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ABSTRACT. In addition to a magnesium ion needed to form the ANRy complex, we have previously
determined that at least one more free2Mgpn is essential for the activation of the protein tyrosine
kinase, Csk [Sun, G., and Budde, R. J. A. (19Bichemistry 362139-2146]. In this paper, we report

that several divalent metal cations, such agMc?t, Ni2", and Zi#™ bind to the second MJ-binding

site of Csk with up to 13200-fold higher affinity than Kfg This finding enabled us to substitute the free
Mg?* at this site with MA*, Ca?t, Ni?*, or Zr#t while keeping ATP saturated with Mg to study the

role of the free metal cation in Csk catalysis. Substitution by these divalent metal cations resulted in
varied levels of Csk activity, with MiT even more effective than Mg. Co?™ and NF+ supports reduced
levels of Csk activity compared to Mg Zn?™ has the highest affinity for the second Rtebinding site

of Csk at 0.65uM, but supports no kinase activity, acting as a dead-end inhibitor. The inhibition 3y Zn

is reversible and competitive against free Wgnoncompetitive against AFPMg, and mixed against the
phosphate accepting substrate, palyEsignificantly increasing the affinity for this substrate. Substitution

of the free M@+ with Mn2*t, Cc?*™, or Ni2* also results in loweK, values for the peptide substrate.
These results suggest that the divalent metal activator is an important element in determining the affinity
between Csk and the phosphate-accepting substrate.

Protein tyrosine kinases (PTKare important enzymes in ~ For maximal kinase activity, PTKs require Ffgat concen-
cellular signal tranduction that control cell growth and trations much higher than necessary to saturate ATP,
differentiation (). Activation of these enzymes by disruption suggesting an additional role for the divalent metal cation
of their regulation, overexpression, or mutation often leads (DMC) in the catalytic activity of this class of enzymes
to transformation of the host cells. For this reason, many (6, 7). We recently demonstrated that, in addition to using
PTKSs, such as growth factor receptors and members of theMg?* to form ATP—Mg, PTKs also require an additional
Src family, are key targets for drug discovery in proliferative Mg?t as an essential activatoB,(9). Kinetic evidence
diseases such as canceé?, @). Csk is a soluble PTK  suggests that the second Mappears to activate PTKs by
structurally similar to members of the Src family. It regulates one of two mechanisms: increasing the affinity for ATP
PTKs of the Src family by phosphorylation of a Tyr residue Mg or increasing the catalytic efficiency without affecting
near their C-termini, which results in their inactivation the binding of ATP-Mg. IRK and v-Fps utilize the first
(4,5). mechanism 10, 11) while Src and Csk utilize the second

Most enzymes that catalyze displacement at phosphoric(8). Both mechanisms are still poorly understood. Since the
esters (kinases and phosphatases) along with enzymes thajecond M@" appears to be a key component in their catalytic
carry out the synthesis and degradation of phosphodiestermachinery, understanding its structural environment and how
bonds (RNA and DNA polymerases and restriction endo- jt activates PTKs will provide an important probe to the
nucleases) have a requirement for two metal ions. Metal ionscatalysis of this class of enzymes. Such information will also
can act as essential cofactors through an indirect structuralpe useful for drug discovery efforts directed at the active
mode in which they facilitate the formation of the transition sjte of PTKs. Furthermore, there is increasing evidence that
state, release of products, or through a mechanistic mode inthe concentration of free Mg in cells is tightly regulated
vv_hich they_or a water molecule bound to t_he metal play a (12, 13) and that M@* influx is an important step in the
direct role in catalysis. PTKs catalyze a bisubstrate phos- stimulatory action of growth factord.4). The sensitivity of
phoryl-transfer rgacnon, with ATPMg complex as the PTK activity to Mg* fluctuation @, 10) may provide a
phosphate donating substrate and a tyrosyl hydroxyl group mechanism for extracellular signals to modulate the activity
in an appropriate protein structure as the phosphate acceptorgsf these enzymesS). For these reasons, it is important that

we further understand the interaction of freeVgith PTKs
T This work was supported by NIH Grant CA53617. and how that interaction accelerates the phosphorylation
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1 Abbreviations: DMC, divalent metal cation; IRK, insulin receptor W€ designate the Mg that binds to_ ATP_aS M1 and the
tyrosine kinase; PTK, protein tyrosine kinase. free Mg?* that serves as an essential activator as M2.
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The coordination and function of M1 in PTK-catalyzed

