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Substrate Specificity of the Oncoprotein v-Fps: Site-Specific Mutagenesis of the

Putative P-1 Pocket
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ABSTRACT. Based on the X-ray structure of the insulin receptor kinase [Hubbard, S. R. (E98BD J.

16, 5572-5581], Arg-1130 in the oncoprotein v-Fps, a nonreceptor tyrosine protein kinase, is predicted
to interact with the B-1 glutamate in substrate peptides. To determine whether this residue is an important
recognition element in v-Fps, Arg-1130 was substituted with leucine (R1130L) and glutamic acid (R1130E).
The ability of these mutants to phosphorylate the peptide EAEIYXAIE, where X is glutamic acid, alanine,
or lysine, was assessed. A comparison of the rates of peptide phosphorylation under limiting substrate
concentrations (i.ek.a/Kn conditions) indicates that substrate specificity is altered by the electrostatic
environment of the 1 pocket. When the pocket displays a positive charge (Arg-1130; wild type), no
charge (R1130L), or a negative charge (R1130E), v-Fps prefers to phosphorylate the glutamate peptide
over the lysine peptide by a 200:1, 9:1, or 1:1 margin. WkilgK, for the glutamate peptide is 50-fold
higher for wild type compared to R1130E;./Kn for the lysine peptide is 3-fold higher for R1130E
compared to wild type, a 150-fold change in relative substrate specificity. Analysis of the individual steps
in the kinetic mechanism using viscosometric techniques indicates that the wild-type enzyme binds the
glutamate peptide 3-fold better than the alanine peptide and, at least, 10-fold better than the lysine peptide.
For R1130L, this margin range is reduced substantially, and for R1130E, no binding preference is observed.
Nonetheless, the lysine peptide binds, at least, 4-fold better to R1130E than to wild type, and the glutamate
peptide binds 3-fold poorer to R1130E than to wild type. The mutants lower the phosphoryl transfer rate
by 4—30-fold for the three peptides, suggesting that Arg-1130 helps to position the tyrosine for optimum
catalysis. The data indicate that a single mutation in v-Fps can alter significantly the relative substrate
specificity by about 2 orders of magnitude with, at least, 50% of this effect occurring through relative
changes in peptide binding affinity.

The delivery of phosphoryl groups from ATP to specific prefer to phosphorylate substrate peptides with arginine in
amino acid side chains in proteins is catalyzed by a large the P-3 position @).? These arginine side chains interact
enzyme family known as the protein kinases. The specificity directly with glutamic acid residues in the kinase cores (Glu-
of this exchange and the induced conformational changes in110 in PhK and Glu-230 in PKA)6-8). In some cases,
the target upon phosphorylation is the primary biophysical hydrophobic residues are preferred in the target, and the
engine for signal transduction. Protein kinases phosphorylateappropriate hydrophobic pocket is present in the active site
their targets based largely on the immediate residues flankingto accommodate these side chains. For instance, a phenyl-
the site of phosphorylation. Consensus sequences for optimablanine in the P10 position of PKI, the physiological
phosphorylation have been determined using peptide variantsnhibitor for PKA, is essential for high-affinity binding of
in either a manual screening (e.g., réfand3) or a random this protein ). Accordingly, a string of hydrophobic residues
library approach (e.g., retsand5). In general, residues that in PKA (Y.3PPFF) form a pocket that recognizes the
are approximately five residues or less from the phospho- phenylalanine ).

rylation site in either the N- or the C-terminal direction are  \yhjle there have been X-ray solutions for several tyrosine
the most significant for directing phosphoryl transfer. The protein kinases (TPKs) (e.g., ref®—15), only the kinase
recent X-ray structures for several protein kinases that haveqomain of the insulin receptor (INRK) has been solved in an
been cocrystallized with substrate peptides or inhibitors active, phosphorylated state with a substrate peptide bound
reveal the sources of their binding specificities. Protein jn the active site 11). This structure allows an informed
kinases that prefer to phosphorylate positively or negatively glimpse into the recognition elements for tyrosine phospho-
charged substrates have the appropriate countercharges in

the active site for substrate stabilization. For example, the
kinase domain of phosphorylase kinase (Phijhd the 1 Abbreviations: GST, glutathion8transferase; InRK, kinase do-

. . . main of the insulin receptor; Mops, 3morpholino)propanesulfonic
catalytic subunit of cAMP-dependent protein kinase (PKA) 5cig; phi, kinase domain of phosphorylase kinase; PKA, cAMP-

dependent protein kinase; TPK, tyrosine-specific protein kinase; v-Fps,
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A residue substrate peptides with high catalytic efficier$; (
24).

c-Fps prefers to phosphorylate tyrosine-containing peptides
when a glutamic acid is in the4PL position (L6). While
there is presently no crystallographic structure for a member

Glu-1216

AS"'mly K{ Leu-1219 of the Fps/Fes protein kinase family either with or without
a substrate or inhibitor bound, the amino acid sequence of
v-Fps suggests that thet® pocket of the enzyme may be
P+1 (M‘“/\ different than that for the InRK. As shown in Figure 1B,
< Val-1173 two of the four residues in the#PL pocket of the INRK (Val-

