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The development of inhibitors of protein tyrosine kinases (PTKs) is a promising approach to 
obtaining new therapeutic agents for a variety of diseases, particularly cancer. However, the 
discovery of peptide-based inhibitors has been hindered by the lack of small peptide substrate 
sequences (i.e. five residues or less) with which a variety of inhibitor designs could be readily 
evaluated by replacing the Tyr with natural and unnatural amino acids. These prototypical 
small peptide inhibitors could then form the basis for designing analogous conformationally 
constrained, peptide-mimetic or non-peptide inhibitors with improved therapeutic potential. 
In this study we have identified the best known small peptide substrate for the PTK pp60c"src, 
which is the parent of the src family of nonreceptor PTKs. This pentapeptide substrate, Ac-
Ile-Tyr-Gly-Glu-Phe-NH2, has a Km of 368 ^M and Vmax of 1.02 ^mol/min/mg when tested 
utilizing the assay methodology of Budde et al. (Anal. Biochem. 1992, 200, 347-351) after a 
series of modifications were made to more closely simulate the conditions inside a typical 
mammalian cell. This substrate was designed from information obtained by Songyang et al. 
(Nature 1995, 373, 536-539) with a 2.5 billion member combinatorial library of peptide 
substrates for pp60c"src. A second pentapeptide substrate, Ac-Glu-Asp-Ala-Ile-Tyr-NH2, with a 
weaker binding affinity (Km = 880 //M) but improved Vmax (1.86 /imol/min/mg), was also 
identified. This peptide was designed from the pp60cs rc autophosphorylation sequence and 
information obtained by Songyang et al. (Ibid.) and Till et al. (J. Biol. Chem. 1994,269, 7 4 2 3 -
7428) with combinatorial libraries of peptide substrates. These new substrates provide sufficient 
binding affinities and rates of phosphorylation to be utilized for evaluating the relative 
effectiveness of various reversible and mechanism-based irreversible inhibitor designs for 
pp60cs r c while appended to easily prepared small peptides. 

Introduction 

The transfer of the y-phosphate from ATP to the 
hydroxyl-containing amino acids serine and threonine 
within proteins is catalyzed in the cell by protein serine 
kinases and analogously to tyrosine by protein tyrosine 
kinases (PTKs). This phosphorylation reaction enables 
the protein serine kinases1 and the PTKs2 to control 
various cell functions including signal transduction, 
differentiation, and proliferation through resulting ef
fects on the structure and function of the protein 
substrates.3 The overactivation or mutation of proto-
oncogenes (thereby resulting in oncogenes) encoding 
protein kinases can result in constitutively active 
signalling pathways causing cell transformation.4 Since 
it appears that inactivation of a single oncogene-encoded 
protein may be sufficient to reverse cell transformation,5 

the development of inhibitors of these protein kinases 
offers a new mechanism-based approach to the.treat
ment of cancer. The potential utility of PTK inhibitors 
as anticancer agents and the status of their development 
has been extensively reviewed.6 

The most actively pursued classes of PTK inhibitors 
thus far have been natural products and analogs, many 
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of which compete with ATP for binding to the PTK.6 For 
those inhibitors competing with ATP, high inhibitor 
binding affinity and specificity are required in order to 
compete with the intracellular millimolar levels of ATP 
and yet not inhibit the other ATP-utilizing enzymes 
present in cells. An alternate, and preferred,63'15 ap
proach is to utilize peptide-based inhibitors which 
compete only with the protein and peptide PTK sub
strates. If short peptide inhibitors of this type became 
available, then they could serve as lead compounds for 
the design of non-peptide analogs better suited to drug 
developement. This peptide-based inhibitor approach 
has been relatively unexplored6 partly because of the 
lack of good short peptide substrates (i.e. five residues 
or less) wherein the tyrosine can be replaced with 
nonphosphorylatable residues to generate inhibitors. In 
general, the previously investigated peptide substrates 
for PTKs were poor substrates (Km's in the mM range 
and Vmax's in the nmol/min/mg range) and a strong 
preference for specific primary sequences was not 
observed.6b-7 This situation is in contrast to that for the 
protein serine kinases wherein peptide substrates have 
been identified with binding affinities and maximal 
rates of phosphorylation 3 orders-of-magnitude better 
(.Km's in the ^M range and Vmax's in the ,amol/min/mg 
range) than those for the known PTK peptide sub-
strates.6b-7a'b 

In this report we present our work leading to the 
pentapeptide substrates Ac-Ile-Tyr-Gly-Glu-Phe-NH2 
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Table 1. Comparison of pp60c"src Peptide Substrates 

pp60c-src substrates 

1 RRLIEDAEYAARG (RR-src) 
2 Ac-EDAEYA-NH2 
3 Ac-DAEYA-NH2 
4 Ac-EDAIY-NH2 

5 AC-GEGTYGV-NH 2 

6 Ac-EGTYG-NH2 

7 AEEEIYGEFEAKKKK 
8 Ac-IYGEF-NH2 

9 Ac-LPYA-NHCH3 

CPM 

3 mM peptide" 

80.3 
28.5 
23.4 
NT 

119.6 
89.5 

NT 
NT 

NT 

x 1000 

1 mM peptide" 

Series A 
NT 
NT 
NT 
402.6 

Series B 
NT 
63.5 

Series C 
701.6 
497.1 

Series D 
1.6 

Km» (^M) 