Sun and Budde

Table 1: Kinetic Values for Divalent Metal Cations that Support

phosphoryl transfer reactions are better understood than those sk catalytic Activity

of M2. The only direct structural information on M2 is from
the recently published crystal structure of activated insulin
receptor kinase (IRK), which has two Figions coordinated
within the active site 15). M1 is directly bound to thes-
andy-phosphate oxygens of ATP while M2 is bound to the
B-phosphate oxygen of ATP and two amino acid residues,
E1047 and D1150, either directly or indirectly through water
molecules. This finding confirmed our earlier kinetic studies
on the requirement of two Mg by PTKs and the interaction

of M2 with ATP is consistent with the evidence that the
second M@" activates IRK by increasing its affinity for
ATP—Mg (6, 10). But this structural information with regard
to M2 is unlikely to extend to PTKs utilizing an apparently
different mechanism of M2 activation, such as Csk and the
Src family.

In this communication, we probed the M2-binding site of
Csk and found that several DMCs interact with this site with
much higher affinity than Mg. Since they have equal
affinity for ATP, this finding enabled us to substitute M2
with different DMCs and keep Mg bound to ATP as M1.
Such studies provided further insight into the mechanism of
PTK activation by M2 and potentially important clues for
rational drug design targeting the active sites of these
enzymes.

EXPERIMENTAL PROCEDURES

Enzymes and ReagentSsk was expressed as a fusion
protein with glutathioné&-transferasel() and streptagl(7)
in Escherichia coliusing a dual tag expression systehg)(
The two-step affinity purification and removal of GST was
carried out as described ). Csk used in this study was

metal % Csk Ko 1Cs¢° log Km (aTP-DMC)
cation activity*  (mM) (M)  Kgare/ (uM)e
Mg?*+ 100 2.3 4.86 66
Mn2+ 190 0.5 25 5.00 27
Co*t 14 0.4 8 4.62 33
\[Eas 7 0.5 13 4.54 82

aCsk activity was determined in the presence of 1 mM DMC and
0.2 mM ATP. The turn-over numbers in the presence of 1 mMig
Mn2*, Ce**, and N?* are 0.5, 0.95, 0.07, and 0.035 minrespectively.
b Kosvalues were defined as the concentration of a given divalent metal
cation that produced 50% of the optimal Csk activity for that divalent
metal cation® ICs values are the concentrations of the divalent metal
cations that resulted in 50% of the maximal inhibition of g
supported Csk activity that was observed. For?Mrthe value is the
concentration that activated Migsupported Csk activity 50% of the
maximal activation observed. These inhibitory or stimulatory effects
on Csk catalytic were determined in the presence of 6 mM IYg@d
0.2 mM ATP.9 Taken from ref21. ¢ Determined in the presence of 1
mM DMC.

comparison of the reaction rates indicates if EDTA reversed
the inactivation or inhibition by the DMCs.

RESULTS

Mn2*t, Co?t, and NP" Support Csk Catalytic Actity. In
addition to magnesium, Mn, Co**, and N?* can also
support Csk catalytic activity 10). Our survey of 15
commercially available DMCs confirmed these results and
did not reveal any other metals that are able to support Csk
activity. Unlike Mg?* which has &, 5 value for Csk of 2.3
mM, Mn2+, Co*", and NF™ had much lowekKqs values of
0.4-0.5 mM (Table 1). The optimal concentration of kg
is 5—10 mM, while optimal Csk activity was achieved at

tagged with streptag, a 10 amino acid peptide, and purified 1—2 mM Mn2*, Ce?*, or Ni2*, with higher concentrations

to apparent homogeneity. Divalent metal cations in the form

of chloride or acetate salts were purchased from Sigma-

Aldrich Chemical Co. All other chemicals were purchased
from Sigma Chemical Co.

