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Prediction of protein function using amino-acid sequence motifs is based on the observation that the functionally
important region is strongly conserved in short segments of amino-acid sequences. Although the consensus sequence
has been used to describe such a functional signal, the actual sequence differs from it to a greater or lesser degree, and
the consensus sequence only describes the signal qualitatively. In the present report, we study phosphorylation signals
of protein kinase C (PKC) and cAMP-dependent protein kinase (PKA). PKC phosphorylates solely Ser or Thr residues.
The consensus sequence is given by (R/K;_3,X»¢)-S/T-(X2-0,R/K_3), where X denotes no particular amino acid. PKA
also phosphorylates Ser or Thr, but its consensus sequence is described by R-R/K-X-S/T. We analyzed such signals by a
quantification method, and estimated the strength of the signal quantitatively. This approach was applied to several pro-
teins and peptide analogues, and the replacement effect of amino acids upon catalytic activities of phosphorylation was
explained in terms of the strength of the signal (sample score of peptide sequence).

Prediction of protein function using amino-acid sequence
motifs is based on the observation that functionally important
region is strongly conserved in short segments of amino-acid
sequences. So far, the consensus sequence has been used to de-
scribe the functional signal.'~® The usefulness of the consensus
sequence lies in its simplicity, and the complexities of the sub-
strate recognition process are summarized as sets of short rec-
ognition sequences. However, the assumption that the local pri-
mary sequence alone may control recognition is oversimplified.
Factors such as secondary/tertiary structures or distant secon-
dary recognition sites may play significant roles in substrate
recognition. The second problem with the consensus sequence
is that the actual amino-acid sequence differs from the consen-
sus sequence to a greater or lesser degree. Moreover, the con-
sensus sequence gives only favorable amino-acid residues,
but does not show any negative influence of unfavorable resi-
dues. It is, then, ambiguous to what degree matching between
the actual sequence and the consensus sequence is necessary
to specify the exact recognition site. The third problem is that
mutational studies have demonstrated that the importance of
amino-acid matching to the consensus sequence differs from
position to position. The consensus sequence does not teach
us the relative importance of each amino-acid residue at each
position of the sequence. To improve this situation,' a frequen-
cy matrix of each amino acid at each position in compiled data
of known sites has been used. This profiling gives more infor-
mation than a consensus sequence, but does not tell us about the
negative influence of unfavorable residues quantitatively. Sev-
eral attempts, such as the perceptron algorithm and neural net-
work, have been made to go beyond such a frequency matrix.

In the present paper, a quantification method was developed
to analyze phosphorylation signals of protein kinase C (PKC)

and cAMP-dependent protein kinase (PKA). PKC phosphory-
lates solely Ser or Thr residues, and prefers places where some
basic residues, such as Arg and Lys (Arg appears to be superior
to Lys), lie around the Ser/Thr phosphorylation site. When
amino-acid residues are denoted by one-letter codes, the con-
sensus sequence for the motif of PKC phosphorylation is given
by (R/K|3,X20)-S/T-(X5-0,R/K;_3), where the underlined S
or T is phosphorylated.>3 When two amino acids function inter-
changeably, both are listed with a stroke (/) separating them. X
denotes no particular amino acid, but this does not always guar-
antee that all possible substitutions at that position will not af-
fect the recognition. On the other hand, PKA prefers basic ami-
no acids in the N-terminal region to the Ser/Thr phosphoryla-
tion site, but prefers no particular basic residues in the C-termi-
nal region. Its consensus sequence is given by R-R/K-X-S/
T.2’3

Earlier, a quantification method was applied to analyze func-
tional signals of DNA, such as the splice signal of mammalian
mRNA precursors.*® In DNA sequences, there are only four
kinds of nucleotides (A, G, C, and T) at each position, whereas
there are as many as twenty kinds of amino-acid residues at
each position in protein sequences. Although several difficul-
ties arise in the motif analysis of protein, this quantification
method was again applicable to the analysis of the phosphory-
lation signals of PKC and PKA. The method treats primary
amino-acid sequences, but does not improve the previous prob-
lem for their secondary/tertiary structures. However, it im-
proves the second and third problems of the consensus se-
quence. Our method tells us the strength of the phosphorylation
signal, which quantitatively explains the replacement effect of
amino-acid residues upon the catalytic efficiencies of phos-
phorylation by PKC and PKA.
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Method of Analysis

The principle of the quantification analysis was essentially
the same as that described previously in the DNA sequence
analysis.*® Several problems arise in the analysis of protein se-
quences (they will be discussed later in Concluding Remarks).
The first is that 20 kinds of amino acids occur at each position
of the sequence. This gives 20 categories to each position, and
increases considerably the number of item-categories (see be-
low). Our computer program was revised, and we could analyze
as long as 15-amino-acid sequences consisting of a total of 300
item-categories (15 positions x 20 categories). As an example
of this analysis, we first show the results of the PKC phosphor-
ylation signal of neuronal protein, neurogranin, as reported by
Chen et al.’