1173 and Asn-1215) are identical in v-Fps (Val-1084 and
Asn-1126). Glu-1216 in the InRK is replaced with GIn-1127
in v-Fps, but the aliphatic portion which interacts with the

B P+1 methionine is retained. In contrast, Leu-1219 is replaced
INRK: ., LLPVRWMAPE 1205 PYQGLSNEQULKEFVMDGG with Arg-1130 in v-Fps, a nonco_nser_vative substitution based
on charge and size. Given this difference, we wondered

V-FDS: gq QIPVKWTAPE 1120 PYANLSNOQTREATEQGY whether the unique substrate specificity of v-Fps compared

Ficure 1: (A) Side chains of residues contacting the-1P to the InRK could be due to the presence of Arg-1130, a
methion_ine in the INRK. The side chain_ Of the-P r_nethio_nine of residue that may interact fa\/orab|y with the-P g|utamate_
the peptide substrate makes hydrophobic interactions with Val-1173 To test this hypothesis, we substituted Arg-1130 with leucine

and Leu-1219 and the aliphatic portions of Asn-1215 and Glu-
1216 (L1). (B) Sequence alignment of the INRK and v-Fps in regions (R1130L) and glutamate (R1130E) to see whether the

that form the P-1 pocket of the InRK. The amino acids in the Substrate specificity of v-Fps could be altered. We found
InRK and the residues in v-Fps that comprise thelRocket are that the mutations cause up to a 150-fold change in relative
underlined. Leu-1219 and the corresponding residue in v-Fps, Arg- sybstrate specificity. Viscosometric analyses indicate that,
1130, are in boldface type. at least, 50% of this change in specificity is due to relative

rylation in this enzyme. InRK prefers to phosphorylate changes in substrate binding affinity.

substrate peptides with the following consensus sequencejyaTERIALS AND METHODS

YMXM, where X is variable 16). As shown in Figure 1A,

the P+1 methionine inserts into a hydrophobic pocket  Materials. Adenosine 5triphosphate (ATP), phospho-
composed of several side chains. In particular, the side chainsnolpyruvate, magnesium chloride, nicotinamide adenine
of Val-1173 and Leu-1219 and the aliphatic portions of Asn- dinucleotide, reduced NADH, isopropgHthiogalactoside
1215 and Glu-1216 form a hydrophobic pocket that cradles (IPTG), tris(hydroxymethyl)aminomethane (Tris), [$-4nor-

the P+1 methionine. This arrangement of hydrophobic pholino)propanesulfonic acid (Mops), pyruvate kinase, type
moieties about aP1 side chain is not unique. In PKA, a I, from rabbit muscle, lactate dehydrogenase, type Il, from
kinase that prefers to phosphorylate substrates with hydro-bovine heart, and ethylenediaminetetraacetic acid (EDTA)
phobic residues in thePL position, Pro-203 is in the same were purchased from Sigma. Dithiothreitol (DTT) was
position as Val-11736). Furthermore, the 1 pocket in purchased from Fisher. Media supplies (yeast extract and
PKA contains a cluster of hydrophobic side chains (Leu- tryptone) were purchased from Difco. Oligonucleotides were
198, Pro-203, Leu-205) that can sequester and stabilize asynthesized by Retrogen. DNA mini-prep kits were pur-
hydrophobic residue. chased from Qiagen. The plasmid vector pGEX-2T was

V-Fps isa nonreceptor TPK, and, as a member of the Fps/purchased from Pharmacig. coli strain BL21(DE3) was
Fes family, its cellular forms are predominantly expressed purchased from Novagen. QuikChange kits &ndoli strain
in hematopoietic cells. The Fps/Fes enzymes are essentiaBURE were purchased from Stratagene.
for the terminal differentiation of macrophagds(18), but Construction of Mutant Proteingviutants in the kinase
oncogenic forms have been linked to cardiac disorders in domain of the v-Fps gene were made by PCR with a MJ
mice (19, 20). v-Fps is an oncogenic form of the cellular Research PCT 200 Peltier Thermocycler, using two oligo-
enzyme c-Fps, which differs from its normal form by the nucleotides that overlapped at the site of the desired mutation.
addition of a retroviral gag sequence at the N-terminus which The following sets of oligonucleotides were used to make
imparts membrane association. The Fps/Fes family arethe mutations: R1130E;-£AGCAACCAGCAGACGGAA-
complex proteins with molecular masses in excess of 90 kDaGAGGCCATCGAGCAGC-3and 3-GCTGCTCGATGGC-
and are composed of noncatalytic domains that regulate theCTCTTCCGTCTGCTGGTTGCTG*3R1130L, 3-AACC-
function of the kinase domain in the absence of receptor AGCAGACGCTCGAGCGGATCGAG-3and 3-GCTCG-
signaling. This family is rather unique compared to the ATGGCCTCGAGCGTCTGCTGGTT-3The PCR reactions
widely studied Src family nonreceptor TPKs since the SH2 were performed in a total volume of 50 with 60 mM
(Src homology-2) domain activates the kinase domai) (  Tris (pH 9.1), 18 mM (NH),SQO,, 1.8 mM MgSQ, 5-50
rather than represses it as in the case of c-Src. v-Fps is amg of template DNA, 0.2 mM of each dNTP, 2.5 units of
ideal model system for the study of protein kinase regulation PfuTurboDNA polymerase, and 125 ng of each primer. The
and catalysis since it is less complex than the Src family PCR cycle created the mutation in the gene while amplifying
TPKs and has been expressed in an active, phosphorylatedhe plasmid and gene together. The plasmid was purified
form in bacteria as GST fusion protein82j. This fusion and transformed into a recombinant minus straifEotoli.
protein autophosphorylates and readily phosphorylates nineSeveral clones were selected and their entire kinase genes
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sequenced. The mUtant_ plasmid_s Wit_h the correct S€QUENCErypie 1: Nine-Residue Substrate Peptides for the Kinase Domain
were then transformed int@. coli strain BL21(DE3), and of v-Fpg