NT 
NT 
NT 
880(±350) 

NT 
NT 

100(±18) 
368(±124) 

NT 

Vmax6 (wmol/min/mg) 

NT 
NT 
NT 
1.86(±0.32) 

NT 
NT 

3.06(±0.31) 
1.02(±0.14) 

NT 

° The counts per minute (cpm) are the average of triplicate experiments and indicate the amount of 32P-labeled phosphopeptide product 
obtained in the pp60c"src phosphorylation assay as determined by Cerenkov counting after separation on a PEI-cellulose column and 
subtraction of the blank (no peptide). All the peptides were phosphorylated under identical assay conditions and at a 3 or a 1 mM 
concentration as listed. b Km and Vmax determinations utilized the experimental designs of Duggleby31 and Cornish-Bowden direct linear 
plots.30 Details are included in the experimental section. The standard deviation (in parentheses) is the square root of the variance and 
is given by SD = [l/raXte - x)2]V2, where SD = standard deviation, n = number of observations, and (Xi - x) is the deviation of xi from 
the mean x. 

and Ac-Glu-Asp-Ala-Ile-Tyr-NH2 for the PTK pp60c"src 

with sufficient binding affinities and maximal rates of 
phosphorylation (Km = 368 and 880 [M with Vmax =1.02 
and 1.86 ^mol/min/mg, respectively) to be utilized as 
lead sequences for the development of short peptide 
inhibitors of pp60c_src and perhaps other members of the 
src family of PTKs. 

Results and Discussion 

Choice of a Representative PTK. The PTKs can 
be classified into two categories, the membrane receptor 
PTKs (e.g. the epidermal growth factor receptor PTK) 
and the nonreceptor PTKs (e.g. the src family of proto-
oncogene products).8 There are at least eight members 
of the src family of non-receptor PTK's, namely the src, 
yes, fgr, lyn, lck, hck, fyn, and blk proto-oncogene 
products, with pp60csrc being the prototype PTK of the 
family wherein the ca. 300 amino acid catalytic domains 
are highly conserved.8 The overexpression or hyper-
activation of pp60c"src has been reported in a human 
cancers of the colon,9 breast,10 lung,11 bladder,12 and 
skin,13 as well as in gastric cancer,14 hairy cell leuke
mia,15 and neuroblastoma.16 Since pp60c"src is the 
parent of the src family of nonreceptor PTKs and is 
commercially available in soluble form (facilitating the 
interpretation of substrate and inhibitor kinetic con
stants) and inhibitors of pp60c_src may be effective 
treatments for a variety of cancers, we have chosen this 
representative PTK for our initial peptide substrate and 
inhibitor studies. 

Previous pp60csrc Peptide Substrate Results and 
Design of New Peptide Substrates. Early studies 
with peptide substrates for pp60csrc, or the analogous 
enzyme pp60v'src derived from the Rous sarcoma virus, 
have focused largely on analogs of the ppeO0^"8" auto-
phosphorylation sequence and angiotensin I.6b'7 These 
sequences resulted in relatively poor pp60v"src substrates 
as exemplified by the autophosphorylation sequence 
peptide EDNEYTARQG with a Km of 6250 /M and a 
Vmax of 0.0005 ,amol/min/mg. The commercially avail
able "RR-src" peptide 1 (Table 1) was originally designed 
by Casnellie et al.17 from the pp60c/v"src autophosphory
lation sequence by substituting alanines for the P + l Thr 

and the P - 2 Asn (P refers to the position of the 
phosphorylatable Tyr, where residues N-terminal are 
numbered negatively and C-terminal positively, begin
ning with the P position as 0). In addition, arginines 
were added to the N-terminus, and the glutamine was 
removed from the C-terminus, giving a basic PTK 
peptide substrate which can be isolated, after phos
phorylation with [/-32P]ATP as the second substrate, by 
binding to phosphocellulose cation exchange paper, and 
the extent of phosphorylation can be measured by liquid 
scintillation counting of the paper. 

Peptide 1 has since become the most commonly used 
substrate for a wide variety of PTK assays and therefore 
we included it in our series of substrates based upon 
the pp60c"src autophosphorylation sequence (series A, 
Table 1) as a standard against which our shorter peptide 
substrates can be compared. We investigated the effect 
of shortening the RR-src (1) peptide to six (2) and five 
(3) residues in length with iV-acetyl and C-amide 
capping to mimic a longer peptide (Table 1). The 
truncation to 2 and 3 was done so as to maintain at least 
one residue C-terminal to the Tyr (on the assumption 
that the presence of a residue adjacent to the reaction 
site would be important) and also to preserve as many 
N-terminal acidic residues as possible (because they are 
generally thought to be important for substrate recogni
tion by the PTKs7b). 

Till et al.19 prepared a library of 19 peptides, the 
sequence of which RRLIEDAXYAARG (wherein X is the 
variable P - I residue) was derived from peptide 1. The 
optimal residue for the P - I position was identified as 
He when analyzed with the nonreceptor tyrosine kinase 
v-Abl giving a Km of 670 [M and a Vmax of 0.073 /imol/ 
min/mg. On the basis of this result we designed peptide 
4 as the last member of series A wherein an He is 
analogously positioned at the P - I site, both acidic 
N-terminal residues are present, and the length is only 
five residues. This combination of design criteria neces
sitated that the Tyr be positioned as the C-terminal 
residue. 

