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ABSTRACT: Mutation of His87 in the catalytic (C-) subunit of the cAMP-dependent protein kinase (cAPK)
led to changes in the kinetic properties of this enzyme. The C-subunit is a bilobal structure, with catalysis
occurring in the cleft between the two lobes. His87 lies at the edge of the cleft, making an interaction
with phosphothreonine, 197. This is the only direct electrostatic or hydrogen-bonding interaction between
the small and large lobes. Solvent viscosity studies of the His87Ala mutant of the C-subunit (rC[H87A])
revealed that binding of two peptides, LRRASLG and LRRASLG-NH,, was impaired relative to that of
the wild-type C-subunit. Consistent with this, the Kj’s for two inhibitor peptides, LRRAALG and
LRRAALG-NH,, were 4 and 1.4 mM, respectively, 5- and 7-fold higher than the K;’s of the respective
peptides for wild-type protein. Kinetic constants for three octapeptide substrates that differed only at the
P+2 position suggested a direct interaction of His87 with residues at this site. The k., for rC[H87A] was
2—3-fold higher than k. for the wild-type enzyme, indicating an effect of the mutation on the rate-
limiting step, product release. The pH dependence of kinetic parameters for rC{H87A] was also measured.
A single pK. of 6.5 was observed in kca/Kpeprige as compared to the two pKy's of 6.5 and 8.5 for the
wild-type enzyme. These changes suggest a role for His87 in substrate recognition and in stabilization
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of the catalytically competent conformation of the enzyme.

The catalytic (C-) subunit of cAMP-dependent protein
kinase (cAPK)! catalyzes the transfer of phosphate from ATP
to a serine or threonine residue in protein substrates. This
phosphorylation typically causes a change in the equilibrium
between active and inactive conformations of the substrate
protein. The large number of protein kinases and their
importance in controlling a vast number of cellular processes
have led to a wide-ranging study of these proteins; however,
¢APK has been particularly well-studied (Bramson et al.,
1984; Taylor et al., 1990). The enzyme exists as an inactive
tetramer which, in response to cAMP, dissociates into a
regulatory (R) subunit dimer and two free active C-subunits.
The C-subunit provides a simple mode! for this family of
protein kinases, each of which contains a conserved catalyic
core (Hanks & Quinn, 1991; Taylor et al.,, 1992). The
development of an efficient expression system of C in
Escherichia coli (Slice & Taylor, 1989) makes mutational
analysis of the structure and mechanism of this enzyme
feasible.

Several crystal structures of the recombinant mouse
(Knighton et al., 1991, 1993; Zheng et al., 1993a,c) and
mammalian porcine C-subunits (Bossemeyer et al., 1993;
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Karlsson et al., 1993; Zheng et al., 1993b) have been solved.
The enzyme is comprised of two lobes that consitute the
catalytic core. This core is flanked by an N-terminal helix
and a C-terminal tail that wraps over the core. The catalytic
site lies in a deep cleft between the two lobes, with ATP
binding at the base of the cleft and largely associated with
the smaller N-terminal lobe. Peptide inhibitor or substrate
binding is at the edge of the cleft and associated largely with
the larger C-terminal lobe.

Steady state kinetics (Cook, 1982; Whitehouse et al., 1983)
and isotope-partitioning studies (Kong & Cook, 1988)
indicated that the C-subunit binds ATP and peptide randomly
although initial binding of the nucleotide is preferred.
Viscosity studies indicated that phosphoryl transfer is rapid
and that the rate-limiting step is release of ADP (Adams &
Taylor, 1992). In general, the K, for ATP corresponds well
with the Ky for ATP binding (Whitehouse et al., 1983). The
K’s for short peptides, however, are typically lower than
the Ky's for peptides due to the relative values for the
microscopic rate constants which contribute significantly to
the Kpepiice term (Adams & Taylor, 1992; Whitehouse et al.,
1983). The proposed reaction mechanism for the C-subunit
involves direct in-line attack of the serine hydroxyl on the y
phosphate of ATP (Ho et al., 1988), and the involvement of
a catalytic base has been suggested (Yoon & Cook, 1987).
From the crystal structures of the C-subunit complexed with
an inhibitor peptide, PKI(5—24), and with ATP and PKI-
(5—24), the most likely candidate for the catalytic base is
Aspl66 (Zheng et al., 1993a,¢).

