberg, J. Nikkanen, G. MeUen, H. Lilius, 

Fig. 1. Characterization of poly(A)mRNA-associated substrates of polysomal cyclic AMP-de- 
pendent protein kinases by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Total 
cytoplasmic polysomes were isolated from bovine adrenal cortex, dissociated in the presence of 
1 mM puromycin dihydrochloride, and poly(A)mRNP particles were isolated by affinity chro- 
matography on oligo-(dT)-cellulose (2). The Coomassie brilliant blue staining pattern of proteins 
after separation on 12.5 percent polyacrylamide gels (9, 10) is depicted in lanes 1 to 3: (lane 1) 
poly(A)mRNA-bound proteins, (lane 2) ailinity column eftluent proteins, (lane 3) molecular 
weight markers (molecular weight x 1000). Protein kinase activity was assayed by incubation 
of puromycin-dissociated polysomes with [Y-~~PIATP (28,000 Cilmmole) prior to separation by 
aainity chromatography and gel electrophoresis. The 32P incorporated was monitored by autora- 
diography of dried polyacrylamide gels with Kodak NS-2T x-ray film. Lanes 4 and 5 show the 
pattern of phosphorylated proteins bound to poly(A)mRNA's after incubation: (lane 4) in the 
absence and (lane 5) in the presence of the protein kinase inhibitor of cyclic AMP-dependent 
protein kinase. Lane 6 shows phosphorylated proteins present in the affinity column eftluent. 
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nase that, upon activation by cyclic 
AMP, phosphorylates a lS0,OOOdalton 
poly(A)mRNA-associated peptide as a 
specific substrate. This cyclic AMP-de- 
pendent phosphorylation is small and 
cannot be detected bv the conventional 

Fig. 2. Phosphorylation of one specific poly(A)mRNA-associated protein by polysomal cyclic 
AMP-devendent protein kinase. Conditions for protein kinase incubation, affinity chromatogra- 
phy, andbolyacjlamide gel elecfrophoresis arAdentical with those in Fig. 1 .  Gels were treated 
with dimethyl sulfoxide and 2,5-diphenyloxazole (PPO) to enhance the sensitivity of the detec- 
tion of radioactivity by fluorography (11) by exposure to Kodak RP Royal X-omat x-ray film at 
-700C. Lanes 1 and 2 show poly(A)mRNA-associated phosphoproteins: (lane 1) phosphory- 
lated by polysomal protein kinases, (lane 2) phosphorylated by the purified catalytic subunit of 
cyclic AMP-dependent protein kinase (10). The amount of catalytic subunit added in this exper- 
iment incorporates 14,000 dpm of 32P from [Y-~~P]ATP into histone, as previously described 
(10). Lanes 3 to 5 depict poly(A)mRNA-associated phosphoproteins. The 32P incorporated into 
proteins was detected by autoradiography as described in Fig. 1 .  (Lane 3) Puromycin-dis- 
sociated polysome incubated with [y-a2P]ATP, (lane 4) same incubation in the presence of 10 
pM cyclic AMP, (lane 5) same incubation in the presence of 100 pM cyclic AMP. 

preserves the activity of the endogenous 
protein kinase (2). We now report the 
use of this methodology to demonstrate 
an endogenous cyclic AMP-dependent 
polysomal protein kinase that phospho- 
rylates a specific 150,000-dalton poly(A)- 
mRNA-associated peptide. 

Figure 1 (lane 1) shows the patterns of 
poly(A)mRNA-associated proteins from 
adrenocortical tissue resolved by sodium 
dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE). Although com- 
plex, the electrophoretic patterns of these 
proteins are distinct from those present 
in the affinity column effluent that con- 
tains proteins bound to ribosomes, initi- 
ation factors, and mRNA's lacking poly(A1 
(lane 2). When the adrenal polysomes 
are incubated wi'th [y-32P]adenosine tri- 
phosphate and subsequently the poly(A)- 
mRNP fractions are isolated, SDS-PAGE 
analysis by fluorography reveals that five 
poly(A)mRNA-associated proteins of 
159,000, 105,000, 67,000, 61,000, and 
45,000 daltons are endogenously phos- 
phorylated. Lane 5 shows that only the 
phosphorylation of the 150,000-dalton 
peptide is reduced by cyclic AMP-de- 
pendent protein kinase inhibitor @). This 
result indicates that endogenous cyclic 
AMP-dependent protein kinase specifi- 
cally phosphorylates the 150,000-dalton 
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peptide, whereas other peptides are 
phosphorylated by cyclic nucleotide-in- 
dependent protein kinases. Lane 6 in- 
dicates that of the nonpoly(A)mRNA-as- 
sociated proteins, a 58,000-dalton pro- 
tein is phosphorylated. This could be a 
protein associated with ribosomes or ini- 
tiation factors. The phosphorylation of 
this peptide is independent of cyclic 
AMP (data not shown). 