Previous studies with peptide fragments of the protein 
substrate p34cdc2 produced a 15 amino acid pp60csrc 

substrate, cdc2(6-20)NH2 (KVEmGEGTYGVVYK-NH2), 
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with a Km of 102 fiM,18 which is the parent sequence of 
our series B substrates. The peptide 6 (Table 1) was 
designed from this sequence so as to include the P - 3 
GIu, be five amino acids in length, and not leave the 
Tyr as the C-terminal residue. Peptide 5 was designed 
to analyze the effect of extending 6 by one residue at 
each terminus. 

Songyang et al20 have developed a new combinatorial 
peptide library technique for determining the best 
substrates for protein kinases and have applied this 
technique to identifying optimal substrates for PTKs.21 

On the basis of the optimal substrate information 
obtained for pp60csrc from a library of more than 2.5 
billion peptides with the sequence MAXXXXYXXXX-
AKKK, the peptide AEEEIYGEFEAKKKK (peptide 7, 
Table 1) was prepared and found to have a Km of 33 ^M 
and Vmax of 0.8 ̂ mol/min/mg21 and is currently the best 
known peptide substrate for this PTK. Sequencing of 
the phosphorylated peptides from this library showed 
that the selectivity for the individual amino acids 
present within this optimal sequence was highest for 
the P - I He and the P+3 Phe. We therefore designed 
pentapeptide 8 (Table 1) from this optimal sequence to 
span the P - I to P+3 positions with end capping. Since 
the assay conditions and technology we utilized in our 
current investigation are different from those used by 
Songyang et al21 in determining the reported Km and 
Vmax for 7, we included the parent peptide 7 in our series 
C for direct comparison to our shorter peptides. 

We were also attracted to the report of Tinker et al.22 

wherein the C-capped tetrapeptide LPYA-NHCH3 was 
analyzed with the PTK present in LSTRA membrane 
flakes and reported to have a Km of 190 ^M and Vmax of 
1600 /miol/mm/mg (98 mmol/h/mg). The most abundant 
PTK present in LSTRA membranes is p56lck, a member 
of the src family of PTK's. However, a subsequent study 
carried out with cloned and purified p56lck gave a Km of 
1700 /M and Vmax of 0.0014 ^mol/min/mg for this 
peptide and a Km of 700 /M and Vmax of 0.0019 ^mol/ 
min/mg for the capped analog AC-LPYA-NHCH3.23 Since 
this is the shortest PTK substrate with a reported 
submillimolar Km, we also included the capped analog 
9 (series D, Table 1) in our current investigation with 
pp60c-src. 

Assay Technology Used for Testing the 
pp60°-src Peptide Substrates. Of the nine peptide 
substrates listed in Table 1 only the parent peptides 1 
and 7 from previous studies contain multiple basic 
residues, allowing them to be tested utilizing the 
standard phosphocellulose ion exchange paper assay 
technology. We had intentionally not included ad
ditional basic residues in our new peptide substrates 
because we did not want to introduce ambiguities 
involving potential contributions of these additional 
residues into the interpretation of our kinetic results. 
Also our goal was to identify a good substrate containing 
five or less residues. The absence of mutliple basic 
residues in the peptides we had designed required that 
we utilize an alternate assay technology. 

After considering the various PTK assay methods 
which had been published, we chose the method of 
Budde et al24 to further develop and apply to testing of 
our peptide substrates. As in the phosphocellulose filter 
paper binding assay, [y-32P]ATP is used as the second 
substrate to generate y-32P-labeled phosphorylated pep

tide product, which is then quantitated by liquid scintil
lation counting. Whereas the phosphocellulose filter 
paper binding assay method involves selective binding 
of the cationic peptide product/substrate to the paper 
and removal of the other radioactive materials by 
washing of the paper, the method of Budde et al. utilizes 
molybdate chelation/precipitation of 32P-labeled inor
ganic phosphate followed by polyethylenimine (PEI)-
cellulose anion exchange chromatography to separate 
the 32P-labeled phosphopeptide from [y-32P]ATP and 
other radioactive materials. The Budde et al. method 
has been shown24 to be applicable to acidic and basic 
peptides and therefore was expected to be suitable for 
testing the peptides listed in Table 1. 

Since the goal of our work was to obtain a small 
peptide pp60c_src substrate as a lead for inhibitor design 
with potential therapeutic applications, we put the 
additional requirement on our study that it be done 
under conditions that approximate the overall physical 
chemical conditions existing inside cells. Therefore, we 
made the following series of changes from the assay 
conditions used by Budde et al. to those present inside 
a typical mammalian cell:25 (1) pH changed from 8.0 to 
7.1, (2) free Mg2+ (i.e. beyond that bound to ATP/ADP, 
etc.) changed from ca. 6.0 to 0.5 mM, (3) ADP was added 
at 10% of the concentration of ATP used (reflecting the 
ratio present in cells; this modification was made mainly 
in anticipation of our subsequent inhibitor studies 
wherein binding to the enzyme:ADP complex may be 
important). We also switched the buffer from HEPES 
to MOPS (does not significantly chelate Mg2+ 26) in order 
to be consistent with our ongoing assay work with 
protein serine kinases26 and to provide greater buffering 
capacity at the lower pH, we added BSA (to reduce 
peptide and protein binding to the assay vessels), and 
we raised the specific activity of the Ey-32P]ATP from 
0.36 to 1.35 mCi/jMM to obtain a stronger phosphopeptide 
product signal. 