The pH dependence of catalytic efficiency on the C-
subunit with peptide substrates is bell-shaped, and intrinsic
pK.’s of 6.5 and 8.5 are observed (Adams & Taylor, 1993;
Yoon & Cook, 1987). The lower pK, has been proposed to
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be due to the ionization of a catalytic base (Yoon & Cook,
1987) or to a residue involved in binding the peptide, in
particular Glu230, that interacts with the P-2 Arg in peptide
substrates (Adams & Taylor, 1993). No candidate for the
upper pK, has been proposed; however, it is most likely due
to the ionization of a basic residue, Arg, Lys, His, or possibly
Cys. A constant level of reduced activity is observed at high
pH which implies that the fully ionized ternary complex is
still capable of supporting phosphoryl transfer (Adams &
Taylor, 1993).

His87, located in the small lobe, lies at the edge of the
catalytic cleft between the two lobes of the enzyme and
appears to play a unique role in formation of a contact site
between the lobes. His87 forms an ionic or hydrogen-
bonding interaction with the essential activating phospho-
rylation site, Thr197, in the large lobe, and this is the only
strong electrostatic or hydrogen-bonding interaction between
the two lobes. This contact, furthermore, is observed in the
closed, but not in the open, conformation of the enzyme. In
the open conformation, His87 is 6 A away from the
phosphate (Karlsson et al., 1993; Zheng et al., 1993b), while
the distance is less than 3 A in the closed conformation. This
suggests a particular role for His87 in cleft opening and
closing.

His87 is not conserved throughout the family of protein
kinases and therefore may be expected to function in a
capacity which is specific to the C-subunit. In a previous
study, we demonstrated that mutations of His87 interfered
with binding to the type I regulatory subunit (Cox & Taylor,
1994) and showed that the mutants, rC[H87A] and rC-
[H87D], were altered in their ability to phosphorylate some
peptide substrates. In the present study, we analyze more
specifically the effects of the His87Ala mutation on peptide
binding and on the pH dependence of the phosphorylation
reaction.

EXPERIMENTAL PROCEDURES

Materials. Adenosine 5’-triphosphate (ATP), phospho-
enolpyruvate, magnesium chloride, nicotinamide adenine
dinucleotide (NAD), Tris, MES, CAPS, pyruvate kinase
(rabbit muscle), and lactate dehydrogenase (bovine heart)
were purchased from Sigma. All other chemicals were from
Fischer.

Peptides and Proteins. All peptides were synthesized at
the Peptide and Oligonucleotide Facility at the University
of California, San Diego. Peptides were purified by reverse
phase preparative high-performance liquid chromatography
(HPLC). The concentration of each substrate peptide was
determined by turnover with the catalytic subunit under
conditions of limiting peptide. Recombinant C-subunits were
expressed in E. coli and purified as previously described (Cox
& Taylor, 1994; Slice & Taylor, 1989; Yonemoto et al.,
1993). The concentration of enzyme was measured by the
absorbance at 280 nm using an extinction coefficient of 1.2
and by titration of the number of active sites with the heat
stable protein kinase inhibitor (PKI) (Walsh et al., 1971).

Kinetic Assays. Enzymatic activity was measured spec-
trophotometrically using a coupled assay system (Cook,
1982). Enzyme was preincubated with ATP and an assay
mix (1 mM phosphoenolpuruvate, 0.3 mM NADH, 12 units
of lactate dehydrogenase, and 4 units of pyruvate kinase) in
MTCN buffer [SO mM MES, 25 mM CAPS, 25 mM Tris,
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50 mM NaCl, and 10 mM MgCl, (pH 8.0)] in all experi-
ments except for the thermal stability measurements. The
pH of MTCN buffer was adjusted using small volumes of
concentrated HC] or NaOH. MTCN, used for previous
kinetic analyses of the C-subunit (Adams & Taylor, 1993),
buffers over a wide pH range. The buffer also contained
50 mM NaCl so that the change in ionic strength due to the
addition of acid and base was negligible. All kinetic
measurements were performed at 23 °C and between pH 5.8
and 10.5. Both C-subunits were tested for stability at
extreme pH. At all pH’s in MTCN buffer, the #;,; (the time
at which 50% of activity was lost) was greater than 30 min
for each protein. Assays were carried out in duplicate for 2
min.

Thermal Stability Measurements. Aliquots (50 ul.) of
C-subunit at 1 #M were incubated at different temperatures
for 2 min in buffer containing 20 mM potassium phosphate,
5 mM [-mercaptoethanol, 100 mM KC1, and 1| mM
ethylenediaminetetraacetic acid (EDTA) (pH 6.5), and then
immediately assayed in buffer A by dilution into an assay
mix to give a final concentration of C-subunit of 40 nM.