expression of the GST fusion protein was confirmed on a

] sequence name

12% polyacrylamide gel. EAEIYEAIE P+1 (Gl
Peptides and Protein PurificationSubstrate peptides, EAEIYAAIE P+1 ENS))

EAEIYEAIE, EAEIYAAIE, and EAEIYKAIE, were syn- EAEIYKAIE P+1 (Lys)

thesized by_ the USC MI_CrOChemical Core Facility using aThe variable residue in the4L position of the parent peptide,
Fmoc chemistry and purified by C-18 reverse phase HPLC. Eag|yXAIE, is shown in boldface type.
The concentration of the peptides was determined by weight.

BL21(DE3) cells containing the mutant or wild-type p_Iasmid o (%) p(%)
were grown to an OB of approximately 0.8 at 37C in 6 = X Q)
L of LB media and induced fo5 h with 1 mM IPTG at 24 P

°C. The cells were harvested by centrifugation. The wild-
type and mutant fusion proteins, GST-kin, were purified
using a glutathione agarose affinity resin according to
previously published procedure®?j. The total mass of the
eluted protein (approximately-34 mg for wild type and
mutants) was determined by a Bradford assay, and the
concentration of the fusion proteirvi{ ~ 58 000) was
determined by gel densitometrg24, 25). A portion of the
total protein represents breakdown products of the fusion
protein since they migrate near the expected molecular . N
weight of free GST (approximately 29 000) and are recog- Data Analysis.The steady-state kinetic parametéf,

nized by GST antibodies26). The enzyme was stored at Kpepiide @aNdKaTp Were obtained by plotting the initial reaction
—70°C in a buffer containing 50 mM Tris (pH 7.5), 1 mM velocity versus the total substrate concentration at fixed ATP

EDTA, 150 mM NaCl, 1 mM DTT, 10% glycerol. The concentration or the total ATP concentration at fixed peptide

enzyme was thawed on ice {€) and used immediately for conc_entration u_sing the _MichaeHsMenten equation. The
each kinetic study. maximum reaction velocCityMmay Was convert_ed tlcat DY
Kinetic Assay.The enzymatic activities of GST-kin and dividing Vmax by the total enzyme concentration.
the mutants were measured spectrophotometrically using 3RESULTS
coupled enzyme assay. This assay couples the production
of ADP with the oxidation of NADH using pyruvate kinase Steady-State Kinetic Parameters for Mutant Proteirise
and lactate dehydrogenase. In general, peptide-ImM) steady-state kinetic parameters for the mutants and wild type
was mixed manually with ATP (0.652.8 mM), MgCh (10— were determined from plots of initial velocity)versus ATP
12.8 mM), and GST-kin (56400 nM) in a 5QuL (minimum or substrate peptide concentration using a coupled enzyme
volume) quartz cuvette containing 0.40 mM phospho- assay in 50 mM Mops (pH 7). Plots of versus peptide
enolpyruvate, 0.20 mM NADH, 2 units of lactate dehydro- concentration (0.210 mM) at fixed ATP (2.8 mM) and
genase, and 0.5 unit of pyruvate kinase. The total concen-MgCl, (12.8 mM) were used to measukg: and Kpepiige fOr
tration of MgCh needed to obtain a desired, free concentration wild type, R1130L, and R1130E. Plots ofversus ATP
of Mg?" was calculated based on the dissociation constantsconcentration (0.051 mM) at 1 mM fixed peptide and 10
of 0.0143 mM for Mg-ATP, 5 mM for Mg-PEP, and 19.5 mM free Mg" were used to determing€arp for wild type,
mM for Mg-NADH (26). All reactions were measured in a R1130L, and R1130E. The valueskfrs for wild type and
Beckman DU640 spectrophotometer equipped with a mi- the mutants are not affected by increasing the concentrations
crocuvette holder in a buffer containing 100 mM Mops at of peptide (data not shown). A complete listing of all steady-
pH 7.0, in a final volume of 6QiL at 23 °C. Background  state kinetic parameters is included in Table 2. Kagp
reactions in the absence of substrate peptide were performedralues for R1130E are similar to that for wild type but are
to correct for ATPase activity. This background did not higher by about 2-fold for R1130L. The mutants have
exceed 10% of the substrate-dependent reaction for wild- significant effects orKpepicze For P+1(Glu), the mutants
type or mutant enzymes. Absorbance changes at 340 nm weréncrease Kepigeby 3—4-fold, and for P-1(Lys), the mutants
collected over a time range of 16050 s. Less than 10%  lower Kgepige Dy more than 4-fold. In contrast, neither
of the substrate peptide was consumed in each initial velocity mutation alters the apparent affinity ofH2(Ala). R1130L
measurement. All initial velocities varied linearly with the displays similark.s values for P-1(Glu) and P-1(Ala)
concentration of the fusion protein. compared to wild type<£2-fold difference). By comparison,
Viscosometric MeasurementEhe relative solution vis- R1130E displays a 12- and 6-fold lowky; for P+1(Glu)
cosities ) of buffers containing glycerol were measured and P+-1(Ala), respectively. Since plots of initial velocity
relative to a standard buffer of 100 mM Mops, pH 7.0, at versus R-1(Lys) for wild type are linear up to 10 mM (data
23 °C, using an Ostwald viscomete2®). Each viscosity ~ not shown), only a lower limit otk and Kpeptige COUld be
measurement was carried out using 5.0 mL of buffer assigned. Owing to solubility problems with high stock
containing varying amounts of viscosogen. The amount of concentrations of #1(Lys), amounts in excess of 10 mM
time required for each buffer to move through the markings were not readily attained.
on the viscometer was recorded. The relative viscosity of Viscosity Effects on Kinetic Parameteihe steady-state
each buffer was calculated using eq 1: kinetic parameterskca: and KealKpepige for wild type and