We evaluated our final assay conditions with the 
computer program "Bound and Determined"27 (BAD, 
calculates equilibrium concentrations of individual spe
cies involved in multiple interacting equilibria) after 
updating the stability constants to those recommended 
most recently.28 The free Mg2+ concentration was 
calculated to be 0.44 mM (we have found good agree
ment between our calculated and experimentally de
termined free Mg2+ levels in other protein kinase 
assays26) and the ionic strength 72 mM. 

Having made a number of changes to the literature 
assay, we then proceeded to analyze peptide 5, as a 
representative substrate, under these modified condi
tions to determine if the assay was still working 
properly and to investigate further improvements. We 
found that increasing the volume of the PEI-cellulose 
column from 250 to 570 ^L and the quenched reaction 
mixture loaded onto the column from 20 /uL to 60 ,wL 
improved the signal to noise ratio and that the phos
phopeptide was still eluted within the first 1.5 mL of 1 
M LiCl eluent, as reported by Budde et al. (see Figure 
1). Using PEI-cellulose TLC, with 1 M LiCl containing 
10% acid molybdate [i.e. 27 mM (NH4)6Mo7024-4H20 in 
1.2 M H2SO4] as the mobile phase, and autoradiography 
for 32P detection, we compared the 0.25 mL fractions 
shown in Figure 1 obtained at 0.25, 0.5, 1.5, and 2.25 
mL total LiCl eluent to 32P-labeled inorganic phosphate 
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Total Elution Volume (mL) 
Figure 1. Separation of 32P-labeled phosphopeptide obtained 
with 5 from other radioactive materials in the pp60c-src assay 
mixture using a 570 ̂ L PEI-cellulose anion exchange column 
and 1 M LiCl as the mobile phase. Each 0.25 mL fraction was 
analyzed for 32P content by Cerenkov counting as indicated 
by the counts per minute (cpm) obtained. Signal indicates the 
cpm obtained when 5 is included in the assay. Background 
indicates the cpm obtained from a separate experiment 
wherein 5 is not included in the assay. Signal-background 
was obtained by mathematical subtraction. Details are in
cluded in the Experimental Section. 

and [y-32P]ATP. This TLC analysis confirmed that the 
phosphorylated peptide 5 is eluted in the first 1.5 mL 
followed mainly by [y-32P]ATP as background thereafter. 

We also attempted to increase the ionic strength in 
our assay to the intracellular ca. 150 mM level25 from 
the current 72 mM by reducing the MOPS concentration 
to 50 mM and adding 125 mM KCl, but the ability of 
the ion exchange column to separate the phosphopeptide 
product from other radioactive materials was lost.29 

Rank Order Analysis of New pp60 c s r c Peptide 
Substrates. In order to quickly focus on the best 
substrates we chose to conduct initial rank order experi
ments with the nine peptide substrates listed in Table 
1. The series A autophosphorylation analogs (except for 
pentapeptide 4) and the series B p34cdc2 analogs were 
analyzed first. On the basis of the literature results 
described above, it was expected that the Km's for these 
substrates would range from about 1 mM or better for 
the p34cdc2 heptapeptide analog 5 to greater than 6 mM 
for the autophosphorylation pentapeptide analog 3. 
Consequently, an intermediate peptide concentration of 
3 mM was chosen for rank order comparison of series 
A and B substrates. Since we expected heptapeptide 5 
to be the best substrate of these two series (except for 
4) we first confirmed that the reaction velocity with 5 
at 3 mM was linear for the duration of the assay. 

The peptide substrates from series A and B (except 
for 4) were then compared for the amount of phospho
peptide product produced (as determined by the 32P cpm 
in the first 1.5 mL eluted from the PEI-cellulose 
columns) when all were assayed under identical condi
tions at a 3 mM concentration. The results shown in 
Table 1 verified that p34cdc2 heptapeptide 5 is indeed 
the best substrate followed by its pentapeptide analog 
6, both of which are better than the standard RR-src 
peptide 1 and shorter analogs thereof. 

From these initial results we selected pentapeptide 
6 to be compared to the remaining pentapeptide 4 (from 
autophosphorylation series A) and to the peptides in 
series C and D. Since we expected these peptides to be 
better substrates, we reduced the concentration used 
for the comparison from 3 to 1 mM, confirmed that the 

reaction velocity with 7 at 1 mM was linear for the 
duration of the assay, and obtained the results shown 
in Table 1. These peptides indeed proved to be much 
better substrates (except for 9), as indicated by the 
increase in cpm for the phosphopeptide products even 
though the peptide concentrations were reduced 3-fold. 
Three peptides, 4, 7, and 8, all containing isoleucine at 
the P - I sites, were found to be significantly better 
substrates than pentapeptide 6 chosen from the previ
ous rank order comparison, and were therefore selected 
for the more detailed analysis described below. 