Solution Viscosity Measurements. The relative viscosity
(™) of buffers containing glycerol or sucrose was measured
using an Ostwald viscometer (Shoemaker & Garland, 1962).
Buffers containg 20 and 29% glycerol (w/w) were used to
obtain relative viscosities of 2.0 and 2.8, respectively.
Buffers containing 26, 32, and 40% sucrose (w/w) were used
to obtain viscosities of 3.3, 4.4, and 8.1, respectively. It was
shown previously for the wild-type enzyme that the visco-
genic agents do not exert their effect through specific active
site interactions or major structural perturbations. This was
also true for the mutant. After dialysis into 29% glycerol,
the enzyme retained 90% activity, and the ATPase activity
was unaffected by 30% sucrose.

Data Analysis. Values of Kpepticze, Katp and Vi, were
determined from plots of initial velocity vs substrate
concentration according to eq 1.

Vinax[S]

v=—Km S] )]

Vmax is the maximal velocity, v is the initial velocity, [S] is
the substrate concentration of varied substrate, and K, is the
Michaelis constant. V.« (micromoles per minute per mil-
ligram) was converted to key (s™!) using a molecular weight
for the C-subunit of 40 800, assuming the enzyme was pure.
Purity was based on polyacrylamide gel electrophoresis and
by correlation of the protein concentration determined by
the absorbance at 280 nm with the concentration of active
kinase determined by titration with PKI.

For the determination of pKj; and pKay, plots of Kca/Kpeprides
ascertained by eq 1, were fit to eq 2, where y is the observed
ke Kpepiice at a given pH and C is the maximum value of
kea/ Kpepiice-  PKa1 and pKj, are the lower and upper dissocia-
tion constants, respectively.

_ C
- 1+ lopKal—PH + lopH—PKaz

y (2)

Competitive inhibition data were fit by a Dixon plot (Segel,
1975). The K; values for peptides were determined from
Dixon plots at a single substrate concentration. Assuming
competitive inhibition, the X intercept is related to the K; by
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FIGURE 1: Thermal stability of the mutant rC[H87A]. Wild-type
(®) or rC[H87A] (O) C-subunits were preincubated at the temper-
ature indicated for 2 min before assay as described under
Experimental Procedures.

Table 1: Kinetic Constants for the Wild-Type C-Subunit and
rC[H87A]"

wild-type rC rC[H87A]
Peptide Ia: LRRASLG
Kheptide (UM) 274+£19 213.0+£13.0
keat (s71) 200£1.0 60.0 £ 6.0
kea/Kpeprice (@M1 571 0.73 £ 0.03 0.28 £ 0.04
Peptide Ib;: LRRASLG-NH;

Kreptice (UM) 12.6 £2.0 11.2+3.0
Kear (s71) 309+23 51.0£3.2
ko Kpeptice (UM ™! s71) 245+05 455£0.8
Kate (uM) 18.0 £ 3.0 210+ 4.0
koo Kpeprice UM 871 1.11+05 285+08

@ Two heptapeptide substrates were used as indicated. The Karp was
measured using peptide Ia, although similar values were obtained for
peptide Ib.

eq 3:
X intercept = K;* = K(1 + [SV/K,)) 3)

RESULTS

Thermal Stability and Steady State Kinetic Parameters for
the Mutant rC[H87A]. To confirm that the overall stability
of the protein was not altered by the mutation, the thermo-
stability of rC[H87A] was compared to that of the wild-type
rC-subunit. The inactivation curves shown in Figure 1
indicate that the stability of the protein was not compromised
by the point mutation.

Steady State Kinetic Parameters. Two peptide substrates,
shown in Table 1, were used for these steady state kinetic
analyses. The two peptides differ only at the C-terminus.
Peptide Ta had a free a-carboxylate, while in peptide Ib, the
carboxyl group was amidated. The steady state kinetic
parameters for the mutant C-subunit, rC[H87A], measured
with the two heptapeptide substrates, Ia and Ib, are compared
to those for the wild-type rC-subunit in Table 1. For Ia,the
Kpepiige Was elevated nearly 10-fold relative to that of the wild-
type enzyme, while for Ib, the Kyeprice's of the wild-type and
mutant proteins were equal. The Kpepice’s for Ib were
significantly lower than the Kpepide’s for Ia for both wild-
type rC and rC[H87A]. The difference in the Kyepuae for la
vs Ib was nearly 20-fold compared with that of the mutant
enzyme compared to a difference of 2-fold for the wild-type.

