
Phosphorylated Sites in Substrates of Intracellular 
Protein Kinases: A Common Feature in Amino Acid Sequences 

Abstract. Examination of the primary amino acid sequences surrounding phospho- 
rylated sites in many intracellular phosphoproteins indicated that the phosphorylated 
hydroxyamino acid (either serine or threonine) is, in general, surrounded by amino 
acids having a positively charged side chain and, more specifically, is frequently 
separatedfrom a basic amino acid (either lysine or arginine) by only one amino acid. 
Possible reasons for this common feature are discussed. 

Intracellular protein kinases, which 
transfer phosphate from adenosine tri- 
phosphate (ATP) to proteins, have been 
isolated from many different mammalian 
tissues-for example, liver, muscle, tes- 
tis, and thymus-and from many differ- 
ent species-for example, calf, rabbit, 
rat, swine, trout, and Physarum poly- 
cephalum (1, 2). Their protein substrates 

have also been isolated from many differ- 
ent subcellular sources, such as mem- 
branes (sugar transport proteins), nuclei 
(basic and acidic proteins), ribosomes, 
and mitochondria (3). Recently the pri- 
mary amino acid sequences surrounding 
many 6f the phosphorylated sites in sev- 
eral of the protein substrates have been 
elucidated, namely, the histones (3-10), 

phosphorylase b (11), glycogen synthe- 
tase (12), myelin basic protein (13-15) 
phosphorylase kinase (16), troponin-I 
(17), and pyruvate kinase (18). 

Because one of the possible mecha- 
nisms by which the enzymes recognize 
the protein substrates could involve rec- 
ognition of the primary sequence of ami- 
no acids surrounding the site to be modi- 
fied it seemed reasonable to examine the 
primary amino acid sequence around the 
phosphorylated sites in these proteins 
for similarities. The amino acid se- 
quences surrounding the phosphorylated 
sites in histones H1, H2a, H2b, and H4, 
phosphorylase b, glycogen synthetase, 
myelin basic protein, phosphorylase ki- 
nase, troponin-1, and pyruvate kinase are 
listed in Table 1. As will be seen, there 
seems to be a common feature present in 

Table 1. The amino acid sequences surrounding sites phosphorylated by protein kinases (27). Phosphorylated amino acids are in boldface and, 
where known, their positions within the primary sequence are assigned. Proximate basic amino acid residues are in italics. 

Protein modified Amino acid sequence Origin of enzyme References 

Histone H1* 

Histone H2a 

Histone H2b 

Histone H4 

Phosphorylase b 

Glycogen synthetase 

Myelin basic protein 

Phosphorylase kinase 
a-subunit 
3-subunit 

Troponin- 

Pyruvate kinase 
Protamines? 

38 

-Arg-Lys-Ala-Ser-Gly-Pro- 
105 

-Ser-Gly-Ser-Phe-Lys-Leu- 

4Arg 160 

ALrg Lys-Ser-Pro-Lys-t 

N-Acetyl-Ser-Gly-Arg-Gly- 
19 

-Thr-Arg-Ser-Ser-Arg-Ala- 
36 

-Arg-Lys-Glu-Ser-Thr-Ser-Val- 
14 

-Lys-Lys-Gly-Ser-Lys-Ala- 
Ac 6 Ac 

-Pro-Ala-Lys-Ser-Ala-Pro-Lys-Lys- 

N-acetyl-Ser-Gly-Arg-Gly-Lys- 

Lys 14 ) 

-Lyg-Gln-Ileu-Ser-Val J-Arg-Gly- Ileu ArgJ leu-1 

-Lys}-Glu-Ileu-Ser-Val-Arg- 
12 

-Arg-His-Gly-Ser-Lys-Tyr-Leu- 
110 

-Gly-Arg-Gly-Leu-Ser-Leu-Ser-Arg- 
55 

-Arg-Gly-Ser-Gly-Lys-Asp-Gly- 

-Arg-Leu-Ser-Ileu-Ser-Thr-Glu- 
-Gln-Ser-Gly-Ser-Val i-Tyr-Pro- 

Ileu 

-Arg-Ala-Ileu-Thr-Ala-Arg-Arg- 
-Val-Lys-Ser-Ser-Lys-Glu- 
-Val-Arg-Met-Ser-Ala-Asx- 
-Leu-Arg-Arg-A!a-Ser-Leu- 
-(Arg)-Arg-Ser-Ser-Ser-Arg-(Pro)- 
-(Arg)-Val-Ser-Arg-(Arg)- 
-(Arg)-Val-Ser-Arg-(Arg)- 
-(Arg)-Ala-Ser-Arg-(Arg)- 
-(Arg)-Arg-Ser-Ser-Arg-(Arg)- 