Kinase AssaysFor determination of PTK activity, we
measured the phosphorylation of poklyEusing the acid

precipitation onto filter paper assay. The standard phosphor-

ylation reaction contained 0.2 mM/{*2P]JATP (600 dpm
pmol?), 1 mg mL polyEyY, 6 mM MgCl,, 75 mM EPPS-
NaOH (pH 8.0), 5% glycerol, 0.002%-mercaptoethanol,

resulting in reduced activity. At 1. mM DMC, the highest
Csk activity is obtained with M#, while Ni?* gives the
lowest, in the following order: M# (190%) > Mg?"
(100%)> Co** (14%) > Ni?* (7%). The higher Csk activity
supported by MA" is consistent with a previous repoa),

yet the optimal concentrations of €oand N?* are lower
than previously reported values of 2.5 and 6 miB)(
respectively. These higher values are probably the result of
using higher concentration of reducing agent, which chelates
divalent metal cations and thus lowers their effective

and appropriate amount of enzyme. The appropriate amountconcentrations in solution.
of enzyme transferred approximately 200 pmol of phosphate  Since Mg+ plays two roles that are essential for the

in 30 min under these conditions. When tkg and Viax

catalytic activity of Csk as demonstrated previoudy, the

values were determined with regard to one substrate, theapility of Mn2*, C**, and N?* to support Csk activity in
concentration of that substrate in the assays was variedthe absence of Mg indicates that they can substitute for

between 20 and 200M (in the case of ATP) or mg mt*
(in the case of polyE) while the concentration of the other
reaction components remained constant.

Reversibility of Inhibition of PTKs by Dialent Metal
Cations To determine if the DMC inactivation or inhibition
of PTK activity is reversible, the conditions that reverse the
inactivation/inhibition were determined. For these experi-

Mg?" at both M1 and M2. The different levels of catalytic
activity supported by these DMCs are composite measures
of their ability to serve as M1 and M2. Kinetic analyses
indicate that the lower activity in the presence ofCand

Ni?* is not the result of lower affinity for ATRCo or ATP—

Ni complexes compared to AFRMg (Table 1;K,). Since
Mn2*, Co?*, and N?#* have binding constants for ATP that

ments, phosphorylation reactions that are in the presence oare similar to Mg"-binding ATP (Table 1K), the lower
absence of a DMC were started, and the time course ofKqsvalues indicate that they have higher affinity thana¥g

phosphorylation was monitored. After a linear reaction rate for the M2-binding site of Csk. This possibility was further
was established, EDTA was added to the reactions. Theinvestigated by determining the effect of low concentrations
reaction rate after the addition of EDTA was determined. A (up to 0.2 mM) of these DMCs on Csk activity assayed with
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< 200 T Table 2: Inhibition of Csk Kinase Activify
g0 s M salt % of inhibition of Csk
g0 BaCl, 0
PO fEm— BeCh 45
T 40 Co* CdChk 97
E 0 CaCb 0
0 50 100 150 200 CrCl ND®
MeCl, concentration (uM) (E:Lljglls gg
£ w0 GaCb 50
1 FeCk 11
& PbAG 43
g ¥ KoPtCly 32
g a Calculated SI’ACz 3
= 20 4 Determined SnCh 0
.E ZnAc; 100
s 0 0 20 40 60 80 100 2The kinase activity was assayed in the presence of 6 mM Mg_CI
CoCl, concentration (M) and 10uM of the DMC to be tested. Other components of the reaction
2 concentration {y are as described for the standard assay reaétb. = not determined,
3 o C since Ct' precipitates ATP on to the filter paper under our assay
< conditions, making it difficult to accurately determine its effect on the
i kinase activity.
S 40
S
=]
2 20 & Caloulated site: first, C@* and N#* bind to this “inhibitory binding
I—E » Determined site” with affinity similar to their binding to the M2-binding
£ 0 site (see Figure 1 and Table 1); second, Csk is partially active
0 30 100150 200 when both the “inhibitory site” and the M2-binding site are
NiCl, concentration (uM) saturated with C& or Ni2™; and third, the inhibition curves
FiGure 1: Effect of Mr?*, C*, and NP+ on Mg?*-supported Csk ~ Suggest a single binding site for €oand NF'. Mn?*
kinase activity. (A) Concentration-dependent effect of2MgA), stimulated Csk activity up to 1.9-fold, with obvious stimu-