wheren™ is the relative solvent viscosity,(%) andt are

the transit times for a given viscous buffer and the standard
buffer, respectively, and (%) andp are the densities of the
viscous and standard buffers, respectively. The following
relative solvent viscosities were obtained for the buffers (%
viscosogeny™): 35% glycerol, 3.7, 30% glycerol, 3.0; 25%
glycerol, 2.6; 20% glycerol, 2.0. All solvent viscosity
measurements were performed in triplicate and did not
deviate by more than 4% in value.
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Table 2: Steady-State Kinetic Parameters for the Mutant Forms of ¥-Fps

protein substrate Keat (571 Kpeptige(MM) Keal Kpeptide(MM ™ 57%) Katp (MM)P
wild type PF1(Glu) 14+ 1 0.35: 0.040 40+ 5.4 0.254 0.05
P+1(Ala) 13+ 2 1.2+ 0.15 11+ 2.2
P+1(Lys) >0 >10° 0.20+ 0.03
R1130L P+1(Glu) 6.5+ 1.0 1.0+ 0.30 6.5+ 2.2 0.37+0.10
P+1(Ala) 8.2+ 1.8 1.3+ 0.40 6.3+ 2.4 0.55+0.12
P+1(Lys) 2.0+ 0.39 2.8+ 1.0 0.714 0.29 0.50+ 0.10
R1130E P-1(Glu) 1.2+ 0.20 1.5+ 0.40 0.804+ 0.25 0.35+ 0.03
P+1(Ala) 2.2+ 0.34 1.5+ 0.45 1.5+ 0.51 0.31+0.14
P+1(Lys) 1.4+0.18 2.3+ 0.70 0.61+ 0.20 0.29+ 0.10

aThe kinetic parameters were measured in 100 mM Mops (pH 7) buffer &€ 2Bing the coupled enzyme assky: andKpepicewere measured
using 2.8 mM ATP and 12.8 mM Mggland varying peptide concentrations (820 mM). "Karp was measured using fixed concentrations of
peptide (1 mM) and 10 mM free Mgand varying ATP concentrations (085 mM). °Plots of initial velocity versus peptide concentration were
linear up to 10 mM so that only lower limits da and Kpeptige are reportedkealKpepidce Was determined from the slope of theversus [S] plot.

4 T Scheme 1

ko k3 k.
E-ATP+S E+ADPsP ——— >

E*ATP + S

-2

in the absence (superpostscript)" and presence (no
postscript) of glycerol Kea)®/(Kea) and KealKpeptiad */(Keal
Kpeptiad] for wild type and R1130L using P1(Glu) are
plotted as a function of relative solvent viscosity in Figure
2. The data were fit to linear functions, and the slopes of
these lines [ca)” and kealKpepiad”] are listed in Table 3.
Viscosity experiments were also performed on wild type and
the mutants using P1(Glu), P+1(Ala), and Pr1(Lys).
Relative Viscosity These data were fit to linear functions, and the slopes are
presented in Table 3. The steady-state kinetic parameters for
wild-type and mutant proteins at each viscosity value were
. always measured alongside a 0% glycerol control to com-
s | N pensate for any minor changes in enzyme specific activity
on different days. For all enzymes and substrates, the slope
values fall between-0.15 and 0.70. With one exception
2 | . [R1130E and R-1(Ala)], all the values for K.,)"” are less
than that for wild type using P1(Glu) or P+1(Ala). A
O ] negative slope was obtained fdt.4)” for R1130L using
P+1(Lys), but this value is indistinguishable from zero given
the error in the measurement. In all cases, glycerol had little
effect onkea/KpepiideSO that the slope values for this parameter
are close to zero. In some casdgalKyepiad” iS Negative,
but the error in the measurement does not permit an exact
FIGURE 2: Effects of solvent viscosity on the steady-state kinetic assignment of the value. For all data sets, linear responses
parameters for R1130LX) and the wild-type enzyme®( using between initial velocity and enzyme concentration were