In the quantification analysis, we have to construct two
groups of amino-acid sequence data. The first group (r = 1)
is composed of sequences which include the signal of phos-
phorylation by PKC. Kreegipuu et al.> summarized more than
180 substrate sequences for the phosphorylation signal. They
also gave an amino-acid frequency table over the sequences be-
tween —12 and +12 (hereafter, the Ser or Thr phosphorylation
site is denoted by position 0). Referring to their data, we con-
structed sequences of the first group (r = 1), and collected
207 samples of 9-amino-acid sequences between the —4 and
+4 positions, as given in Table 1. Sequences of the second
group (r =2) do not include the signal of phosphorylation.
They are taken from the amino-acid sequence of neurogranin.
It is a selective substrate for PKC and is composed of 76 ami-
no-acid residues, in which the phosphorylation site is the Ser at
the 34-th position from the N-terminal.>” To collect sample se-
quences of the second group, we first take the 9-amino-acid se-
quence at the N-terminal. Next, we progress one residue in the
C-terminal direction and take the next 9-amino-acid sequence.
In this way, we window 9-amino-acid sequences at every posi-
tion of the whole neurogranin sequence. In those samples, how-
ever, one sequence lies at the phosphorylation site, and is
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brought into the first group (r = 1). The remaining 67 sequenc-
es are summarized in the second group (r = 2), as shown in
Table 1. However, such a sampling is found to be insufficient
to provide the second group. As will be discussed in the Con-
cluding Remarks, the whole neurogranin sequence is not long
enough. Amino-acid residues do not occur equally, and some
residues, such as Trp, occur very rarely. To compensate for
the length of the sequence and the inequality of amino-acid res-
idues, 500 samples of 9-amino-acid sequences composed of
randomly arranged residues were generated by a series of ran-
dom numbers and were added to the neurogranin sequences in
the second group. Some of those random sequences are also
shown in Table 1.

Next, the sequence data of Table 1 were transformed into
item-category data. For this purpose, we introduced a dummy
variable, xf(((:;, which is defined by item (i = 1, 2, ..., 9), cate-
gory (¢ =1, 2, ...,20), group (r = 1, 2) and sample (v =1, 2,
..., ny). Nine items correspond to the positions of residues in
the 9-amino-acid sequence, i being given by the order from
N- to C-terminal of the sequence. Twenty categories denote
the kinds of amino-acid residues at each position, where o/ /res-
idue is given by 1/A,2/C,3/D, 4/E, 5/F, 6/G, 7/H, 8/1, 9/K,
10/L, 11/M, 12/N, 13/P, 14/Q, 15/R, 16/S, 17/T, 18/V, 19/
W, and 20/Y, respectively. Parameter v specifies each sample
sequence belonging to the group (r =1 or 2). n; =207 and
n, = 567 are the total number of sample sequences in each
group. The dummy variable, x:((of;, takes 1 if the sample se-
quence (V) of the group (r) has an amino-acid residue (&) at
the position (i), otherwise it takes 0. Using this variable, we
transformed the sequence data of Table 1 into the item-category
data composed of O or 1.

Quantification of each sequence can be done by calculating
the sample score value,

9 20
YV =300 Haaie, (1

i=1 a=1

Table 1. Nine-Amino-Acid Sequence Data of PKC Phosphorylation Signal to be Analyzed by

Quantification Method

Group r)? No. (v) Sequence Source®
1 1 PKDPSQRRR A001 S-11
1 2 DRLVSARSV A009 S-985
1 20 KIQASFRGH B009 S-34 (Neurogranin)
1 207 KRQGSVRRR B360 S-11
2 1 DICDFWWKV Random Sequence
2 2 PMLCMCHWQ
2 500 KVQRRVANS
2 501 MCTESACSC B009 (Neurogranin)
2 502 CTESACSCP
2 567 GAGGGPSGG

a) Group (1) is composed of amino-acid sequences including PKC phosphorylation signal,
while group (2) comprises sequences including no such signal. See text for further details. b)

See Ref. 2 and text.
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where r = 1,2and v =1, 2, ..., n,. The coefficient of @) is a
real number and is called the category weight. Our quantifica-
tion method determines ;¢ and y"") values in such a way that
the two groups of sequences including the PKC phosphoryla-
tion signal (r = 1) and sequences including no such signal
(r = 2) can be discriminated most distinctly. This optimization
can be achieved by the following procedure. First, we calculate
the mean value of sample scores within the group r, y", and the
mean value of the total samples, y. Then, the variance of the to-
tal samples, o2, and the variance between groups 1 and 2, o032,
are given by

2 n,
o= /Ny Yo =) @
r=1 v=1
2
os> = (1/N) Y n,G" =37, 3)
r=1

where N = n; + n,. To discriminate the sequences between
groups 1 and 2 most distinctly, we maximize the o /0? value.
Estimation of @) values at this optimum condition can be
done by solving the eigen-value problem, as was described pre-
viously.* The maximum value of og%/0? was calculated to be
0.848, and the estimated a;() values are given in Table 2. The
sample score of any 9-amino-acid sequence in the neurogranin
protein is then calculated by Eq. 1 together with the a;¢,) values.
Our analysis demonstrates that the higher the score of a se-
quence, the stronger signal of PKC phosphorylation the se-
quence has. In the following section, we analyze the phosphor-
ylation signals of PKC and PKA for amino-acid sequences of
peptide substrate and its amino-acid replaced derivatives in
terms of such sample scores.

PKC Phosphorylation Signal

PKC is a calcium-activated, phospholipid-dependent kinase,
which plays important roles in signal transduction regulation of
various cellular processes.® A number of proteins, such as the
regulatory myosin light chain, have been identified as potential
PKC substrates. To define the amino-acid sequence specificity
of PKC phosphorylation, several attempts have been done to
use synthetic peptides derived from these proteins. As was
shown in the Introduction, basic amino acids on both sides of
the phosphorylated Ser/Thr constitute a recognition determi-
nant for PKC. However, the precise determinants for potency
and selectivity of PKC substrates are not well known.