Co** (@), and NF* (O) on Csk kinase activity. In the Csk activity  [atory effect even at low micromolar concentrations, indicat-

ass?ﬁ” 6 mM Mg atr;]d 0;[2 ”&M QTP aredpres‘?tr)“a(?thtﬁr Cé’”dm.ons .ing a binding site that has a preference for¥Mover Mc?+.
are the same as in the standard assay described in the Experimen o . = . .
Procedures. (B) Comparison betweer?Cimhibition of Csk with uantitative analysis of Csk activation by Ktnis compli-

a calculated inhibition curve. The calculation was conducted using cated by its interaction with ATP at higher concentrations.
Microsoft Excel. Various curves were generated using assifged  Nevertheless, these results indicate that*Mhas higher
values and maximal levels of inhibition. The calculated curve that affinity for the M2-binding site and is a more effective

best fits the determined curve as shown ha§af 12 uM and : P
maximal level of inhibition of 54%, (C) Comparison betweernj  2ctivator for Csk than M. These results together indicate

inhibition of Csk with a calculated inhibition curve. Curve fitting that Mre*, C°2+3 and NFT an SUbSt'tUte_for NRJL at M_Z,
was conducted the same way as in panel B{;/value of 20uM and all three bind to this site of Csk with higher affinity
and maximal level of inhibition of 53% were derived. than Mg*. Csk is more active when Mg at M2 is replaced

with Mn?*, and less active when Mg at M2 is replaced
6 mM Mg?* and 0.2 mM ATP. The greater than 30-fold with Co?* or Ni2*. Although the affinity of M2 for Csk is
difference in concentrations between M@nd other DMCs  similar to M1 affinity for ATP, theKy s is dependent on the
ensures that the majority of ATP is bound to WMand the concentration of both ATP and Csk, whilesiG@s dependent
effect of the other DMCs would be through interaction with only on the concentration of Csk. Since the concentration
presumably the M2-binding site. Under these conditions, of ATP (0.2 mM) is much higher than that of Csk (0.06
Co?™ and NP™ were inhibitory, while MA* stimulated Csk  u«M) in the assay, th&, s values for C8" and N are much
catalytic activity (Figure 1A). The inhibition by C6 and higher than the 16, values.

Ni#" was partial, reaching plateaus of approximately 50%  |nhibition of Mg**-Supported Csk Catalytic Aetty by

at 100uM Co?* and at 20uM Ni?*. The lack of complete  Other DMCs Although none of the other DMCs were able
inhibition by C&* and N#* indicates that when this site is  to support Csk activity in our assay, it is not clear which
saturated with C8 or Ni?", Csk is less active compared to  one of the two roles, M1 or M2, these other DMCs were
when this site is occupied by Mg The parabolic appear-  not able to serve. It is possible that some of the DMCs could
ances of the inhibition curves suggest a saturatable singlebind to the M2-binding site with high affinity even though
binding site for these metal cations. When the data were fitted they do not support Csk activity. We tested different DMCs
to a parabolic equation assuming a single binding site (Figureat 10uM for their ability to inhibit Csk catalytic activity in

1, panels B and C)q values of 12uM for Co?* and 20 the presence of 6 mM Mg. The concentration of 10M

uM for Ni?" were obtained. Best fittings of the data were was chosen so that the large difference (600-fold) in the
obtained assuming that saturation by?Cimhibits Csk 52%  concentrations of Mg and the DMCs minimizes any
and saturation by R inhibits Csk 53%. Under these inhibitory effect exerted by complexing with ATP and this
conditions, ATP is more than 95% saturated witha¥ghus also avoided solubility problems of the metals. Among 14
the inhibitory effects are exerted through binding to another additional DMCs tested (Table 2), Znand Cd* at 10uM

site on Csk. Three observations suggest that this “inhibitory inhibited Csk activity more than 95% while several other
Co**- or Ni?*-binding site” is the same as the M2-binding DMCs showed moderate levels of inhibition. Thed@alues
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FIGURE 2: Inhibition profile of Mg*-supported Csk activity by
CdCk and ZnAg. The assay contained 6 mM MgGind 0.2 mM
ATP.

of Cc?™ and Zri#* inhibition of Csk under these conditions
were 0.3 and 0.xM, respectively (Figure 2).