P+1(Glu) as a substrate. (A) Influence of viscosogenkgn(kea)®/ obtained, indicating that the coupling reagents are not

keari the ratio ofkeiin the absence and presence of varying glycerol affected by the viscous media (data not shown).
concentrations, angl®' is the relative solvent viscosity. (B) Influence

of viscosogens oReafKpeptide (KeafKpeptidd >/ (Keal Kpeptiad IS the ratio The viscosometric data shown in Figure 2 and Table 3
of KeafKpepiice IN the absence and presence of varying glycerol can be interpreted according to the simple three-step mech-
ot sereread oy o o i gy &M shown in Schere 1. B appling he Stokgarstein
versﬁs subStra?Zpgjéptide concentration{CL mM) using 2.8 mM r(_elatlonshlp WhICh equate_s diffusion coefficients and |ntr|_n5|q
ATP and 10 mM free M@ . The data in both plots were fit to  ViSCOsity, a direct correlation between the steady-state kinetic
linear functions, and the slope values are reported in Table 3. Theparameterskear and KealKpepidze @and the relative solvent
dotted lines represent slopes of 1 whereytietercept is the origin.  viscosity of the medium can be made. Plots of either kinetic
parameter as a ratio in the absence and presence of
viscosogen versus relative solvent viscosity are linear in most

cases (Figure 2), and the slope values conform to egs 2 and

(kg Akeqy)

4 T T T T T L—

)ol(kcat/erptide)
oy

peptide

(k. /K
d

. b))
?

Relative Viscosity

mutants were measured as a function of varying solvent
viscosity using the substrate peptides in Table 1. Plots of
versus peptide concentration (8.10 mM) at fixed ATP (2.8
mM) and MgC} (12.8 mM) were used to measukg; and k
KealKpeptige fOr wild type, R1130L, and R1130E at 0, 20, 25, (Keq = s (2)
30, and 35% glycerol. The ratios of these kinetic parameters kst K,




Substrate Specificity Studies in v-Fps Biochemistry, Vol. 39, No. 1, 200®@59

Table 3: Effects of Solvent Viscosity on the Kinetic Parameters of Mutant Forms of &/-Fps

protein substrate Kfap ® (Keal K peptiad” ° ks (s7)° kg (s7H)° Kg (mM)¢
wild type P+1(Glu) 0.70+ 0.10 0.05+ 0.10 47+ 16 20+ 3.2 1.1+ 0.40
P+1(Ala) 0.64+ 0.07 —0.094+ 0.08 36+ 9.0 20+ 3.8 3.3+ 0.69
P+1(Lys) >2e >10°
R1130L P+1(Glu) 0.15+ 0.05 0.114+0.05 7.6+ 1.3 43+ 16 1.04+0.08
P+1(Ala) 0.33+ 0.05 —0.014+0.03 12+ 2.8 25+ 6.6 1.9+ 0.15
P+1(Lys) —0.154 0.20 0.10+ 0.15 2 >20 2.5+ 0.65
R1130E P-1(Glu) 0.51+ 0.10 —0.114+0.07 2.4+ 0.63 2.4+ 0.62 3.1+ 0.67
P+1(Ala) 0.63+ 0.09 —0.10+ 0.09 6.0+ 1.7 3.5+ 0.74 4.0+1.0
P+1(Lys) 0.20+ 0.05 0.04+ 0.09 1.6+ 0.24 6.5+ 1.8 2.8+ 0.32

2 All kinetic parameters were measured in 100 mM Mops (pH 7) buffer &8sing 10 mM free M. P(kea)” and KealKpepiad” are the slope
values for plots of the steady-state kinetic parameters as ratios in the absence and presence of glycerol versus the relative solvent esepsities. Th
effects were measured fromvs substrate concentration (6.6 mM) plots at fixed concentrations of ATP (2.8 mMThe values ok; andks were
derived from the expression for the turnover numbekif(ks + ks)] and (ea)” by the following relationshipsks = Keaf(Kea)” andks = keaf[1 —
(kea)”]- “The Kq values for the peptide were measured using eq 4. Negative valuksfand Kea/Kpepicd” Were treated as zeréThe values of
ks andKy were estimated from the steady-state kinetic parameters in Table 2 and not from viscosity data.

k
(kca{erptid(y7 = rj'k:g (3)

({5;

.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\‘ A

Equations 2 and 3 predict that the slope values will fall
between the limits of 0 and 1 where the former represents a
viscosity-insensitive parameter and the latter represents a
viscosity-sensitive parameter. In some cases (e.g., Figure 2B,
R1130L), the data fokca/Kpepide display some scatter, but
this occurs only when the parameter is mostly viscosity-
insensitive andkcalKpepiad” approximates zero. As shown -1
in Table 3, these slope values fall between the expected limits

given the measurement errors. We can use the rate expres- gypstrate 0
sions forkcat [kska/(Ks + Ka)] @andkealKpeptide[Koka/(K-2 1 k3)]

and eqs 2 and 3 to determine the individual steps in Scheme
1. In addition, the dissociation constants for the substrate 1
peptides can be estimated using eq 4.