Analysis of Synthetic Peptide Substrates Derived from
Neuronal Neurogranin. The neuronal protein, neurogranin,
is a selective substrate for PKC, but no significant phosphory-
lation is detected by either PKA or calcium/calmodulin-de-
pendent protein kinase II. Chen et al.” synthesized a peptide,
NG5-43), corresponding to the phosphorylation domain of neu-
rogranin (amino acids from position 28 to 43) and characterized
its properties as PKC substrate. As shown in Table 3, they test-
ed NG3_43) and several other peptide analogues for their po-
tency and specificity as kinase substrates to understand structur-
al determinants involved in the phosphorylation of Ser at posi-
tion 34. The high affinity and selectivity of NG,g 43y for PKC
suggest that the specificity determinants of native neurogranin
as a PKC substrate lie within amino acids 28—43 of its se-
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quence. However, the replacement of amino-acid residues
around phosphorylation site considerably changed the experi-
mental catalytic efficiency (Viux/Km), where Viax and Kp
are derived from Michaelis—Menten’s equation. For example,
Table 3 shows that, in a peptide analogue of [I*°] NGs 43),
the single replacement of Arg®® with Ile caused a marked re-
duction in the catalytic efficiency, as compared to that of
NG 43). On the other hand, in [R3**] NG 43), the replace-
ment of Lys* with Arg enhanced the efficiency significantly.
It was found that the presence of basic amino acids on either
side of the phosphorylated Ser/Thr contributed to the potency
of the neurogranin-derived peptides, in agreement with the pre-
vious consensus sequence for PKC. However, such amino-acid
sequence specificity is described only qualitatively, and we
have to explain the effect of amino-acid replacement upon cat-
alytic efficiency more quantitatively. This can be done by a
quantification analysis.

Although NGy3 43) and its peptide analogues are composed
of the neurogranin sequence from position 28 to 43, amino
acids at positions 28, 29 and from 37 to 43 are common in all
of the peptides. In the quantification analysis, we take the 9-
amino-acid sequence from position 30 to 38. The phosphorylat-
ed Ser/Thr site is set as position 0, so that positions 30 to 38 in
neurogranin change into positions —4 to 44, respectively. The
procedure and results of the analysis of 9-amino-acid sequences
in neurogranin were already described in Method of Analysis.
First, we consider the estimated category weight values of
aj given in Table 2. Here, the positive values of a;«) contrib-
ute greatly to the phosphorylation signal, whereas the negative
values are unfavorable for the signal. For example, a;q), with
item i = 5 and o = 16, possesses the largest value of 21.208,
and the value of 8.079 with i = 5 and & = 17, the next largest,
indicating that Ser® or Thr at the phosphorylation site is essen-
tial for the signal. The next important amino acids for the signal
are i = 7 with @ = 9 and o = 15, which are Lys*? and Arg*?,
respectively. At this position, category weight values are most
negative with &« = 2, o = 10, and « = 20, indicating that Cys,
Leu, and Tyr are very unfavorable for the signal. In the region
from —4 to —1, Arg=3, GIn™!, Lys 2, and Arg~? are important
for the signal, while Trp~> and Met~? are very unfavorable. We
note that all amino acids with positive category weight values
correspond well to amino acids in the consensus sequence de-
scribed above. Our category weight values indicate the relative
importance of each amino acid at each position quantitatively.
Since the quantification method discriminates sequences con-
taining the phosphorylation signal from those containing no
signal most distinctly, we can tell not only what amino acid
at each position is favorable for the signal, but also what amino
acid is unfavorable. Considering all favorable and unfavorable
contributions quantitatively, a sample score value of the 9-ami-
no-acid sequence gives the strength of the signal contained in
the sequence.

Next, we discuss the cases of NGg43) and its peptide ana-
logues given in Table 3. A sample score of the parent 9-ami-
no-acid sequence (KIQASFRGH) taken from —4 to +4 of
NG25-43) was calculated to be 31.87 by the use of Eq. 1 togeth-
er with a;() values given in Table 2. This value was found to be
the greatest among all of the 9-amino-acid sequences in neuro-
granin, being in good agreement with the experimental finding
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Table 2. The Optimum Category Weight Values of ;) for PKC Phosphorylation Signal Calculated with