The k.. for rC[H87A] was increased by approximately
2—3-fold relative to that of the wild-type C-subunits for both
peptides. This is a significant increase. Some of the absolute
values reported here differ slightly from those reported in
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our previous paper (Cox & Taylor, 1994) due to the use of
different buffer systems.

Effect of Viscosogenic Agents on the Steady State Param-
eters. The minimal kinetic requirements for the phospho-
rylation of peptide substrates by the C-subunit in the presence
of saturating ATP are described in Scheme 1. The rate
constants kp, k-, and ks represent diffusion-controlled
processes and are thus dependent on solvent viscosity, while
the rate constant k3, the chemical step in the reaction, is
insensitive to solvent viscosity.

Using Cleland’s method of net rate constants (Cleland,
1975), rate equations for ke, and Kca/Kpepiige Can be derived.
The rate constants in Scheme 1 are related to keu and Kpepide
by

koo = kakyl(ks + k) C))
kcat/erptide = k2k3/(k—2 + k3) (5)

If the ratios of kcar and kca/Kpeprice are taken in the presence
and absence of viscosogen (° denotes a parameter in the
absence of viscosogen, 7 denotes the parameter in the
presence of viscosogen), two linear equations (eqs 6 and 7)
are derived. In these equations, Kca” and (Kca/Kpepide)” are
the ratios of kca OF kca/Kpeprice in the presence and absence
of viscosogen (Adams & Taylor, 1992). The slopes of plots

ks

n—__ 3
kcat k3 + k4° (6)
koK) =l 7
( cat/ peptide) - k—2° + k3 M

of these ratios, kcar*/kcal” and (kearKpeptide®) (kcat/ Kpeptide)”, lie
between theoretical limits of 0 and 1.

For the wild-type C-subunit, both k. and Kca/Kpepiige are
dependent on viscosity, with a slope &~ 1 (Adams & Taylor,
1993). For the mutant C-subunit rC[H87A] assayed with
either peptide Ia or Ib, the k" is also & 1. Using eq 6, for
both the wild-type and mutant C-subunits, the rate constant
for phosphotransfer (k3) must greatly exceed the rate constant
for product dissociation (ks). Therefore, for both enzymes,
keat = k4. Since the ke, for rC[H87A] > 50 s~! and the error
in k" is on the order of 10%, a lower limit for phospho-
transfer, k3, of 500 s™! can be assigned for rC[H87A].

Unlike the wild-type C-subunit, the slope of the (kca/
Koepiice)” for rC[HR7A] was independent of viscosity (=0).
Therefore, using eq 7, the rate of substrate dissociation (k-»)
for rC[H87A] must greatly exceed the rate of phosphotransfer
(k3). Cleland's method of net rate constants states that Ky,
= kalky (k—» + kslks + k4) (Cleland, 1975). Since k3 > ky
and k-, > k3, this reduces t0 Ky = (k—2/k2)(ks/k3) and
indicates that, for rC[H87A}, the Kycpiee's for the peptides
Ia and Ib were perturbed from the Ky by a factor of ku/ks.

Inhibition of the Mutant rC[H87A] by Peptides. The K;
values for two inhibitor peptides are given in Table 2. These
inhibitor peptides, Ic and Id, had the same sequence as
substrate peptides Ia and Ib except that the Ser at the site of
phosphorylation was replaced with Ala. Peptide Ic, like
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Table 2: Inhibition Constants K for the Wild-Type C-Subunit and
rC[H87A]

wild-type rC rC[H87A]
Peptide Ic: LRRAALG
K; (mM) 0.80=£0.2 40+04
Peptide Id: LRRAALG-NH,
K (mM) 0.16 £0.5 14+£02

petide Ia, had a free carboxylate at the C-terminus, and
peptide Id, like Ib, was amidated. The K; values for the
mutant protein, rC[H87A], were 4.0 (Ic) and 1.4 (Id) mM,
higher than the values for the wild-type of 0.8 (Ic) and 0.16
Id).

For rC{H87A], the K; for peptide Ic was 20-fold higher
than the Kpepice for substrate Ia. The K; for peptide Id was
>100-fold higher than the Kpepiqe for the equivalent substrate
peptide, Ib. Although these peptides are not ideal substrate
mimics, the K; for the peptide Id is close to the Ky for the
substrate peptide measured with the wild-type protein
(Whitehouse et al., 1983).