Zr?t and Cd" Decrease Csk Catalytic Aetty by Dif-
ferent MechanismsThe presence of a DMC may cause a

decrease in Csk activity by various mechanisms, such as

binding to a specific site on the enzyme, nonspecific
denaturation, oxidation of cysteine residues, binding to the
substrate, etc. Interaction with polyE as a reason is
eliminated since the concentration of this substrate is far
greater than the concentration of the inhibitory divalent metal
cations used. If the inhibition is caused by binding to a
specific site on the enzyme, the inhibition should be reversed
by removal of the DMC from this reaction. We determined
if the inhibition of Csk by ZA" and Cd" can be reversed
by addition of NaEDTA. EDTA has much higher affinity
for Zr?* and Cd" than for Mg* (21) and thus preferentially
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Ficure 3: Reversibility of inhibition/inactivation of Csk activity

by Zr#™ and Cd*. The reversibility of ZnAg (A) and CdC} (B)
inhibition of Csk catalytic activity was determined. Assay conditions
were the same as in the standard assay except the additions noted
in the figure and below. The arrows indicate the time when 0.2
mM EDTA was added. @) Control, no ZnAg or CdCL was
present; @) 1 uM ZnAc, (A) or CdCL (B) is present; ) 1 uM

ZnAc; (A) or CdClL (B) is present and 0.2 mM EDTA was added
into the reaction at the time indicated by the arrows.

chelates these DMCs even in the presence of much higher

concentration of Mg. Csk phosphorylation of polyf¥ with

0.2 mM ATP and 6 mM MgGl was monitored in the
presence or absence ouM ZnAc, (Figure 3A). ZnAg at

1 uM caused significant inhibition of Csk activity as expected
(1.6 versus 8.2 pmol mir). At the indicated time after the
start of the reaction, 0.2 mM NBDTA was added. Removal
of Zn’* by EDTA from the reaction relieved its inhibition
and allowed Csk activity to fully recover as indicated by
the slope (9 pmol mirt) that is similar to the positive control.
This indicates that Z41 inhibits Csk activity by specific
binding instead of other nonspecific mechanisms. In contrast,
the inhibition/inactivation of Csk activity by Cd is not
reversed by addition of 0.2 mM MaDTA (Figure 3B). The
fact that it is not reversed by removal of €dvith EDTA
indicates that the decrease of Csk catalytic activity is not
caused by C# binding to the M2-binding site but rather
by modification of Csk. C# and some other transition
metals are known to inactivate enzymes by oxidation of Cys
residues that are important for their catalytic activiB?)(
When an additional reducing agent, such as 1 mM DTT,
was added into the assay, Tdloes not cause a decrease of
Csk catalytic activity (data not shown). In addition, inhibition
by C" could be reversed by treatment wjthmercapto-
ethanol, confirming that the mechanism of?Cihactivation

of Csk is by oxidation. These results together indicated that
Zn?* inhibits Csk activity by binding to the enzyme in a
reversible manner, while Gtl caused a decrease of Csk
activity by modification, probably oxidation of cysteine
residues. Fitting of the concentration-dependent inhibition

data by ZA" to a parabolic equation gaveka value of 0.65
UM.

The Inhibition of Csk Catalytic Aatity by Zr#* Is by
Competing Against M2Ne have previously show8) that
the activation of Csk by free Mg does not affect the affinity
between Csk and ATPMg, but increases it¥max. Next,
we determined if binding of Z interferes with the binding
of ATP—Mg. Complexes between ATP and some DMCs,
such as Cr, have been reported to inhibit ATP utilizing
enzymes as competitive inhibitors of AFRIg (23). Csk
catalytic activity was evaluated at different concentrations
of ZnAc, with ATP—Mg as the variable substrate in the
presence of 6 mM Mg (Figure 4A). Increases in the
concentration of Z# resulted in decreases in tMgx but
did not affect theK,, for ATP—Mg. This result is not
consistent with the possibility that the inhibition of Csk
activity by Zr?t is the result of ATP-Zn being a competitive
inhibitor against ATP-Mg, thus leaving binding to the M2
site as a plausible explanation.