Quantification Analysis of the Data of Table 1%

Item (i) Category («)/Amino-acid residue
1/A 2/C 3/D 4/E 5/F
6/G 7/H 8/1 9/K 10/L
11/M 12/N 13/P 14/Q 15/R
16/S 17)T 18/V 19/W 20/Y
1 —1.065 —-3.214 2.128 —3.744 —0.114
2.361 0.519 —3.665 —0.593 1.236
—4.559 —1.244 1.358 —0.951 2.052
1.719 —0.788 2.994 —1.458 —2.165
2 —0.211 —3.682 0.761 0.504 —0.831
0.198 —2.632 —1.548 0.486 —1.332
—4.261 —3.657 1.087 —0.477 5.769
0.950 1.715 1.688 —7.745 —1.129
3 0.853 —2.297 —2.045 —1.674 —2.334
—2.094 —3.647 —0.288 4.169 -0.777
—4.852 —4.356 —2.509 2.644 3.901
3.051 0.502 1.278 —2.757 —1.440
4 3.160 —1.092 —1.480 —3.005 0.225
0.070 —2.813 0.328 —2.625 2.765
—1.797 —2.510 3.113 4.795 0.366
1.789 —0.207 0.255 —4.035 —4.688
5 —11.055 —-7.914 —8.108 —9.118 —-9.397
—12.175 —8.594 —10.669 —9.223 —10.060
—11.319 —9.984 —-7.372 —10.349 —10.450
21.208 8.079 —10.298 —5.488 —7.293
6 —2.086 —1.434 —1.809 —0.796 0.885
—1.469 —0.879 —4.613 2.666 2.878
—1.475 —1.058 —1.085 —0.168 1.208
1.694 —2.109 3.801 —2.958 0.043
7 —0.112 —4.389 —1.250 —3.122 —-0.913
—1.294 —1.519 —2.587 6.985 —4.556
1.396 —2.848 —2.403 —0.839 6.453
—0.716 0.353 3.174 —2.386 —5.061
8 0.074 —2.601 —3.545 —0.230 1.708
0.422 —0.924 —-1.917 2.711 2.430
—-0.519 —5.083 —0.775 —2.990 3.060
1.652 —0.265 0.846 0.115 —3.677
9 —0.239 0.613 —2.768 —2.049 —0.940
—1.906 —0.761 2.850 1.712 —0.399
—4.203 —1.255 2.773 —0.601 0.664
1.909 —1.917 1.075 1.391 —0.445

a) Item number (7) specifies the position of amino-acid residue, while category number (), the kind of

amino-acid residue. See text.

that underlined Ser in KIQASFRGH is the sole phosphorylation
site of neurogranin. In the other constructs given in Table 3, we
also calculated sample scores of 9-amino-acid sequences, and
compared them with experimental catalytic efficiencies
(Vimax/Km). In the [R3°] NG3-43) construct, the score increased
up to 34.51 as compared to 31.87 for NG343). In accordance
with this, (Vinax/Km) of the [R*] NG o5 43, construct, >30.00,
is greater than 17.90 of NG 23_43). Both experimental data and
the quantification analysis support that Arg is preferable to
Lys at position —4. In the [I**] NG5 43, construct, however,

the score decreased to 26.37, as compared to 31.87 for
NG28-43). In accordance with this, (Viax/Km) of the [1*°]
NG23-43) construct, 0.52, is smaller than 17.90 of NG3 43).
Therefore, replacement of Phe™! by Ile decreases catalytic ef-
ficiency. Similarly, in the [I*®] NGq25-43) construct, the score de-
creased further to 22.83, which explains why the (Viux/Km)
value of [I’®] NGs 43, 0.017, is much smaller than 0.52 of
[13] NG28-43). This means that the basic residue of ArgJr2 is
very important for the phosphorylation signal. One exception
lies in the analogues replaced at the +1 position. The sample
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Table 3. Phosphorylation Efficiency of NG(3 43y and Peptide Analogues by PKC and Sample Score

Calculated by Quantification Analysis

Peptide Vinax/Km® Sample score”
NG 43 AAKIQASFRGHMARKK 17.90 31.87
[R**] NGag_43) AARIQASFRGHMARKK >30.00 34.51
[A%] NG 43) AAKIQASARGHMARKK 0.003 28.90
[133] NG25_43 AAKIQASIRGHMARKK 0.52 26.37
[1%6] NG2g_43 AAKIQASFIGHMARKK 0.017 22.83

a) See Ref. 7. Viax (Wmol/min/mg) and K,, (UM). b) Score is calculated with nine-amino-acid
sequence in the region from position 30 to 38. See text for further details.

Table 4. Phosphorylation Efficiency of Glycogen Synthase
Peptide and Its Analogues by PKC and Sample Score Cal-
culated by Quantification Analysis

Peptide Vinax /K ® Sample score
PLSRTLSVSS 6.2 x 1072 26.83
PLSLTLSVSS 3.7 x 1073 18.15
PLSRTLSVAA 4.0 x 1072 27.68
PLSKTLSVAA 3.6 x 1074 25.03
PLRRTLSVAA 1.0 x 107! 3225
PLSRRLSVAA 6.0 x 1072 33.18
PLSRTLTVAA 1.1 x 1072 20.57

a) See Ref. 9. Viax (Umol/min/mg) and Ky, (UM).

score of the [A®] NGg43) construct was calculated to be
28.90. This value is smaller than the 31.87 of NGpg_43), but
is larger than the 26.37 of [I1>*] NGag 43). From this, the quan-
tification analysis can explain why the (Viux/Km) value of
[A%] NG2843), 0.003, is much smaller than 17.90 of
NG28.43), but fails in explaining why (Via/Km) of [A%]
NG(28_43), 0003, is smaller than 0.52 of [135] NG(28_43)‘ In view
of these results, although there may be an exceptional case, the
quantification analysis can explain the degree of catalytic effi-
ciencies of phosphorylation quantitatively.