Interaction of His87 with the P+2 Residue in Peptide
Substrates. Kinetic constants for phosphorylation of a series
of peptides with differing residues at the P+2 position were
also measured for rC[H87A] and the wild-type C-subunit
(Table 3). Peptides Ila—c had the general consensus
sequence and are similar to peptides Ia and Ib but are
extended one residue at the C-terminus with a glycine
residue. The penultimate residue, at the P+2 position, is
Ala (ITa), Arg (IIb), or Asp (IIc). The k.,’s for these peptides
were similar for both the wild-type and rC[H87A], and for
both proteins, the k. 's did not vary significantly.

For the wild-type C-subunit, substitution of a charged
residue at the P+2 position had a modest effect on Kpepige-
The best substrate was peptide Ila with Ala at P+2 which
had a kca/Kpepiige Of 3.0. The peptide IIc with Asp at P42
was the worst, with a ke/Kpepige of 0.7 due to a 6-fold
increase in Kpepige. Peptide IIb, with Arg at P+2, was
intermediate, with kca/Kpepiae = 0.9. These differences were
relatively small. Much larger differences were seen for the
mutant rC[H87A]. Peptides Ila (Ala) and IIb (Arg) were
phosphorylated with similar efficiency, with kca/Kpepiice Values
of 0.7 and 0.6, respectively. Peptide Ilc (Asp), on the other
hand, was a much worse substrate for rC[H87A], with a kc./
Kpeptice Of 0.03. The reduced catalytic efficiency was largely
due to a 22-fold increase in Kpeptide-

Effect of pH on the Steady State Kinetic Parameters for
the Mutant rC[H87A]. For the wild-type C-subunit, the pH
profile for kea/Kpeprige is bell-shaped, with two sharp pK,’s
at 6.5 and 8.5. There is no pH dependence in k.. The kcy
and Kca/ Kpeprice for the mutant rC[H87A] with peptide Ia were
measured as a function of pH and are compared to those of
the wild-type rC-subunit in Figure 3. The mutant rC[H87A]
showed a very different pH profile in kca/Kpeptice- The pKai
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FIGURE 2: Effect of viscosogenic agents on the steady state
parameters for rC[H87A]. Measurements were made at saturating
ATP in buffer MTCN at pH 8.0 for peptide Ia (a) and peptide Ib
(b). The change in key (O) or kea/Kpepriae (@) at a given relative
viscosity (17!} is expressed as a ratio of the observed parameter in
the presence and absence of viscosogen. Linear dependencies were
observed for both peptides.

20

kcat or kcat/K(peptide)

8
pH
FIGURE 3: Effect of pH on steady state parameters for rC[H87A].
kear (M) and kea/Kpepriae (@) are plotted against pH. The Kco/Kpeptice

for wild-type (O) is also shown for reference (Adams & Taylor,
1993). Assays were carried out with peptide Ia in buffer MTCN.

at 6.5 was identical to that of the wild-type C-subunit.
However, the pK,; at pH 8.5 was abolished. A small
decrease in kea/Kpepiiae at pH 10.5 indicated that, if there is a
significant pK,, at higher pH, it is greater than pH 11. As
for the wild-type C-subunit, k., was constant over the range
pH 5.8—10.5.

Table 3: Kinetic Constants for Various Peptide Substrates®

wild-type 1C rC[H87A]
erptide (,MM) kcat (S_]) kcat/erplide (#M—l S_]) erpnde (/4M) kcal (5_1) kcat/erplide (ﬂM_] S_‘)
peptide Ila: LRRASLAG 50+£2 15+2 3 185 13£2 0.7
peptide IIb: LRRASLRG 18.0£4 16 £2 0.9 44 +7 253 0.6
peptide IIc: LRRASLDG 320x+6 2243 0.7 394 £ 61 12+2 0.03

2 Three octapeptide substrates were used as indicated.
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FIGURE 4: Stereoview of the interaction of His87 with Thr197(P). The C-a trace of the glycine rich loop, the C-helix, the essential
phosphorylation site, and the catalytic loop are shown. Also shown are the P-site of the inhibitor peptide and ATP. Side chains of His87,
Thr197, Argl65, Thr165, Aspl66, Lys72, and Glu91 are shown and labeled. The link via Argl65 via the backbone to the catalytic base

Aspl66 can be seen.
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FIGURE 5: C-subunit of cAMP-dependent protein kinase showing
the location and interactions of His87. Close-up of the region
surrounding His87 in the C-subunit. (a) Closed and (b) Open
conformations of the C-subunit. The distances between Glu91 and
Lys72, His87 and Thr197(P), and His87 and GIn84 are indicated.