Km and Vmax Comparison of the Best pp60 c s r c 

Peptide Substrates. The Km and Vmax values for 
peptides 4, 7, and 8 shown in Table 1 were determined 
utilizing our modified PEI-cellulose column assay 
described above and the direct linear plot method of 
Cornish-Bowden,30 wherein the low and high peptide 
substrate concentrations to be multiply tested were 
chosen using the procedure of Duggleby.31 

The Km and Vmax values we obtained for the 15mer 7 
differ somewhat from that obtained by Songyang et al.21 

(33 ^M and 0.8 /xmol/min/mg, respectively) for this 
substrate with pp60c"src. However, we have found that 
changes in the assay parameters such as the ionic 
strength and the free Mg2+ level can affect the measured 
Km values by as much as an order of magnitude for the 
cAMP-dependent protein kinase26 and suspect that 
these assay parameters may also affect the measured 
Km values for peptide substrates of pp60csrc. Some of 
the major differences in our assay conditions vs those 
under which Songyang et al. obtained their Km and Vmax 

values for 7 are PEI-cellulose column assay vs phos-
phocellulose filter paper binding assay, ca. 0.5 mM free 
Mg2+ vs 10 mM Mn2+, and 138 mM MOPS at pH 7.1 vs 
50 mM Tris at pH 7.5, respectively. Since the nature32 

and concentration (see below) of the divalent metal ion 
used is known to significantly affect the kinetics of 
protein kinases, these differences are a likely source of 
the discrepancy in the measured .Km's for 7 and suggests 
that all of the Km and Vm3x values in Table 1 would be 
lower under the assay conditions used by Songyang et 
al. 

The Km and Vmax values we report in Table 1 are more 
precisely defined as "apparent" values, i.e. Km

aw and 
Vmaxapp, a n d whereas their relative values give a good 
assessment of which is the best substrate under our 
assay conditions, their absolute values may differ 
somewhat from the "true" Km and Vmax values. The true 
Km and Vmax values could be obtained by correcting the 
apparent values using the appropriate equations for the 
particular kinetic mechanism involved with the peptide 
substrates along with the Km for MgATP and the K's 
and concentrations for MgATP and MgADP under the 
assay conditions used. Using [Val5]angiotensin II as 
the peptide substrate, ca. 10 mM free Mn2+, and low 
ionic strength, Wong and Goldberg33 concluded that 
pp60vsrc utilizes a steady-state ordered Bi Bi mechanism 
with ATP {Km = 7.0 ,uM, K1 = 11.7 /uM) as the first 
substrate to bind and ADP (K = 4.0 ^M) as the last 
product released. In an analogous study with the more 
extensively investigated prototypical34 protein kinase, 
cAMP-dependent protein kinase (PKA, a serine kinase), 
using a small peptide substrate (Kemptide), ca. 12 mM 
free Mg2+, and low ionic strength, Whitehouse et al.35 

concluded that PKA also utilizes a steady-state ordered 



4280 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 21 Nair et al. 

Bi Bi mechanism with ATP (Km = 7.6 fM, K = 4.4 /M) 
as the first substrate to bind and ADP (Ki = 7.3 fiM) as 
the last product released. In a separate study, using 
the same peptide substrate (Kemptide), but at ca. 0.5 
mM free Mg2+ and high ionic strength, Kong and 
Cooke36 concluded that PKA utilizes a steady-state 
random mechanism with an ATP Km = 177 fiM and K 
= 160 ^M and an ADP K = 227 fiM,37 all of which are 
significantly higher than those obtained3537 under high 
free [Mg2+] and low ionic strength conditions as indi
cated above. Since the kinetic mechansim of pp60csrc 

and binding constants for MgATP and MgADP have not 
been determined under ca. 0.5 mM free Mg2+ and high 
ionic strength conditions, we can only estimate the true 
Km and Vmax values by assuming that the binding 
constants, which are similar to those determined for 
PKA under high divalent metal ion concentration and 
low ionic strength, will increase under our assay condi
tions to those measured for PKA under ca. 0.5 mM free 
Mg2+ and high ionic strength. Given this assumption 
and using the appropriate equations38 for a steady-state 
ordered Bi Bi mechanism (more kinetic values are 
needed to solve the appropriate equations for a steady-
state random mechanism), the "true" Km's and Vmax's 
for 4, 7, and 8 are calculated to be 926, 105, 387 /M 
and 3.83, 6.30, 2.10 ^mol/min/mg, respectively. These 
calculations indicate that the presence of nonsaturating 
MgATP (172 fiM under our assay conditions via BAD 
calculations; increasing the concentration to saturating 
levels is impractical due to the excessive radioactivity 
which would be required) and [ADP] at 10% of [ATP] 
results in Km

app's which are within experimental error 
of the true Km's but that the Vmax

app's underestimate the 
true Vmax's by a factor of 2. 

The data in Table 1 shows that deleting 10 residues 
from 7 to give pentapeptide 8 only reduces the binding 
affinity (as estimated by the Km's) by a factor of 3.7. This 
result confirms that the five residues present in 8 form 
the major recognition region for pp60c"src as predicted 
when 8 was designed. Pentapeptide 4 contains a P - I 
lie which is also present in 8 and was found to be the 
most important recognition residue in the combinatorial 
library results of Songyang et al.21 However, extending 
the pentapeptide sequence on the N-terminus, to include 
the P - 3 and P - 4 acidic residues from the autophos-
phorylation sequence instead of the P+3 Phe, results 
in a 2.4-fold reduction in binding affinity as indicated 
by the Km's of 4 vs 8. This finding is also consistent 
with the combinatorial library results of Songyang et 
al.,21 wherein GIu (best) or Asp (second best) were the 
preferred residues at the P - 3 and P - 4 positions but 
were less important than Phe at the P+3 position. 
Comparison of the Vmax results for 4 vs 8 shows that, 
whereas the C-terminal residues are more important 
for binding affinity, the N-terminal residues are more 
important for the Vmax- This finding indicates that the 
intrinsic binding energy available from the C-terminal 
residues is utilized to a greater extent for initial 
substrate recognition whereas that from the N-terminal 
residues is utilized to a greater extent for lowering the 
transition state energy of the reaction. The inversion 
of contributions of the N- and C-terminal residues to 
the Km and Vmax values results in a Vmax/Km for 8 which 
is only 1.3-fold better than that for 4 even though the 
Km is 2.4-fold better. 