N\

‘\k\\\

SRR

S

Kol Kin

(mM'sec™)

2

Protein

Ficure 3: Effects of mutations oRcalKpepigefor P+1(Glu), P+1-
(Ala), and Pr1(Lys). The three enzyme forms are designated on

Koeniigdd — ( ' ’7] the protein axis as 1, 0, an€l for wild type, R1130L, and R1130E,
q= pept'de[ kca[erm'dg (4) respectively. The three peptide forms are designated on the substrate
[1— (ko] axis as—1, 0, and 1 for R-1(Glu), P+1(Ala), and P-1(Lys),

respectively. The values d€afKpepige for P+1(Glu), P+1(Ala),
and Pr1(Lys) are displayed in the striped, open, and dotted bars,

By applying this approach to wild-type v-Fps and the respectively.

mutants, the individual steps in the kinetic mechanism can

be assigned (Table 3). aspartate (DADIYDAID) leads to no changes in the kinetic

parameters24). Again, these findings are consistent with

DISCUSSION the library search which predicts that residues outside the
Protein kinases phosphorylate the correct substrates based?+1 and P-1 positions will play a diminished role in

in part, on the local sequence elements flanking the site of determining substrate specificit{ ).
phosphorylation ). For the nonreceptor TPK, c-Fps, the Effects of Mutations on the Steady-State Kinetic Param-
optimal peptide EEEIYEEIE was generated from a random eters.To investigate the importance of the-P position for
peptide library search, but the-2 and P+1 positions were  controlling the substrate specificity of v-Fps, the steady-state
identified as the primary determinants for efficient catalysis kinetic parameters for the kinase domain were measured
(16). This peptide is an excellent substrate for the kinase using three peptides that differ by substitutions in tHelP
domain of v-Fps, as well, displaying a turnover number position (Table 1). The kinetic parameters were measured
similar to that for PKA and its best substrat@s,(24). Based for these substrates using wild-type v-Fps and two mutants
on the relatedness of the kinase domains in the Fps/Feghat substitute Arg-1130 for leucine (R1130L) or glutamate
enzyme family, it is likely that the specificity of v-Fps is (R1130E) in the putative-P1 pocket of the enzyme (Figure
similar to that for c-Fps. In support of this claim, replacement 1). The desired effect is to generate three enzyme forms and
of the P-1 isoleucine with alanine causes an 8-fold drop in three substrates that differ by charge. As shown in Table 2,
KealKpepiide (23), In keeping with the library search for c-Fps  the steady-state kinetic parameters vary considerably within
(16). Replacement of the P3 and P2 glutamates with  the enzyme and peptide series. As shown in Figure.2,
alanine (EAEIYEAIE) results in no changes in the steady- KyepigeVaries greatly within the peptide and enzyme series.
state kinetic parameters for v-F@&. Furthermore, replace- In this plot, thex- and y-axes display the substrate and
ment of the P-4, P-2, P+1, and P-4 glutamates with enzyme charges assuming that the relevant amino acids (i.e.,
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the P+1 position in the peptide or the 1130 position in the
protein) adopt ionization states predicted by their solvét p
values at neutral pH. As shown in FigureK3a/Kpeptide fOr
P+1(Glu) is reduced by 6- and 50-fold for R1130L and
R1130E compared to the wild-type enzyme (striped bars).
These data indicate that a progressive charge change in the
putative P+1 pocket from+1—= 0= —1 causes a reduction

in preference for the negatively charged peptide variaht,-P
(Glu). This is expected based on an electrostatic consideration
of the putative B-1 pocket and peptide position. This trend

is also observed for P1(Ala) although the magnitude of
the relative change is considerably reduced, an outcome
expected from reduced chargeharge interactions. Finally,

an inverse trend in specificity is observed for the lysine -1
peptide. For R-1(Lys), KealKpepidge iS increased by ap- 1
proximately 3-fold for both R1130L and R1130E compared FiouRe 4 Effects of Mutations orKg for P+1(Glu), P-1(Ala)

to th? W|Id-type enzyme (dott_ed bars). This obser\_/anon 'S and P+—1'(Lys). The three enzyme (%orms are des:ignated on the
consistent with an electrostatic model for the putatiielP  5otein axis as 1, 0, and1 for wild type, R1130L, and R1130E,
pocket, but the magnitude of the effect is small compared respectively. The three peptide forms are designated on the substrate
to that seen for £1(Glu) in the same enzyme series (i.e., axis as—1, 0, and 1 for R-1(Glu), P+1(Ala), and P-1(Lys),

wild type = R1130L= R1130E). Overall, théa/Kpeptide respe_ctlvely. T_he values &f; for wild type, R1130L, and R1130E
data follow simple electrostatic predictions although other are displayed in the striped, open, and dotted bars, respectively.
factors must be involved in governing the substrate specificity
of v-Fps.