DISCUSSION

His87 plays a unique role in the C-subunit of cAPK. Its
functional importance physiologically was first suggested
when a spontaneous mutant H87N/W196R yielded an
unregulated phenotype in human JEG cells (Orellana &
McKnight, 1992). In the crystal structure of C-subunit,
His87, a critical residue at the cleft interface, is the only
residue in the small lobe of the conserved catalytic core that
makes a direct, either electrostatic or hydrogen-bonding,
contact with the large lobe. This contact is with the
phosphate on Thr197 [Thr197(P)], a post-translational modi-
fication that is essential for full activity. As seen in Figure
4, Thr197(P) also interacts with Argl165, Lys189, and Thr195
in the large lobe. Figure 5 compares this region in the closed
and open conformations. In the open conformation, the cleft
is more open due to a concerted rotation of the small lobe
relative to the large lobe (Karlsson et al., 1993; Zheng et

al.,, 1993b). As a result, the contact between His87 and
Thr197(P) is broken. Three major consequences of mutation
of His87 to Ala are reported here. (i) Recognition of residues
at the P42 position was altered. (ii) The upper pK,; in the
pH dependency of kca/Kpeprige S€€1 in the wild-type C-subunit
was lost. (iii) The rate-limiting step, release of ADP, was
increased. The kinetic basis for each of these findings is
given below, and each is discussed in terms of the crystal
structures.

(i) Peptide Binding and Interaction with the P+2 Site. The
kinetic mechanism for the wild-type C-subunit was given in
Scheme 1. For the wild-type C-subunit, assayed in MTCN,
both kear and kea/Kpepige Were dependent on viscosity, with
slopes =~ 1.0 (Adams & Taylor, 1993) . Thus, k3 > k4 and
k3 > k—,. Since the rate of phosphotransfer (k;) is much
faster than the release of unphosphorylated peptide substrate
(k-2), the peptide can be said to be a “sticky” substrate. Once
it is bound, it is committed to catalysis. The Kpepice iS
perturbed from the binding affinity, Ky, such that K, = ks/
ks. The rate-limiting step is k4, the release of product.

Mutation of His87 in the C-subunit reduced the affinity
of peptide binding and also changed the relative rates of
individual rate constants. The viscosity dependence was
measured for two peptides Ia and Ib (Figure 2). These
peptides had the same sequence LRRASLG; however,
peptide Ia terminated with a free carboxylate, while in peptide
Ib, the carboxylate was amidated so the C-terminus was no
longer charged. On the basis of the viscosity studies for
rC[H87A], k3> k4 and k-, > k3. Since k-, > kj, in marked
contrast to the wild-type C-subunit, neither peptide Ia nor
peptide Ib were sticky substrates for rC[H87A], even though
the Kpepride for Ib for this mutant was very close to that of
the wild-type enzyme. For the mutant enzyme, the Kpeprice
was perturbed from the K4 by a factor of ka/ks. The ke Was
dependent on viscosity, with a slope = 1. Therefore, as in
the case of the wild-type enzyme, the rate-limiting step is,
most likely, release of product, k4.

The effect of the His87Ala mutation on peptide affinity
was corroborated using inhibitor peptides (Table 2). The
two inhibitor peptides Ic and Id were equivalent to Ia and
Ib, respectively, but had an Ala instead of a Ser at the
phosphorylation site. The K; values for peptides Ic and Id
were 5-fold and 7-fold higher than they were for wild-type
C-subunit. This reduced peptide affinity is sufficient to
account for the change in kinetic mechanism, i.e., the switch
from k3 > k-, for the wild-type enzyme to k—, > kj for the
mutant.

A difference in k3, the rate of phosphotransfer, for
phosphorylation of peptides Ia and Ib by rC[H87A] was also
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indicated. The amidated substrate, peptide Ib, was phos-
phorylated with a Kpepide 20-fold lower than that for the
substrate with the free carboxylate, peptide Ia, while the
effect on the X for the inhibitor peptides, Id vs Ic, was only
3-fold. For rC[H87A], Kpepide = (k-2/k2)(ks/k3), and K; is
dependent only on the k, and k-, for the peptide. Therefore,
there is an involvement of the k4/ks; term in the different
Kpepiice’s for these substrates. The k.o’s (ks) for phosphory-
lation of the peptides Ia and Ib are very similar. Thus, a
difference in k; for phosphorylation of these two peptides
on the order of 6-fold is indicated.