Conclusions and Future Implications 

We have identified two pentapeptide substrates, 4 and 
8, which provide lead peptide sequences for the design 
of peptide-based pp60°"src inhibitors. Since 8 has the 
better Km it may be the preferred lead sequence for 
evaluating reversible inhibitor designs wherein the Tyr 
is replaced with other natural or unnatural amino acids 
(e.g. see Kim et al23). On the other hand, 4 may be the 
preferred lead sequence for evaluating mechanism-
based irreversible peptide inhibitor designs (see Cush-
man et al.39 and Lee et al.40) since it provides the better 
maximal rate of reaction. Although the Km's for these 
pentapeptide PTK substrates are not as good as has 
been achieved with peptide substrates of protein serine 
kinases which are heptapeptides or larger7" (i.e. Km's 
< 10 fiM), the Vmax's are in the same range. If desired, 
the sequences of 4 and 8 could be merged into the single 
octapeptide sequence AC-EDAIYGEF-NH2 which would 
contain the residues identified as most important for 
the .K1n as well as those for the Vmax and is therefore 
predicted to be a very good substrate. However, the 
binding affinity and Vmax of 4 and 8 with pp60c"src is 
sufficient for evaluating the relative effectiveness of 
various inhibitor designs while appended to a small 
peptide. This reduced size is particularly helpful for the 
facile synthesis, purification, and characterization of 
inhibitor analogs wherein the Tyr is replaced with a 
series of difficult to obtain unnatural amino acids. A 
convergent synthetic route can then be utilized wherein 
the constant peptide fragment (Ac-EDAI or GEF-NH2 
for 4 or 8, respectively) is prepared and purified in bulk 
(suitably protected) as a feedstock for coupling with the 
various unnatural amino acid-containing fragments. We 
have now initiated such inhibitor studies based upon 
these lead pentapeptide sequences and will report our 
results in due course. Another potential advantage for 
utilizing these pentapeptide sequences is that good 
inhibitors identified in this fashion can form the foun
dation for developing related conformationally con
strained peptides, peptide mimetics, or non-peptides in 
order to increase binding affinity and selectivity and 
improve their ability to penetrate cells. 

Experimental Section 

Cerenkov counting was carried out with a Packard Tri-Carb 
1900 TR liquid scintillation analyzer. Analytical and semi-
preparative reversed phase (RP)-HPLC results were obtained 
with Microsorb C-18 columns, Dynamax, 4.6 x 250 mm, 5 /<m 
particle size, and Dynamax, 10.0 x 250 mm, 5 /im particle size, 
respectively, both purchased from Rainin Instrument Co. Inc., 
Woburn, MA, while the eluant was monitored at 254 nm using 
a variable wavelength UV detector. 1H-NMR spectra were 
obtained with a Varian Gemini 300 MHz spectrometer. Amino 
acid analyses were performed at the Biopolymer facility of 
Roswell Park Cancer Institute, Buffalo, NY. Positive and 
negative ion fast atom bombardment [FAB(+) and (—)] mass 
spectra were acquired with a VG 70SEQ mass spectrometer 
at the Instrument Center, Chemistry Department, SUNY at 
Buffalo, Buffalo, NY. 

Partially purified human src kinase (pp60c"src) was pur
chased from Upstate Biotechnology Inc., Lake Placid, NY. This 
pp60csrc is obtained from a recombinant baculovirus containing 
the human c-src gene in SF9 insect cells and is purified by 
sequential column chromatography using hydroxyapatite and 
affinity columns. The partially purified pp60csrc is reported 
to be essentially free of other protein kinases and is supplied 
as 75 units [1 unit transfers 1 pmol of phosphate/min/mg of 
kinase to a saturating concentration of cdc2(6—20) peptide 
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substrate] of specific activity 900 000 units/mg, in 25 /<L of 
25 mM HEPES, pH 7.0, containing 50% glycerol, 0.1% NP-
40, and 1 mM DTT. Peptide 1 (RR-src) was purchased from 
Peninsula Laboratories, Inc., Belmont, CA. Peptide 7 was 
kindly provided by Lewis C. Cantley and Zhou Songyang of 
the Department of Cell Biology, Harvard Medical School, 
Boston, MA. Peptides 4 and 8 were custom synthesized and 
purified via semipreparative RP-HPLC to >95% purity (by 
analytical RP-HPLC and analysis at 215 nm with a SYN-
CHROM C18 column using a CH3CN/H2O gradient containing 
0.1% TFA) by Quality Controlled Biochemicals, Inc. Hopkinton, 
MA. Purified 4 and 8, as received, gave the following amino 
acid analyses (calculated). 4: Asp 1.05 (1.0), GIu 0.99 (1.0), 
Ala 1.05 (1.0), Tyr 0.93 (1.0), He 0.99 (1.0). 8: He 1.05 (1.0), 
Tyr 0.93 (1.0), GIy 0.99 (1.0), GIu 1.09 (1.0), Phe 0.94 (1.0). 
The structures of 4 and 8 were also confirmed by FAB MS: 4 
FAB(+) m/e calcd [M + H+] 651, found 651; 8 FAB(-) mle 
calcd [M - H+] 667, found 667. Peptide 9 was prepared as 
described in Kim et al.23 [y- 32P]ATP was purchased from ICN 
Biomedicals, Inc., Costa Mesa, CA. PEI-cellulose (fine mesh 
grade), ATP, ADP, Triton-X-100, glycerol, /3-mercaptoethanol, 
MgCl2, and ammonium molybdate were purchased from Sigma 
Chemical Co., St. Louis, MO. PEI-cellulose TLC plates were 
purchased from EM-Separations Technology, Gibbstown, NJ, 
and autoradiography (described in the text) was performed 
with Kodak X-Omat AR film. 