Analysis of Synthetic Peptide Substrates Derived from
Glycogen Synthase. House et al.” studied the influence of ba-
sic residues on the substrate specificity of PKC with a series of
peptide analogues of rabbit glycogen synthase, where the un-
derlined Ser in the N-terminal peptide Pro-Leu-Ser-Arg-Thr-
Leu-Ser-Val-Ser-Ser was phosphorylated. They replaced resi-
dues at various positions systematically and measured catalytic
activities of phosphorylation, (Viyax/Km). Some of their exper-
imental data are summarized in Table 4. First, we examine the
role of Arg—3. Replacement of Arg—> by Leu or Lys resulted in
a dramatic decrease in (Vpax/Km), where 6.2 x 1072 for
PLSRTLSVSS is compared to 3.7 x 10> for PLSLTLSVSS,
and where 4.0 x 1072 for PLSRTLSVAA is compared to 3.6 x
10~* for PLSKTLSVAA. These data demonstrate that PKC
strongly prefers the basic Arg residue at the —3 position. Con-
cerning the influence of additional basic residues on the N-ter-
minal side, replacement of Ser™ or Thr™2 with Arg caused a
1.5-2.5 fold increase in the (Vi./Kmn) value, where 1.0 x
107! for PLRRTLSVAA and 6.0 x 1072 for PLSRRLSVAA
are compared to 4.0 x 1072 of PLSRTLSVAA. Next, we ex-
amined effect of replacing residues at positions +2 and +3.
When (Viax/Km) = 4.0 x 1072 for PLSRTLSVAA is com-
pared with 6.2 x 1072 for PLSRTLSVSS, replacing Ala*?

and Ala™? with Ser, little increase in the value was observed,
causing no considerable effect on catalytic efficiency. Usually,
PKC phosphorylates substrates at either Ser or Thr, and com-
parison between Ser and Thr in the glycogen synthase peptide
is interesting. House et al. examined the effect of replacement
of Ser® with Thr in PLSRTLSVAA (Table 4). This replacement
does not significantly alter the Vi, but increase the apparent
K, so that the total catalytic efficiency (Viax/Km) decreases
considerably in going from Ser to Thr.

These experimental results were again analyzed by our quan-
tification analysis. The procedure of this analysis is similar to
the preceding case of neurogranin, but in the present glycogen
synthase, 10-amino-acid sequences from position —6 to +3
were analyzed, and 202 and 642 numbers of sequences were
summarized into groups r = 1 and 2, respectively. Optimum
category weight values of a,) were again calculated, and a
sample score of each 10-amino-acid sequence was estimated
by an equation similar to Eq. 1. First, we examine the role of
Arg—3. Replacement of Arg—3 with Leu resulted in a 2000-fold
decrease in (Viax /Kn), indicating that PKC strongly prefers the
basic Arg residue at the —3 position. This experimental finding
is well explained by our quantification analysis. As is shown in
Table 4, the sample score of PLSRTLSVSS (26.83) is much
larger than 18.15 of PLSLTLSVSS, explaining that replace-
ment of Arg~ by Leu causes a dramatic decrease in the cata-
Iytic activity. In a similar way, the score of PLSRTLSVAA
(27.68) is a little larger than 25.03 of PLSKTLSVAA. In ac-
cordance with this, replacement of Arg—3 with Lys resulted
in 200-fold decrease in (Vinax/Km), suggesting that Arg is the
most effective amino acid at position —3, Lys is the next effec-
tive, and Leu is the least. As for the residue at the —4 position,
if Ser is replaced by Arg, both (Vyax/Kn) and sample score
increase remarkably, indicating that basic residue Arg is very
effective at this position. This is shown by comparison of
(Vimax/Km) =4.0x 107> and  the score 27.68 of
PLSRTLSVAA with 1.0 x 107! and 32.25 of PLRRTLSVAA,
respectively. The basic residue Arg~2 is also important for the
signal. This is shown by comparing (Viax/Km) = 4.0 x 1072
and the score 27.68 of PLSRTLSVAA with 6.0 x 107> and
33.18 of PLSRRLSVAA, respectively, where replacement of
Thr~? with Arg increases both catalytic activity and the sample
score. However, there lies a problem which cannot explain the
magnitudes of catalytic activity by the sample score. Although
both (Vpax/Km) and the score of PLRRTLSVAA and
PLSRRLSVAA are larger than those of PLSRTLSVAA,
(Vinax/Km) of PLRRTLSVAA is larger than that of
PLSRRLSVAA, while the score of PLRRTLSVAA is a little
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smaller than that of PLSRTLSVAA. Primary sequence data
alone are not sufficient to explain this, and the secondary /terti-
ary structure may play a role in the catalytic activity. As for the
residues at positions +2 and +3, we compare (Viyax/Km) =
6.2 x 1072 and the sample score 26.83 of PLSRTLSVSS with
4.0 x 1072 and 27.68 of PLSRTLSVAA, respectively. Al-
though replacing both Ser*? and Ser™® with Ala gave a slight
increase in (V. /Km) and a slight decrease in the sample score,
such replacements cause no significant changes in either cata-
lytic activity or sample score.

PKC phosphorylates Ser or Thr at position 0. Comparison of
(Vinax/Km) = 4.0 x 1072 of PLSRTLSVAA with 1.1 x 1072
of PLSRTLTVAA shows that phosphorylation for Ser is more
effective than Thr (Table 4). This experimental finding is also
supported by the quantification analysis, where the sample
score of 27.68 of PLSRTLSVAA is much greater than 20.57
of PLSRTLTVAA.