This possibility was directly examined by determining Csk
activity in the presence of variable concentrations of free
Mg?" and Zr#* (Figure 4B). Although M2 is not a substrate
for the phosphorylation reaction, as an essential activator it
can be treated as a substrate for the purpose of kinetic
analysesZ4). The concentration of free Mg is calculated
by subtracting the concentration of ATP from the total
concentration of Mg§". We have previously shown that other
components in our assay do not significantly chelateé™Mg
or reduce the concentration of free KMgn the assay§).
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Ficure 5: Effect of M2 substitution on the kinetics of Csk. Effect

0.05

0 of 0.2 mM Mr#t (O), Cc?™ (O), or Ni2+ (#) on the kinetic patterns
of Mg?*-supported Csk activityl{) with polyEsY as the variable
substrate was determined.

0 01 02 03 04
1/[free Mg?]
. mechanism of Z# inhibition of Csk catalytic activity. First,
C 0.16 / we reported earlierg] that increasing concentrations of free
0.12 . 0.5 Mg?* resulted in near proportional increases in Kygand
I / 0.25 Vmax Of Csk when polyEY is the variable substrate. The fact
(umol/min/mg)*  0.08 / 0 that increasing concentrations of free?Zias the opposite
effect confirms that Z# inhibits Csk catalytic activity by
competing with the second Mg Second, the effect of 2h
on the affinity for the phosphate-accepting substrate indicates
a potential interaction between the two. The involvement of
o . M2 in peptide substrate binding was further studied. We
Ficure 4: Effect of Zr#™ on the kinetic parameters of Csk activity determined how substitution of M2 by My Cc?*, or Niz+

2R " ;
with either ATP-Mg, free Mg™, or polyRY as the variable affects the interaction between Csk and the peptide substrate

substrate. (A) ATP-Mg is the variable substrate and MgCl ; e , v o
concentration in the assays was 6 mM. (B)Mgvas the variable ~ (Figure 5). Substitution of M2 with M#t, Cc?*, or Ni

substrate and the ATP concentration in the assays was 0.2 mM.significantly affected bottKy, andVimax values. The depen-
(C)_ch))luble reClptm(tl_a' plOt? of ll\/?g-_suglpmted Csk ac?\_/lty versus  dence ofK,, values for the peptide substrate on the metal
variable concentrations of polyE in the presence of increasing ; o ;
concentrations of Zn@l Concentrations of ZnAdn uM are noted _catlon sut_)stltutln_g for th_e second Rfgsuggests that M2 is
for each plot. involved in the interaction between the enzyme and the
peptide substrate. Thé,a« effect suggests that M2 does not

The apparenk, for free McZ* in the absence of ZnAvas only affect the interaction between the enzyme and the
determined to be 6.6 mM. Presence of increasing concentra-P€ptide substrate, it also significantly affects other aspects
tion of Zr?* up to 1xM does not significantly change the Of the catalytic process.

Vimax Of the enzyme but increases tkig for free Mg?* to 40
mM. This kinetic pattern indicates that Znas a Csk
inhibitor is competitive against free Mt The mutually
exclusive binding by free Zn and free M@* to Csk clearly

1 uM Zn2*

o
<
e

0 0.02 0.04 0.06
1/[polyE,Y] (ug ml")*

DISCUSSION

The effects of DMCs on PTK activity have been reported
(25, 7, 19). Most studies examined the kinase activity of
demonstrates that Zh inhibits Csk catalytic activity by  various PTKs in the presence of various DMCs. In a previous
substituting for M§" at the M2-binding site. A<; for Zn** report @), we found that Mg" plays two essential roles in
of 0.54M was obtained from these data, which is consistent the catalytic activity of PTKs. It binds to ATP to form the
with the K4 value determined above. This is a 13200-fold phosphate-donating substrate, ATfg complex (M1), and
higher affinity than M@* at the M2 binding site. it also acts as an essential activator (M2). The role and