Synthesis of Peptides 2,3,5, and 6. These peptides were 
synthesized using a p-methylbenzhydrylamine (pMBHA) resin 
and t-Boc-protected amino acids on an automated peptide 
synthesizer (Biosearch Model 9500) using the coupling proto
cols and side chain protection recommended by the Biosearch 
software supplied with the synthesizer. The peptides were 
then cleaved from the resin with anhydrous HF (10 mIVg 
resin), using anisole as the scavenger (1 mL/g resin), for 60 
min at 0 0C. The deprotected peptides were purified by 
semipreparative RP-HPLC to at least 95% purity (as deter
mined by analytical RP-HPLC) using a gradient of 0-100% 
(70% acetonitrile in water containing 0.1% TFA)/water con
taining 0.1% TFA over 45 min. All purified peptides were 
characterized by FAB(+) MS, amino acid analysis, and 300 
MHz 1H-NMR. All of the peptides gave FAB(+) MS strong 
molecular ion peaks (M + H+) which agreed with the (calcu
lated) m/e values as follows: 2, 738 (738); 3, 609 (609); 5, 723 
(723); and 6, 567 (567). These peptides gave the following 
amino acid analyses (calculated). 2: Ala 2.00 (2.0), Asp 1.01 
(1.0), GIu 1.97 (2.0), Tyr 1.02 (1.0). 3: Ala 2.01 (2.0), Asp 1.06 
(1.0), GIu 0.98 (1.0), Tyr 0.95 (1.0). 5: GIy 3.04 (3.0), GIu 0.97 
(1.0), Thr 1.01 (1.0), Tyr 0.99 (1.0), VaI 0.99 (1.0). 6: GIy 2.01 
(2.0), GIu 0.98 (1.0), Thr 0.97 (1.0), Tyr 1.04 (1.0). All of the 
peptides gave a 1H-NMR peak (in CD3OD) at ca. 5 1.9 ppm 
(relative to Me4Si) for the N-acetyl methyl group in addition 
to peaks consistent with the expected amino acids in the 
sequences. 

pp60c"8rc Peptide Phosphorylation Assay. Phosphory
lation of the peptide substrates were carried out using the 
assay procedure of Budde et al.24 after a variety of modifica
tions to the procedure and assay conditions had been made, 
some of which were mentioned in the text. Due to these 
changes, a detailed description of the assay we used is given 
below. 

The phosphorylation reactions were performed in 0.5 mL 
microcentrifuge tubes in a final volume of 40 fih containing 
138 mM MOPS and 2.08 mM HEPES at pH 7.1, 0.64 mM 
MgCl2, 2.75 mM /?-mercaptoethanol, 0.083 mM DTT, 13% 
glycerol, 0.01% Triton-X-100, 0.0083% NP-40, BSA (0.37 mg/ 
mL), 200//M [j/-32P]ATP (1200 cpm/pmol), 20^M ADP, 10 units 
of pp60c-src, and peptide substrate. The HEPES, DTT, and NP-
40 are present in the commercial preparation of pp60csrc along 
with glycerol. 

All of the final concentrations listed above, except that of 
ATP and ADP, are reduced slightly (typically about 2%) by 
the required amount of concentrated commercial [y-32P]ATP 
which is added to the cold ATP/ADP solution as described 
below. A stock solution of 150 mM MOPS at pH 7.1, 0.7 mM 
MgCl2, 3 mM /3-mercaptoethanol, 10% glycerol, 0.01% Triton-
X-100, and BSA (0.4 mg/ mL) was prepared, hereafter referred 