The conclusion that cyclic AMP spe- 
cifically phosphorylates a 150,000-dalton 
mRNP peptide by an endogenous cyclic 
AMP-dependent protein kinase was fur- 
ther verified by two additional experi- 
ments. (i) When the purified catalytic 
subunit of cyclic AMP-dependent pro- 
tein kinase was incubated with dissociat- 
ed polysomes in the presence of [y- 
32P]ATP, there was again a marked and 
specific increase of phosphate incorpora- 
tion in the 150,000-dalton peptide [Fig. 2; 
compare lane 1 (control) with lane 21. (ii) 
When increasing concentrations of cy- 
clic AMP were incubated with puromy- 
cin-dissociated polysomes in the pres- 
ence of [Y-~~PIATP, a corresponding in- 
crease of the phosphorylated 150,000- 
dalton peptide was obtained. 

We therefore conclude that the adre- 
nal cortex polysomes contain an endoge- 
nous cyclic AMP-dependent protein ki- 

filter assay used for the detection of ki- 
nase activity, as we have reported earlier 
(2). Even with the present sensitive fluo- 
rographic technique, we have found that 
a minimum absorbancy at 260 nm of 30 
for the polysomes is necessary to isolate 
sufficient poly(A)mRNP complexes to 
detect phosphorylation of the 150,000- 
dalton peptide in vitro. 

The physiological significance of cy- 
clic AMP-dependent phosphorylation of 
the 150,000-dalton poly(A)mRNP-bound 
peptide is not known at this time. The 
maturation of mRNA's from initial tran- 
scription in the nucleus to final trans- 
lation in the cytoplasm is a multistep pro- 
cess, and at each maturation stage RNA 
molecules form tight complexes with 
particular sets of proteins (4). Although 
this is the first demonstration of cyclic 
AMP-dependent protein kinase phos- 
phorylation of an endogenous substrate 
that is bound to poly(A)mRNA, we and 
others have provided evidence for the 
phosphorylation of messenger ribonu- 
cleoprotein complexes by cyclic nucle- 
otide-independent kinases (2, 5). These 
kinases could conceivably play an im- 
portant role in the translational control 
of the eukaryotic cell. Also adrenocorti- 
cotropic hormone is essential for the 
maintenance of adrenal cortex structure 
and function (6). Guanosine 3',5'-mono- 
phosphate-dependent and cyclic AMP- 
dependent protein kinases are postulated 
to be the important regulators of hor- 
monal signal (7). These nucleotide ki- 
nases could directly or indirectly affect 
the translation of a hypothetical pre- 
existent mRNA (8) and thus control 
some of the functions of the adrenal cor- 
tex. 
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Curvilinear Motion in the Absence of External Forces: 
~ a i v e  Beliefs About the Motion of Objects 

Abstract. University students were asked to draw the path a moving object would 
follow in several different situations. Over half of the students, including many who 
had taken physics courses, evidenced striking misconceptions about the motion of 
objects. In particular, many students believed that even in the absence of external 
forces, objects would move in curved paths. 

In everyday life people constantly ob- 
serve and interact with objects in mo- 
tion. We might expect that, as a result of 
this extensive experience, people would 
develop a basic understanding of some of 
the fundamental principles of physics 
governing the behavior of moving ob- 
jects. For example, we might expect 
them to know that objects move in 
straight lines in the absence of external 
forces and that falling objects accelerate. 