Involvement of M2 in the Interaction between Csk and mechanism of M1 in PTKs are similar to most other ATP-
the Peptide Substrat®Ve next examined if Zii affects the utilizing enzymes and fairly well studied and understo@@l (
binding of the peptide substrate (Figure 4C). Increasing 27), but there is little information concerning the role of M2
concentrations of ZnAcresulted in seemingly proportional in PTK catalysis. The requirement of two DMCs make
decreases in bot#, and Vmax When polyRY was the studies of the M2 site complicated, in that it is difficult to
variable substrate. The kinetic pattern can be the result ofintroduce a change to M2 without affecting M1. Here we
either one of two inhibitory mechanisms, uncompetitive or report our findings that make such specific studies of the
mixed inhibition with similar effect orK,, and Viyax. Two M2 site possible. We found that Mh Co?t, Ni%*, and Zr#*,
observations suggest that it is the latter. First, extension of have much higher affinity for the M2-binding site of Csk
the lines indicate that they intersect below thaxis at a than Mg itself [more than 10000-fold difference zn2
common spot. Second, similar plots with another substrate, versusKamg+)]. This allows us to analyze the effect of DMC
RCM-lysozyme, resulted in lines that clearly intersect below substitution of M2 without significantly affecting which
the x-axis. These results indicate that the mechanism of DMC is bound to ATP as M1.
inhibition with regard to the phosphate-accepting substrate Several lines of evidence support our contention that the
is mixed and the effect o, andVnaxis dependent on the  substitution DMCs are specifically interacting with the M2-
substrate. This kinetic pattern reveals two insights into the binding site of Csk. First, the stability constant between ATP
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and all the DMCs used for the study are similar, and activity at optimal Mg@" concentrations, factdris far greater
therefore, the proportion of ATP complexed with each metal than 100. When ATPMgq is the substrate in consideration,
cation is determined by their relative concentrations. Since both o andj equal 1. When the substrate is the phosphate-
the concentration of MY is at least 30-fold higher than the accepting substratgd ranges from slightly greater than 1
substitution DMCs in our assay, more than 95% of ATP is for RCM-lysozyme to approaching the value obf for
complexed with M§". In the case of more detailed kinetic polyE,Y (8). Determination of a value fom using steady-
characterization carried out with Zh more than 99.9% of  state kinetics is complicated by the fact that the appdfent
ATP is bound with M@*. Second, increasing concentrations or K; is a function of not only E versus El or E versus ES,
of Zn?* did not affect the affinity for ATP-Mg, indicating they are also a function of EA, EA&,, 3, andb. Our results
that the metal substitution did not affect the function of M1. indicate that the apparent affinity of Csk forZror polyEY
Third, Zr?t inhibited Csk activity as a competitive inhibitor  are significantly enhanced by the binding of the other. Since
against free Mg". The mutually exclusive binding to Csk the affinity for the peptide substrate is significantly affected
provides the most direct kinetic evidence that the substitution by the metal cation at M2, it is possible that M2 interacts
cation is interacting at the M2-binding site. Finally, increasing with the peptide substrate in the active site of the enzyme.
concentrations of Z1 had the opposite effect on Csk kinetics Such a suggestion awaits to be confirmed by structural
as increasing Mg concentration in the assay. Such antago- studies. Although a large number of kinases require a second
nistic effects suggest that Znis competing with Mg" for Mg?* for catalysis, the kinetic effect, structural coordination
the same M2-binding site. and the mechanism of its involvement in catalysis varies
M2 substitution with MA*, Cc?*, Ni>*, and Zi#* indicates ~ widely within a single enzyme family29). For example,
that their ability to support Csk catalytic activity is roughly the cAMP-dependent protein kinase has two?M@ the
correlated to their ability to serve the function of M2. The active site, but binding of the second Mgeduces th&/pax
chemical bases for the observed biochemical differences areand theK, for ATP—Mg (30, 31), significantly different
not clear, but other chemical properties of a DMC, such as from the responses of any PTK that has been studied.
coordination number, polarizability, cation size, metal ~ Currently the only structural information on M2 of PTKs
ligand bond distance, etc., are expected to contribute to theirare from the crystal structure of IRK), in which two Mg*
ability to perform a particular biochemical functio?g( 29). were found in the active site. M2 in this structure is bound
Detailed structural and kinetic studies may reveal the to ATP and away from the peptide substrate. The close
chemical basis for the biochemical observations. The high- proximity and interaction between M2 and ATP confirmed
affinity binding between the M2-binding site of Csk and the kinetic conclusion that the bindings of M2 and ATP
Mn2*, Cc?*, Ni2*, and especially Z&t is not surprising Mg to IRK are mutually inclusive. But this information is
chemically. Due to differences in their atomic structures, not applicable to Csk and the Src family, since kinetic studies
these metal cations bind to most ligands much tighter than established that they are activated by M2 by a different