PKA Phosphorylation Signal

cAMP-dependent protein kinase (PKA) and cGMP-depend-
ent kinase exhibit a number of similar physical and functional
properties and may be homologous proteins. In the absence of
cAMP, PKA is sequestered as an inactive tetrameric complex
composed of both regulatory (R) and catalytic (C) subunits.'%!!
Upon binding of cAMP, the tetrameric complex (R,C,) disso-
ciates into an R,—cAMP, dimer and two active, monomeric C
subunits. The catalytic core of phosphorylation is contained
in the C subunit, and it has been shown that the other eukaryotic
protein kinases share such a conserved catalytic core. Although
their protein substrate specificities are also similar to one anoth-
er, PKA favors only basic residues in the —2 and —3 regions,
and its consensus sequence is given by R-R/K-X-S/T.3

Phosphorylation of Synthetic Peptide Analogs of Histone
H2B by PKA. Glass and Krebs!? used a synthetic heptapep-
tide Arg-Lys-Arg-Ser-Arg-Lys-Glu (RKRSRKE) correspond-
ing to residues 29-35 in histone H2B as a model substrate,
and studied its phosphorylation by PKA (phosphorylated Ser
is underlined). It is known that the basic residues in the N-ter-
minal region to Ser are important, but that basic residues in the
C-terminal region to Ser have a negative influence on this en-
zyme. To confirm this observation, Glass and Krebs prepared
a RKRSRKE peptide together with its analogues by introducing
systematic replacement of amino-acid residues at various posi-
tions, and examined their catalytic efficiency of phosphoryla-
tion by PKA. Some of their experimental data are reproduced
in Table 5. Replacement of basic residues in the parent peptide
greatly altered the kinetic parameters for PKA. The importance
of basic residues in the N-terminal region to Ser was shown by
the discovery that replacing Arg~> with Ala and Lys~2 with Ala
remarkably decreased the (Viax/Km) values of phosphoryla-
tion, as compared to that of the parent peptide, while the neg-
ative influence of basic residues located in the C-terminal re-
gion to Ser was demonstrated by the replacement of Lys*? with
Ala, which remarkably increased the (Viax/Km) value. As for
the residues at positions —1, +1, and +3, if Arg" is replaced
by Ala, the (Vihax/Km) value becomes 4-fold as much as that of
the parent peptide. A small decrease in the (Vmax/Km) value
was found when Arg*! or Glu*? was replaced by Ala. On the
other hand, PKA is known to phosphorylate not only Ser but al-
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Table 5. Phosphorylation Efficiency of Histone H2B Peptide
and Its Analogues by PKA and Sample Score Calculated
by Quantification Analysis

Peptide Vinax/Km® Sample score
RKRSRKE 0.0048 41.47
AKRSRKE 0.0001 24.51
RARSRKE 0.0001 31.07
RKASRKE 0.0185 37.72
RKRSAKE 0.0029 41.30
RKRSRAE 0.1089 43.20
RKRSAAE 0.0348 43.03
RKRSRKA 0.0038 41.53
RKRTRKE 0.0003 18.75

a) See Ref. 12. V. (Wmol/min/mg) and K, (UM).

so Thr. In place of RKRSRKE, Glass and Krebs examined
RKRTRKE, and its phosphorylation efficiency, (Vimax/Km),
was much less than that of RKRSRKE.

These experimental results were also analyzed by our quan-
tification method, which was done in a way similar to that of
PKC. Sequence data composed of 7-amino-acid residues (from
the —3 to +3 positions with respect to Ser at position 0) were
taken to analyze the phosphorylation signal of PKA. For group
1 (r = 1), we collected 167 sample sequences including the sig-
nal, as compiled by Kreegipuu.? For group 2 (r = 2), we sum-
marized 616 samples (116 from histone H2B and 500 random
sequences), which include no such signal. Quantification analy-
sis was performed for the data set. Calculated category weight
values of a;( clearly show that the basic residues of Arg and
Lys in the N-terminal region have a strong positive effect on
the signal, while those in the C-terminal region are unfavorable.
Next, we compared calculated sample scores of RKRSRKE and
its analogues with the experimental data. The results are sum-
marized in Table 5.

The value of (Viyax/Km) and the sample score for PKA phos-
phorylation in the parent RKRSRKE are 0.0048 and 41.47, re-
spectively. However, if Arg™ is replaced by Ala, both
(Vinax/Km) and the sample score decrease dramatically to
0.0001 and 24.51, respectively. If Lys~2 is replaced by Ala,
(Vmax/Km) and the sample score decrease to 0.0001 and
31.07, respectively. Therefore, the quantification analysis
strongly supports the experimental finding that the basic resi-
dues of Arg=3 and Lys™2 are very favorable for phosphoryla-
tion. As for the negative influence of basic residues located in
the C-terminal region to Ser, replacing Lys™ with Ala,
(Vimax/Km) and the sample score increase dramatically to
0.1089 and 43.20, as compared to 0.0048 and 41.47 of the pa-
rent peptide, respectively. If both Arg*! and Lys™ are replaced
by Ala, (Vinax/Km) and the sample score also increase to 0.0348
and 43.03, respectively, which are not greater than those of the
single replacement of Lys*? by Ala. Moreover, if only Arg*! is
replaced by Ala, (Vinax/Km) and the sample score decrease
slightly to 0.0029 and 41.30, respectively. Both experiments
and the quantification analysis clearly show that a basic residue
at position +2 plays definitely negative role in PKA phosphor-
ylation, but that a basic residue at position +1 is slightly pref-
erable. Replacement of Glut® by Ala gave values of
(Vinax/Km) = 0.0038 and a sample score = 41.53. As compared
to the values of the parent peptide, (Viax/Km) decreases slight-
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ly, while the sample score increases slightly. Although the
change in (Vimax/Km) cannot be explained by the sample score,
such a difference is a minor one, and the replacement of Glu*?
with Ala does not change the catalytic activity significantly.
Replacement of Arg~! with Ala gave values of (Viyay/Km) =
0.0185 and a sample score = 37.72. As compared to the values
of the parent peptide, the replacement causes a 4-fold increase
in (Vinax/Km), while the sample score decreases. The change in
(Vimax/Km) was not explained by the sample score. Quantifica-
tion analysis, assuming an independent site model, may not be
enough for elucidation, because catalytic efficiency is sensitive
to the —1 position nearest the phosphorylation site of Ser
through interaction between sites. However, there lies another
possibility that the data of sequences, including phosphoryla-
tion signal (group 1), may be insufficient to elucidate. After fur-
ther compilation of signal sequences, quantification analysis
may explain the behavior at the —1 position.