Instruction is probably necessary to 
achieve an understanding of complex 
principles or to appreciate the details of 
fundamental laws (such as the fact that 
bodies in free fall on the earth undergo a 
constant acceleration of 9.8 m/sec2). Fur- 
thermore, in some respects perceptual 
experience can be misleading. For in- 
stance, everyday experience suggests 
that objects set into motion eventually 
come to a stop when no obvious external 
force acts on them. Thus, it is not sur- 
prising that many people who lack for- 
mal instruction in physics do not grasp 
the principle of inertia (1). 

Nevertheless, it seems that normal ex- 
perience should be sufficient for a basic 
understanding of many simple mechani- 
cal principles. However, several experi- 
ments that we recently conducted with 
university students suggest that this is 
not the case. The experiments are part of 
a larger project that seeks to characterize 
internal representations of the physical 
world in people with various degrees of 
expertise in physics. The results clearly 
indicate that many students who have 
completed one or more physics courses, 
as well as many of those without formal 
instruction, fail to understand the most 
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fundamental principles of mechanics. 
Furthermore, the data suggest that the 
students do not merely lack such knowl- 
edge; they espouse "laws of motion" 
that are at variance with formal physical 
laws. 

In this report we describe the results 
of an experiment designed to assess un- 
derstanding of the principle that objects 
move in straight lines in the absence of 
external forces. The subjects were 50 
students enrolled in undergraduate 
courses at Johns Hopkins University. 
Three subjects failed to follow instruc- 
tions. Of the remaining 47 subjects, 15 
had taken no high school or college phys- 
ics courses, 22 had completed one high 
school course, and 10 had completed at 
least one college physics course. Each 
subject was presented with 13 simple 
problems. Each problem consisted of a 
line drawing and instructions that ex- 
plained the drawing and specified the 

Problem 1 1 Problem 2 

Problem 3 1 Problem 4 

k4 I 
Fig. 1. Drawings for the four problems. 

subject's task. The drawings for the four 
problems discussed in this report are 
shown in Fig. 1. 

In problems 1 to 3, the subjects were 
instructed as follows: 

Each of the first several pages shows a thin 
curved metal tube. In the diagrams you are 
looking down on the tube. A metal ball is put 
into the end of the tube indicated by the ar- 
row. The ball is then shot out of the other end 
of the tube at high speed. Your task is to draw 
the path the ball will follow after it comes out 
of the tube. . . . In drawing the path of the 
ball ignore air resistance. Assume that the ball 
will come out of the tube at the same speed for 
all of the tubes. 

In problem 3, the subjects were also 
told that a ball is shot out of each of two 
tubes and that they should draw the 
paths of both balls. 

In problem 4, the subjects were told: 

Imagine that someone has a metal ball at- 
tached to a string and is twirling it at high 
speed in a circle above his head. In this dia- 
gram you are looking down on the ball. The 
circle shows the path followed by the ball and 
the arrows show the direction in which it is 
moving. The line from the center of the circle 
to the ball is the string. Assume that when the 
ball is at  the point shown in the diagram, the 
string breaks where it is attached to the ball. 
Draw the path the ball will follow after the 
string breaks. Ignore air resistance. 

Many of the students clearly did not 
know that objects move in straight lines 
when no external force acts on them. 
Fully 36 percent of the pathways drawn 
were curved lines. More specifically, the 
paths were curved in 49 percent of the 
drawings by students with no formal 
physics instruction, 34 percent of the 
drawings by students who had taken one 
high school physics course, and 14 per- 
cent of the drawings by students who 
had completed one or more college 
courses. 

Figure 2 presents the correct response 
and the most common erroneous re- 
sponses to each of the four problems. 
Consider first the problems involving 
tubes (problems 1 to 3). For the simple 
C-shaped tube, one-third of the subjects 
drew a curved pathway for the ball (Fig. 
2B). The results were even more striking 
for the spiral tube: half of the subjects 
drew curved lines. Of particular interest 
is the fact that for 19 of the 25 subjects 
who drew curved paths for at least one of 
the first two problems, the path drawn 
for the spiral tube (Fig. 2D) had a greater 
curvature than the path drawn for the C- 
shaped tube (Fig. 2B). 

These results suggest that many 
people believe that when an object is 
passed through a curved tube, it will con- 
tinue in curved motion even when no ex- 
ternal forces act on it. Furthermore, 
some people believe that the more dra- 
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