His87 was shown to be important for recognition of the
P+2 site of peptide substrates. The consequence of intro-
ducing a negative charge close to the P+2 site was
demonstrated initially by comparison of peptides Ia and Ib
which differed only at their C-terminus. Peptide Ib was a
much better substrate than peptide Ia for both the wild-type
enzyme and rC[H87A]; however, the difference was much
greater for the mutant enzyme (Table 1). To determine
whether a negatively charged side chain at the P+2 site was
also badly tolerated by the mutant enzyme, kinetic constants
for three octapeptides were measured (Table 3). These
peptides extended to P+3 with a Gly and differed only at
the P+2 position. Peptide Ilc, with Asp at the P+2 position,
was the worst substrate for both enzymes. The effect of
placing the negative charge at the P+2 position was much
more dramatic for rC[H87A] than for the wild-type C-
subunit. Neither a negative charge nor steric constraints were
major factors for residues at, or close to, the P+2 position
for the wild-type C-subunit. The mutant rC[H87A], how-
ever, was particularly sensitive to a negative charge in this
region.

The elevated Kpeprige fOr the substrates bearing a negative
charge at P+2 for the wild-type enzyme demonstrated that
the negative charge at the C-terminus near the P+2 position
was an unfavorable determinant for phosphorylation. This
is consistent with early studies of Kemp et al. (1976) which
showed that peptides which were amidated at the C-terminus
were better substrates for the wild-type C-subunit and with
more recent studies of Songyang et al. (1994), who, using a
random library of peptide substrates, found that the least
favored residues at the P+2 position were Asp or Glu.
However, the detrimental effect of having a negative charge
at this position is modest for the wild-type C-subunit, and
several good physiological substrates of cAPK, such as
phosphofructokinase and muscle glycogen synthase (site 1b),
have an Asp or Glu at P+2. In the absence of His87, there
is a marked impairment of phosphorylation of the peptides
with a negative charge at this position. The presence of this
His could, therefore, be an important determinant for
substrate specificity, but rather than increasing, it reduces
selectivity, allowing cAPK to be a broad specificity kinase.
The efficiency of phosphorylation of different substrates by
this multisubstrate kinase will affect the physiological
function of the kinase (Walsh & Patten, 1994), and it is
important to understand all the determinants that affect
substrate selection.

In structural terms, a direct effect of His87 on peptide
phosphorylation by interaction with the residues at the P+2
position is plausible. The C-terminus of the peptide is
disordered in all of the crystal structures; however, it is
possible that the residues at P+2 or P+3 could make contact
with His87 in solution. A protonated His may directly
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compensate for the negative charge on the Asp at P+2 in
peptide Ilc or the carboxylate end group in peptide Ia.
Additionally, in the absence of the interaction of His87 with
the Thri97(P), the charge on the Thr197(P) could be felt
more by the Asp residue or the carboxylate, leading to
electrostatic repulsion. The cluster of negative charge in
proximity to the active site (Figure 4) could also influence
the chemistry of the phosphotransfer reaction, leading to a
reduced k3.

(ii) pH Dependence. The peptide studies with the rC-
[H87A] mutant were carried out at pH 8.0 and suggest that
His87 may be protonated at this pH, 1.5 pH units above the
pK. for free histidine. The wild-type C-subunit shows two
PK.’s in kea/Kpeptice:  The lower pKj, is pH 6.5, and the upper
pK. depends on the conditions of the assay. Scheme 2
describes the kinetic requirements for an ionizable C-subunit.
In the wild-type enzyme when k3 > k_,, the equilibrium,
pKa, is perturbed to pK,*. When assayed with peptide Ia
in MTCN, a value of 9.3 is obtained. This value is perturbed
from the intrinsic pK, of 8.5 since the substrate is sticky as
described above (Adams & Taylor, 1993).

No upper pK, was observed for rC[H87A]. In the rC-
[H87A] mutant enzyme where k_, > k3, the substrate is not
sticky, so pKa; is not perturbed. The simplest explanation
for the loss of the pK.» at pH 8.5 (or 9.3) in the rC[H87A]
mutant is that the ionization of His87 is responsible for the
upper pK, observed in the wild-type enzyme. This would
mean that the pX, for this His is shifted from that of His in
solution by 1.5 pH units.