to as the "buffer solution". This buffer solution was then used 
to prepare 370 ^L (this volume is adjusted such that when 
the commmercial [7-32P]ATP solution is added a final volume 
of 400 piL is obtained) of an 884 [M ATP, 88.4 /M. ADP stock 
solution. This stock ATP/ADP solution was then spiked with 
the required amount of concentrated commercial [/-32P]ATP 
(typically about 30 ̂ L) to obtain a final specific activity of 1200 
cpm/pmol ATP in the assay. The pp60c"src, as obtained com
mercially, was diluted with twice as much of the buffer solution 
to give a final stock enzyme solution containing 1 unit//<L. The 
peptide substrates were dissolved in the buffer solution at 4 
times the needed final concentration. These stock solutions 
were added to the reaction vessels in the following order and 
in the indicated amounts: (1) the enzyme stock solution (10 
fih), (2) the 32P-spiked ATP/ADP stock solution (10 fih), (3) the 
buffer solution (10 /*L) and (4) the peptide solution (10 /uh). 
After incubating these reaction mixtures for 30 min with 
orbital stirring at 30 0C in a constant temperature bath, the 
reactions were quenched by adding 40 fiL of acid molybdate 
(27 mM (NH4)eMo7024«4H20 in 1.2 M H2SO4). The reaction 
vessels were then centrifuged on a Beckman microfuge B for 
about 3 min to remove the precipitated protein and 32Pi as a 
blue molybdate complex. A 60 [*L portion of the supernatants 
was loaded immediately onto disposable PEI-cellulose col
umns prepared as described below. 

The PEI-cellulose disposable columns were prepared from 
1 mL pipet tips (they hold 1.6 mL). Glass wool was placed 
into the pipet tips and tapped down with a wooden pin. Holes 
were bored in the center of the caps of 5-mL polypropylene 
scintillation vials. The narrow ends of the pipet tips were then 
inserted through the holes in the caps on the scintillation vials 
after small vinyl tubing support rings had been slipped over 
the narrow end of the pipet tips to prevent them from 
extending too far into the vials. The scintillation vials were 
then placed inside 20 mL glass vials (to stabilize the scintil
lation vial while in the centrifuge) to give the "centrifuge 
assemblies". A 10 g portion of PEI-cellulose powder was 
suspended in 60 mL of distilled water and stirred vigorously 
to form a homogenous gel. While stirring, 1.5 mL of this 
suspension was transferred into each pipet tip and then the 
centrifuge assemblies were spun in a International Clinical 
Centrifuge (a standard bench top centrifuge) at a very low 
speed (so that the gel is compacted but not run dry) to prepare 
a uniform column having a volume of ca. 570 fxh. 

After loading the columns with 60 //L of the quenched 
reaction mixtures, the centrifuge assemblies were spun at very 
low speed for about 15 s (until the reaction mixtures were just 
absorbed on the top of the columns). Then 0.75 mL of 1 M 
LiCl was added to the top of the columns and the centrifuge 
assemblies were spun at full speed for about 1 min such that 
the entire solution is pushed through the columns. Another 
0.75 mL of 1 M LiCl was then added to the top of the columns 
and the centrifuge assemblies were spun at full speed for about 
2 min until this second solution was pushed through the 
columns. The combined eluants (which are directly collected 
in the scintillation vials) are then counted using Cerenkov 
counting. 

Validation of the Modified pp60c"src Assay. Reaction 
mixtures (prepared as above) were incubated in the presence 
{signal) and absence (background) of a 5 mM concentration of 
5. A 60 fih sample of the quenched reaction mixtures were 
loaded onto PEI-cellulose columns as described above and the 
[32P]phosphopeptide was eluted in steps by adding 0.25 mL 
portions of 1 M LiCl to the top of the columns and then 
sequentially eluting them into a supporting scintillation vial 
by centrifuging at high speed for 3 min. This elution procedure 
was repeated until a total of 2.5 mL of LiCl eluent had been 
collected in 0.25 mL increments. Each 0.25 mL fraction was 
then analyzed separately by Cerenkov counting. The results 
shown in Figure 2 are the average of duplicate experiments. 
In this experiment the PEI-cellulose columns (570 /xL) were 
prepared by dry packing the pipet tips with PEI-cellulose 
powder as described by Budde et al.24 However, we later found 
that wet packing the columns (as described above) provided 
more uniform columns and therefore switched to wet packing 
for all subsequent experiments. 
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R a n k Order C o m p a r i s o n of t h e p p 6 0 c s r c S u b s t r a t e s . 
All the peptides were phosphorylated u n d e r identical condi
t ions as described above a t a concentrat ion of e i ther 1 or 3 
mM. Each peptide phosphorylation reaction was r u n in 
tr iplicate and the values listed in Table 1 a re the average of 
these values. The blank was also r u n in tr iplicate and was 
obtained by substi tuting buffer solution for the peptide solution 
in the assay. 

D e t e r m i n a t i o n of t h e Km a n d Vmax for 4, 7, a n d 8. Two 
different peptide concentrat ions, one nea r t he es t imated Km 

and the other a t ca. 10 t imes the es t imated Km, were used, as 
recommended by Duggleby.31 The peptide concentrations used 
were 200 /uM and 2 mM for 4, 25 ^ M and 300 /<M for 7, and 50 
fiM and 1 mM for 8. Ini t ial velocities, calculated after 
subtract ing the b lank velocities (wherein the reaction was 
quenched immediately after the peptide solution was added), 
were obtained six t imes a t the low peptide concentrations and 
six t imes a t the high peptide concentrations for 4 and 8 and 
four t imes a t each concentrat ion for 7, all after incubat ing for 
30 min a t 30 °C. Direct l inear plots of the velocity vs 
concentration were d rawn and the median es t imates of the 
Km and Vmax given in Table 1 were obtained from the 36 (with 
4 and 8) or 16 (with 7) values obtained for each as described 
by Cornish-Bowden.3 0 
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