The data displayed in Figure 3 demonstrate how the
relative substrate specificity of v-Fps changes for each
peptide within a given enzyme series (i.e., same coded bars)
A comparison of each enzyme form within a given peptide
series also provides unique insights into these specificity
changes. Based OKia/Kpepide Wild-type v-Fps prefers to
phosphorylate #1(Glu) over P-1(Ala) and P-1(Lys) by
4- and 200-fold. These are large changes in specificity that
are consistent with electrostatic complementary in the
putative P+1 pocket (Figure 1). For R1130L, this range of
effects is truncated dramatically, and for R1130E, all peptides

are phosphorylated with similar rate constants. This result4_3 This binding trend is predicted based on the charge

is not predicted from a simple electrostatic consideration of chanaes in the P1 position of the peptide and its expected
the mutants and substrates and suggests that other compen 9 b Pep P

. . interaction with Arg-1130 (Figure 1). Replacement of this
sating effects are at work. Nonetheless, comparison of the . . TR
keafKpeptce data in Figure 3 indicates that the general trend residue with leucine (R1130L) limits significantly the range

in the data across the enzyme and peptide series is consister?[f these gffects (open bars), and, for R1.139E, all three
with a direct role for Arg-1130 in controlling substrate peptides bind equally well (dotted bars). While it reasonable

. . . . 2 to expect that R1130L might be insensitive to the nature of
speuﬂqty. Oyerall, mserpon of a glutamic acid in place of the PF')l-l position of the p%ptide the absence of a peptide
an argininé in thg .putatlve—P.L pocket causes a 50-f9l(_j response to R1130E suggests that other factors are important
reduction in the ability to phosphorylate a peptide containing for peptide recognition. For example, inappropriate orienta-
a P+1 glutamate and leads to a 3-fold increase in the ability tion of the two side chéins in theﬁF!L(L’ys)'R1130E pair or
to phosphorylate a peptide containing & Plysine. This . . ; . ' s
amounts to an overall relative specificity change of 150- g:)hrﬁ; Tﬁéggiggzgeée?:#aengg;céﬁt'?r;?f d”&’:}?r?é r;r%)l/u())ver
fold in .V'prc' by a single amino acid s.ubs.t|tut|on. Whatever the cause, the data clearly indicate that Arg-1130

Peptide Binding EffectSteady-state kinetic measurements

are useful for comparing the catalytic efficiencies of an 's interacting with the glutamate in theff2 position of the

: substrate since replacement of this residue with glutamic acid
enzyme for different substrates. However, these parametersieaols to a 3-fold or more enhancement in the affinity 6flP
alone do not provide a mechanistic source of the specificity (Lys) and a 3-fold reduction in the affinity of-PL(Glu)

changes in Figure 3. To gain further insights into the kinetic Since the peptides in Table 1 exchange rapidly with wild

mechanism of v-Fps and its mutant forms, we measured thetype and mutants based on viscosity measurements (Table

|nd|v_|dual steps in th_e kinetic mechanism using a Viscoso 3), the catalytic efficiency of the enzymela/Kpepigs iS
metric approach. This approach has been used earlier to .

. S . : related to the ratio of the rate of phosphoryl transfer and the
determine kinetic mechanisms for wild-type and mutant

forms of v-Fps {, 23—25) and PKA £8—31). It has been —
3 Although viscosity measurements could not be made-eh(Bys)

shown previously t.hat’ for Wlld_typ? v-Fps and-B(Glu), . with wild-type v-Fps, we presume that this substrate is in rapid exchange
the enzyme ATP binary complex binds the substrate with yith the enzyme since the other peptides have low valueskigf (
moderate affinity K-o/k, &~ 1 mM andks; < k-,) to form the Kpeptidd” and Kpepiigeis high (Table 2).

\
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central complex (EATP-S) and turnover is partially con-
trolled by the rate of phosphoryl transfég & 40 s) and

net product releasdy= 20 s 1) (24). As shown in Table 3,
similar kinetic parameters were measured for this preparation
of wild-type v-Fps.

A salient feature of the viscosity approach is that dis-
sociation constants for substrate peptides can be determined
using eq 4. Th&y values for the three peptides are presented
in Table 3 for the enzymes and are displayed in the bar
diagram in Figure 4 for more direct comparison: KGlu)
binds 3- and, at least, 10-fold better to the wild-type enzyme
than P+1(Ala) and P+-1(Lys) (striped bars). ForP1(Lys),
only a lower limit of 10 mM can be placed dfy using eq




Substrate Specificity Studies in v-Fps

dissociation constant of the peptide (i.RafKpeptidze = ka/

Kg). As shown in Figures 3 and 4, the change&:iKyeptide

for the enzymes follow the observed change&inThe 4-
and 200-fold reductions ikea/Kpeptigefor P+1(Ala) and P+-1-
(Lys) compared to P1(Glu) for wild type are reflected in