If the phosphorylation site of Ser is replaced by Thr,
(Vmax/Km) = 0.0003 and the sample score = 18.75 were
obtained for RKRTRKE, which can be compared with
(Vinax/Km) = 0.0048 and sample score = 41.47 for RKRSRKE.
Although PKA phosphorylation occurs with Thr, its catalytic
efficiency decreases drastically as compared to Ser. This was
supported by both experimental data and quantification analy-
sis.

Phosphorylation of Rat 6-Phosphofructo-2-kinase by
PKA. The amino-acid sequence surrounding the phosphoryla-
tion site in 6-phosphofructo-2-kinase has been shown to be Val-
Leu-GIn-Arg-Arg-Arg-Gly-Ser-Ser-1le-Pro-Gln. It is charac-
teristic of substrates of PKA to have multiple Arg residues in
the N-terminal region to a phosphorylated Ser (underlined).
Glass et al.'* synthesized a VLQRRRGSSIPQ peptide and its
derivatives, and measured kinetic constants of catalytic phos-
phorylation efficiency by PKA. Their experimental data are
summarized in Table 6.

The parent VLQRRRGSSIPQ peptide has a (Viyax/Kn) value
as high as 3.58. First, we examine cases where Ser is phos-
phorylated. In an analogue of VLQARRGSSIPQ, where Arg—*
is replaced by Ala, a 5-fold decrease of (Vipux/Km) was
observed as compared to the value of the parent peptide.
If Gly~! is replaced by Pro, a 3-fold decrease in (Vigax/Km)
was observed. If Thr is phosphorylated in place of Ser,
more than 10-fold decrease of (Vi./Km) was observed
with  VLQARRGTSIPQ, as compared to the parent
VLQARRGSSIPQ. In the peptides where Thr is phosphorylat-
ed, replacement of Arg—* with Ala caused a 3-fold decrease in

Table 6. Phosphorylation Efficiency of 6-Phosphofructo-2-
kinase Peptide and Its Analogues by PKA and Sample
Score Calculated by Quantification Analysis

Peptide Vinax/Km® Sample score
QRRRGSSIPQ 3.58 49.37
QARRGSSIPQ 0.74 47.15
QRRRPSSIPQ 1.17 50.43
QRRRGTSIPQ 0.14 26.64
QARRGTSIPQ 0.05 24.42
QRRRPTSIPQ 0.06 27.70

a) See Ref. 13. V.« (Wmol/min/mg) and K, (UM).
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(Vinax/Km) as compared to VLQRRRGTSIPQ. If G]y‘1 is
replaced by Pro, more than a 2-fold decrease of (Viax/Km) 18
observed.

These experimental results are also explained by our quanti-
fication analysis. Although Glass et al. studied 12-amino-acid
peptides, residues of V and L at positions —7 and —6 are com-
mon to all peptide analogues, and they were neglected in our
analysis. Sequence data composed of 10-amino-acid residues
(from —5 to +4 positions with respect to Ser at position 0) were
then taken to analyze phosphorylation signal of PKA. For group
1, we collected 164 sample sequences including the signal, as
compiled by Kreegipuu.? For group 2, 1460 samples including
no signal were summarized. Quantification analysis was done
with such a data set. Next, calculated sample scores of
QRRRGSSIPQ and its analogues were compared with the ex-
perimental data, and the results are summarized in Table 6.

The sample score of QRRRGSSIPQ (49.37) is the largest
among the 461 samples of 10-amino-acid sequences com-
posed of rat 6-phosphofructo-2-kinase. Another sequence,
RRRGSSIPQF, whose phosphorylated Ser lies one-residue for-
wards the C-terminal direction, has a score of 30.84. Its value is
much smaller than the 49.37 of QRRRGSSIPQ, being in agree-
ment with the experimental finding that only Ser of
QRRRGSSIPQ is phosphorylayted. For this QRRRGSSIPQ,
if Arg™* is replaced by Ala, the sample score decreases to
47.15. This corresponds to the 5-fold decrease in (Viax/Km)
as compared to the value (3.58) of the parent peptide, and the
basic residue at the —4 position is preferable for PKA phos-
phorylation. On the other hand, replacement of Gly~! with
Pro increases the sample score to 50.43, but causes a 3-fold de-
crease in (Vi /Kn). In this respect, the sample score does not
explain the tendency of (Vi.x/Kn). Such discrepancy was also
found in the previous histone H2B, where replacement of
Arg~! with Ala caused a 4-fold increase in (Viax/Kn), while
the sample score decreased. The change in (Vi,.x /K ) is not ex-
plained by the sample score, and the catalytic efficiency ap-
pears to be sensitive to the —1 position nearest the phosphory-
lation site of Ser (refer to the discussion on the —1 position in
the preceeding histone H2B).