Mg?* (21). mechanism than IRK8). While M2 activates IRK by
The mode of inhibition of Csk activity by 2 is increasing its affinity for ATP-Mg, it does not affect this
competitive against M2, noncompetitive against ATWg kinetic parameter of Csk and Src. The decreaginyalues

and mixed against the phosphate-accepting substrate. Sincfr PolyEsY with increasing concentration of Zhindicate
Zn?+ is competitive against the free Mig the binding  thatbinding of ZA" to Csk-polyBY complex stabilizes (i.e.,
equilibrium can be represented in Scheme24)(In this  tighter binding) this complex compared to when Mds
scheme, E is Csk; S is the substrate being considered; A isbound to the M2-binding site. This effect is the opposite of
Mg?+ as M2; | is Zr**; P is the reaction product. Since the that when M@" concentration is increased. Together these
reaction rate of Csk approaches zero when the concentratiorPbservations suggest that one role of M2 as an activator is
of free Mc?* approaches zerg, is close to or equal to zero. to destabilize the interaction between Csk and tyrosyl

Since at the lowest concentration of free Mgve have used, ~ Substrate. Although this notion of an activator destabilizing
0.1 mM, Csk activity is approximately 1% of its maximal €nzyme substrate interaction contradicts the commonly held

belief that “a higher affinity substrate is a better substrate”,

Scheme 1: Binding Equilibrium between the Enzyme, a it has been proven both theoretically and experimentagy. (
Substrate, Divalent Metal Cation Activator and the The inhibition of Csk by Z&" in vitro which we have
Substituting Metal Inhibitor demonstrated may present an interesting biological problem.
BK, bk, Zinc is the second most abundant trace element with the
EA+8 =———=EAS > EA+P average person containing 2.3 g of zinc compaced ¢ of
iron. More than 300 zinc-containing enzymes are known.
Ka PKa l The concentration of free Zhin the cell is not known, but
most is bound by metallothioneins as a storage p88). (
A A Changes in the redox status can releas¢” Zrom metal-
- K, * k, lothioneins B4). Reports on the concentration of free Mg
E+S ==——=ES E+P in the cell range from 0.3 to 2 mM3B, 36). The IG; for
+ i Zn?"-dependent inhibition of Csk in the presence of 2 mM
I I Mg?* is 0.4 uM. Thus, a submicromolar concentration of
free Zr*™ would be inhibitory to Csk. A recent report on the
K H ak; L regulation of NMDA receptor and its interaction with the
ok, ak alternate splice version of Src has indicated that"Znays

S|

El+§ =———=FIS EI+P a role in controlling synaptic signaling within the nervous
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system 87). However, the potential of Zih to act as a potent
PTK inhibitor was not noted.

Biochemistry, Vol. 38, No. 17, 199%665

17. Schmidt, T. G. M., and Skerra, A. (19%3jotein Eng 6, 109—
122.

Due to the large number of different diseases associated 18- Sun. G., and Budde, R. J. A. (199%)al Biochem231, 458~

460

with aberrant PTK activity, most pharmaceutical companies 19 Grace M. R., Walsh, C. T.. and Cole, P. A. (198Fchem-

are developing PTK inhibitors. In the screening of active-

site-directed inhibitors, most researchers use eitherMn
a mixture of Mg" and Mr?*, rather than Mg" in their in
vitro assay 88). The result from this study would suggest
that M+ would occupy the M2-binding site and may very
well give misleading results as it affects the affinity of the

phosphate-accepting substrate and thus may affect the
binding of inhibitors that are competitive to this substrate.
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