a 3- and, more than, 10-fold decrease in peptide binding
affinity for these peptides. The entire change in substrate
specificity for P+1(Ala) compared to #1(Glu) is due to
changes in binding affinity with no changes in phosphoryl
transfer (Table 3). Since only a lower limit on ti& for
P+1(Lys) could be measured, only a portion of the specificity
change for this peptide could be attributed to binding effects.
However, this contribution (approximately 50%) is a lower
limit so that it is possible that a larger portion of the
specificity change could be due to changes in peptide binding
affinity. For R1130L, there are no changeskig/Kpeptigefor
P+1(Glu) and P-1(Ala) (Table 3), and, likewise, there are
no significant changes in peptide affinity (Figure 4). In
contrast, the 9-fold drop in substrate specificity for R
(Lys), compared to #1(Glu) for this mutant, is accounted
for partly by a 2-fold increase in peptid€y (Figure 4),
implying that ground state interactions in this peptide
enzyme complex justify approximately 25% of the observed
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4-fold. While it is difficult to rationalize these effects within
the peptide series, in general, the mutants deliver the phos-
phoryl group from ATP at rates that are-89-fold lower

for all peptides compared to wild type and-B(Glu). These
effects are significant and can account for some of the
absolute specificity changes within the enzyme series. For
example, the reduction ikcafKpeptige fOr P+1(Glu) upon
replacement of Arg-1130 with glutamate is due to a 20-fold
reduction inks with only a 3-fold reduction in peptide binding
affinity (Table 3). For P-1(Ala) and R1130E, the 7-fold
reduction inkca/Kpepide COMpared to this peptide and wild
type is due entirely to changesks(Table 3). Despite these
changes, for f1(Lys), the 3-fold increase iRafKpeptigefor
R1130E compared to wild type may be explained entirely
by changes irKq.

A Multifunctional P+1 PocketThree observations indicate
that Arg-1130 interacts directly with residues in the-P
position of substrate peptides. Firstt B(Lys) binds, at least,
4-fold better to R1130E than to wild type (Table 3). Second,
P+1(Glu) binds 3-fold better to wild type than to R1130E
(Table 3). Third, the mutations do not affect ATP affinity
(Table 2), suggesting that Arg-1130 does not interact with
the nucleotide and the mutations do not have global effects

specificity change. For R1130E, there are no notable changen structure.Karp values for R1130E and wild type are

in peptide binding affinity and no significant changes in
substrate specificity within the peptide series (Figures 3 and

similar. AlthoughKarp values for R1130L are larger than
wild type by approximately 2-fold, the predictég values

4). Overall, the progressive disappearance of substrateare similar (Table 3j.While it is difficult to rationalize these

specificity within the peptide series (stripeedlopen— dotted
bars in Figure 3) follows the trends in peptide binding
affinities (same coded bars in Figure 4).

Effects on Phosphoryl Transféi/hile the relative changes
in peptide affinities (Figure 4) correlate with the relative

observations and the relative specificity changes in Figure 3
without a vicinal Arg-1130 in the 1 pocket, the data
presented herein suggest that recognition of substrates via
this pocket does not rest solely on chargharge interac-
tions. As shown in Figure 4, R1130E is not sensitive to the

changes in substrate specificities (Figure 3), the absolutecharge in the 1 peptide position as expected. A portion

changes in affinities do not account for the absolute changesOf this effect may be due to subtle conformational changes
in substrate specificities in all cases (see previous section).that alter residues in the pocket. If this region in v-Fps is
These observations imply that changes in the rates ofSimilar to thatin the InRK (Figure 1), several hydrophobic
phosphoryl transfer are also important for understanding the ontributions may stabilize the peptide side chain. Whatever
effects of the mutants. As shown in Table 3, for wild type, the cause, the changes in peptide affinity for the mutants
there is no change ik for P+1(Glu) and P-1(Ala), and can be explained partly through chargeharge interactions,
the value for F-1(Lys) is indeterminate. The absence of an but certainly others factors such as van der Waals contacts

effect in the former case may indicate that the negative
charge in B-1(Glu) may have no influence on the “in flight”
phosphoryl group, but the reduced binding affinity of R
(Ala) compared to B1(Glu) suggests that there are differ-
ences in the stability of the two peptides in the active site.

participate in the 1 pocket of v-Fps. In this way, thet”L
pocket of v-Fps, unlike that for the INRK or PKA, may be
multifunctional, taking advantage of both charge and hy-
drophobic contacts with the substrate. These characteristics
of the pocket may also explain why v-Fps and its family

The absence of large relative effects on phosphory! transfermembers phosphorylate tyrosine residues with carboxylate

for the glutamate and alanine peptides in both mutants (i.e.,
<2-fold) suggest that this is a general phenomenon for the
enzymes (Table 3). In comparison, the rate of phosphoryl
transfer to R-1(Lys) is slower than that forP1(Glu) and
P+1(Ala) for R1130L by 4-6-fold. For R1130E, the rate

of phosphoryl transfer for P1(Lys) is similar to that for
P+1(Glu) but lower than that for1(Ala) by approximately

4Equation 4 can be used to predict the true affinities of ATP for
wild type and mutants assuming that.(Kate)” which replacesk;a/
Kpepiad” is 0, an observation made previously for the wild-type enzyme
(2). This analysis provides 4 of 0.83 mM for wild type using F1-
(Glu). Similar affinities are estimated for R1130E using®Glu) and
P+1(Ala) and for R1130L using P1(Ala). For R1130E and P1-
(Lys) and for R1130L and P1(Glu) and P-1(Lys), theKq values are
approximately 2-fold lower, but the errors in these measurements are
large given the error ifKatp (Table 2).

or noncharged residues in therP position although the
former is preferred.
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