The catalytic efficiency for the phosphorylation of Ser,
(Vimax/Km) = 3.58, in QRRRGSSIPQ decreases to 0.14 if the
phosphorylation site is replaced by Thr. In accordance with
this, the sample score (49.37) of QRRRGSSIPQ decreases to
26.64 for QRRRGTSIPQ. As for the phosphrylation of Thr, re-
placement of Arg~* with Ala decreases both the sample score
to 24.42 and (Vimax/Km) to 0.05. However, replacement of
Gly~! with Pro increases the sample score to 27.70, but de-
creases (Vimax/Km) to 0.06. Clearly, replacement effects at posi-
tions —4 and —1 on QRRRGTSIPQ are very similar to those in
QRRRGSSIPQ.

Concluding Remarks

So far, the consensus sequence and sequence motif are de-
rived from amino-acid sequences in functionally important re-
gions, which are strongly conserved in short segments of ami-
no-acid sequences. In such cases, only favorable amino acids
are collected, while unfavorable amino acids, which have a
negative effect on the signal, are not taken into account. Our
quantification analysis requires two sequence data sets with



288  Bull. Chem. Soc. Jpn., 77, No. 2 (2004)

and without functional signal, and discriminates them most dis-
tinctly. Therefore, this approach can tell us not only what amino
acid at each position is favorable for the signal, but also what
amino acid is unfavorable. Considering all favorable and unfa-
vorable contributions quantitatively, the sample score value
gives the strength of the signal. To show the advantage of our
method, we discuss phosphorylation signals of PKC and
PKA. Both phosphorylate Ser or Thr. The consensus sequences
show that PKC strongly favors both N- and C-terminal basic
residues with respect to the phosphorylation site, while only
N-terminal basic residues are required for PKA. However, the
consensus sequences cannot explain why PKA does not recog-
nize the PKC recognition site. Our quantification analysis ex-
plains this, and supports different phosphorylation sites recog-
nized by PKC and PKA, because C-terminal basic residues are
strongly unfavorable for PKA.

Next, we discuss the sampling problem of random sequences
to construct the data set of group 2. As discussed in a previous
DNA analysis of splice signals of human S-globin pre-mRNA*
there are only four kinds of nucleotides at each position of the
sequence, and they occur almost equally. Moreover, the -glo-
bin pre-mRNA sequence is long enough, and gave 1596 sam-
ples to group 2. These situations provide a reasonable basis
for application of the quantification analysis. However, analysis
of amino-acid sequences does not fulfill such a condition. For
example, the sequence of neurogranin is composed of only
76 amino-acid residues. Residues do not occur equally, and
some residues, such as Trp, occur very rarely. To apply our
quantification analysis, we have to have a sufficient number
of sample sequences in group 2, including no signal. For this
purpose, random sequences were constructed and added to
group 2, but several problems may arise in this treatment.
One is that one or two sequences may happen to coincide with
the signal sequence belonging to group 1. However, this mis-
match does not have a serious influence on the values of cate-
gory weights and sample scores, as long as group 2 is provided
with a sufficient number of sample sequences. Another problem
is that the calculated category weights and sample scores may
depend on the sample number of group 2 generated by random
sequences. To discuss this problem, we again consider the pre-
vious case of neurogranin phosphorylated by PKC, where
group 2 consists of 67 samples coming from neurogranin and
500 generated by random sequences. For another case, we fur-
ther did the analysis on the data of group 2 consisting of 67
samples coming from neurogranin and 300 generated by ran-
dom sequences, keeping the same data of group 1. Although ab-
solute values of category weights are different, no appreciable
difference in relative magnitudes of category weights was
found between the two cases. It appears that, if we provide a
sufficient number (about 5-8 times the number of neurogranin
sequences) of random sequences as group 2, our quantification
analysis will reach almost the same conclusion.

Next, we discuss the neural network approach for analysis of
protein sequence motifs. The present quantification analysis as-
sumes an independent site model, where optimum category
weight is given to each amino-acid residue at each position,
and where interaction between residues at different positions
is neglected. Rigorously speaking, this assumption is too sim-
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ple, because there may lie interactions between residues
through the secondary/tertiary structure of the protein. The
neural network takes such kind of interactions into considera-
tion, but requires too many parameters to be determined.' Data-
sets studied in the present work are not sufficient to describe all
of the parameters precisely. In addition, experimental results on
the structure analysis of an inhibitor peptide co-crystallized
with the C subunit of PKA revealed that the substrate peptide
in the consensus recognition region from —3 to 43 forms an ex-
tended conformation, but that, in the N-terminal region from
—16 to —4, the substrate forms an «-helix and turn structure.'©
Therefore, as long as the sequence in the consensus region is
concerned, the phosphorylation signal is mostly given by the
primary structure of the amino-acid sequence. Moreover, ex-
perimental data on the replacement effect of amino-acid resi-
dues on the catalytic efficiencies were almost explained by
the independent site model. These findings strongly justify
the application of quantification analysis to the phosphorylation
signals of PKC and PKA, but few of the experimental data still
remain to be elucidated. The neural network may be effective
for such a problem.

Finally, the present paper reported a quantification analysis
to study the sequence motifs of the phosphorylation signals
of PKC and PKA. It is to be noted that this approach is gener-
ally applicable to analyze other functional signals of proteins,
as long as their sequence motifs are mostly expressed in terms
of the primary structure of amino-acid sequences. However, if a
functional signal is given by structural motif, such as helix—
turn—helix, or by secondary/tertiary structure, it will be very
difficult for the quantification method to analyze such a signal.
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