The pH dependence in kca/Kpeprice and ke was independent
of pH, indicating that the protonation state of the enzyme
affected peptide binding. If His87 is indeed resposible for
pKao, this is consistent with the observation that mutation of
this residue affects peptide binding, and since rC[H87A] is
an active protein, it is also consistent with the suggestion of
Adams and Taylor (1993) that the fully deprotonated
C-subunit can support catalysis. Furthermore, a shifted pK,
for His87 can be explained by the crystal structure. In the
closed conformation, both NH groups of the immidazole ring
of His87 are hydrogen-bonded, one to the Thr197(P), as
described above, the other to the side chain of GIn84 (Figure
5).

It cannot be ruled out, however, that the removal of His87
alters the structure of the enzyme such that the pK., of another
residue is shifted from pH 8.5 to >11. One possibility is
that mutation of this residue would affect the pX, of the key
residue Lys72. Figures 4 and 5 show the link between His87
and Lys72. His87 is located at the beginning of the C-helix.
At the next turn of the helix is the conserved Glu91, which
makes a buried salt bridge with Lys72. This essential Lys
interacts with the 8 phosphate of the ATP in the ternary
complex. Mutation of Lys72 in many kinases leads to a
decrease of 3 orders of magnitude in the activity of the
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enzyme. The possibility that mutation of His87 alters the
pK, of Lys72 is considered unlikely since the enzyme is
active and there is no effect on ATP binding. Alternatively,
the pK, could be due to one of the phosphate oxygens of
Thr197(P) which could be altered by removal of His87.
Mutations at Thr197 have a dramatic effect on binding of
both peptide and ATP and also on the rate of phosphotrans-
fer, k3 (Adams et al., 1995). This possibility is also
considered less likely since removing the His would be
expected to shift the pK, of the phosphate to a lower pH.

(iii) Rate of Product Release and the Open and Closed
Conformations. The rate limiting step, k4, for rC[H87A] was
increased by approximately 2—3-fold relative to that of wild-
type C-subunit. The rate-limiting step in the reaction is
release of ADP, so this increase may reflect weaker ADP
binding to the mutant enzyme. However, the K, for ATP
was not altered. Another explanation for the increase in k¢,
is that a conformational change from a closed conformation,
required for catalysis, to an open conformation, required for
ADP release, occurs more readily in the mutant protein.

In summary, His87 in the C-subunit of cAPK has a role
in peptide binding, and it is likely that ionization of this
residue is responsible for the upper pK, observed in kca/Kpepiide
for the wild-type enzyme. The His acts to neutralize the
detrimental effects of negatively charged substituents at the
P+2 position in substrates. Finally, the elevated rate of ks
suggests that this residue and the interactions it makes may
also influence the equilibrium between open and closed
conformations of the kinase.

This last point is of most significance for the whole family
of protein kinases. Many other protein kinases contain an
essential activating phosphorylation site analogous to Thr197.
In these kinases, Arg165 and Lys189, the two basic residues
that anchor the phosphate in the large lobe, are typically
conserved. His87, or a basic residue at this position, is not,
however, conserved. Each kinase will be unique in how this
segment of the small lobe specifically interacts with the large
lobe. The positioning of both the C-helix and the loop
containing the activating phosphorylation site (activation
loop) is critical for the activity of protein kinases. This is
empasized clearly by the recently solved structures of cdk-2
in both an inactive conformation (De Bondt et al., 1993)
and a partially activated complex with cyclin A (Jeffery et
al., 1995). The C-helix, which includes the cyclin-binding
PSTAIRE motif, in the inactive complex is twisted so that
there is no interaction between Lys72 and Glu9l. The
activation loop containing Thr160, the equivalent of Thr197,
is folded across the active site. Upon cyclin A binding, this
helix and the activation loop are brought into close allignment
to their positions in the C-subunit. Thr160 is not phospho-
rylated in this partially active structure; however, three basic
residues form a cationic pocket ready to recieve the
phosphate. One of these residues is the R of the PSTAIRE
sequence. In the sequence allignment of these two kinases,
the Thr in the PSTAIRE sequence alligns with His87.
However, the Arg, one turn along the helix, fills the space
occupied by His87 in the C-subunit and could have a similar
function to that of His87 described here.
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