Rat liver in vivo; calf liver in vitro; 
pig brain in vitro 

Calf liver in vitro; rat liver in vivo; 
calf thymus in vitro 

Trout testis in vitrot 

Trout testis in vitrot 

Pig brain in vitro 

Pig brain in vitro; human lymphocytes 
in vitro 

Pig brain in vitro 

Trout testis in vitro 

Trout testis in vivo 

Rabbit muscle in vitro; 
human muscle in vitro 

Rabbit muscle in vitro 
Rat 

Bovine cardiac muscle in vitro 

Rabbit muscle in vitro 

Rabbit muscle in vitro 

Rabbit muscle in vitro 
Rabbit muscle in vitro 

Rabbit white skeletal muscle in vitro 
Rabbit white skeletal muscle in vitro 
Rabbit white skeletal muscle in vitro 
Pig liver in vitro 
Trout sperm in vitrot 
Trout sperm in vitro 
Trout and salmon sperm in vitrot 
Trout and salmon sperm in vitro 
Trout and salmon sperm in vitro 

(5,6) 

(7) 

(4,8) 

(8) 

(5) 

(5, 9) 
(5) 

(10) 

(8) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 
(16) 

(17) 
(17) 
(17) 
(18) 
(22) 

(23) 

*Histone abbreviations are those agreed on during Ciba Foundation Symposium No. 28 (1975) (4). tThe location of this sequence within the histone primary sequence can be inferred from the recently published sequence (4). tExperiments were done with a sperm cell suspension. Parentheses around the Arg residues indicate probable positions, assigned in view of the substrate specificity of the trypsin used in sequencing. 
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many of the primary sequences surround- 
ing the phosphorylated sites in these pro- 
teins. In general, all phosphorylated sites 
are separated from either lysine or argi- 
nine by no more than two amino acids. 
In many cases a very specific pattern can 
be seen. The hydroxyamino acid modi- 
fied (either serine or threonine) is sepa- 
rated by only one amino acid from either 
of these amino acids (19-21). 

Of the four exceptions to the specific 
pattern, the histone H2b sequence, 

Ac o 
-Ala-Lys-Ser-Ala-Pro-Lys- 

phosphorylase kinase (/3 subunit), and 
the two sequences in myelin basic pro- 
tein, the one from myelin basic protein 
containing the histidine could be consid- 
ered to fall into the specific pattern if the 

protein kinase were maximally active at 

any pH below 7 where the histidine 
would be in its protonated form. Such 
seems to be the case with the rabbit 
muscle protein kinase where maximum 

activity occurs at pH's below 7 (1). The 
sequences from myelin basic protein and 
histone H2b fall into the more general 
pattern since the modified serine is sepa- 
rated from the basic amino acid by no 
more than two amino acid residues. 

Although the sequences around most 
of the phosphorylated serines in the nu- 
cleoprotamines seem to fit into the specif- 
ic pattern (22, 23) (Table 1), the exis- 
tence of the pattern is not certain be- 
cause of the large stretches of arginines 
and serines within their sequences. The 
detection of a specific pattern would re- 

quire that the sequence of events during 
serine modification by phosphate be 
known. 

The requirement for the proximity of 
the cationic site in the amino acid se- 

quence could result from two possible 
sources: one would originate from the 

requirements of the protein kinase; the 
other would originate from the require- 
ments of the protein substrate. 

In the first instance, the substrate spec- 
ificity of all the protein kinases, regard- 
less of origin, might be controlled by 
primary sequence dictates. This type of 
control would not be unique since the 

group transfer of carbohydrates to the 

immunoglobulins seems to be controlled, 
in part, by primary sequence dictates 
(24). Primary sequence dictates could 

play a major or minor role in the mecha- 
nism by which the protein kinases exhib- 
it substrate specificity. If a major role 
were being played, the diverse functional 
nature of the protein substrates would 

suggest that all protein kinases, regard- 
474 

less of their origin, have the same re- 
quirements for substrate specificity. 
Overlapping substrate specificities have 
been noted, but the existing evidence is 
insufficient for direct comparisons to be 
made either between or even within sets 
of experiments (1). In addition, it has 
been pointed out that the phosphoryla- 
tion of phosphorylase kinase must be 
carried out by an "extremely specific 
enzyme" (16), which would seem to rule 
out the possibility that all protein kinases 
isolated to date are in fact the same 
enzyme. 

Primary sequence dictates might play 
only a minor role in determining the over- 
all substrate specificity. The specific pat- 
tern of amino acid sequences might meet 
only part of the enzyme's requirements. 
The final determination of the specificity 
would rest either within the surrounding 
amino acid acids or within the three- 
dimensional structure of the protein sur- 
rounding the site being modified. The 
enzyme's dependency on cyclic nucle- 
otides might also aid in determining the 
substrate specificity. 

As an alternative to, or even in con- 
junction with, the enzyme's require- 
ments, the protein substrate might re- 

quire that the common amino acid se- 

quence be present. The protein sub- 
strate's activity might be controlled by a 
conformational change brought on by the 
formation of an intramolecular salt link 
between the newly phosphorylated site 
and the neighboring basic (cationic) ami- 
no acid. Evidence that single-site 
phosphorylation changes the activity of 
the protein substrates has been present- 
ed (11, 25, 26). In addition, the presence 
of the hydrophilic cationic groups neigh- 
boring the phosphorylated site might be 

required to keep the site accessible to the 
protein kinase by drawing the site to the 

protein-water interface. 
Before any or all of the reasons under- 

lying the presence of this common struc- 
tural feature in these protein kinase sub- 
strates can be determined more work on 
the intracellular protein kinases and their 
substrates will be required. 

Ross E. WILLIAMS 
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