results also suggest that kinetic or structural
constraints are imposed on the rotated myo-
sin heads, since the speed of actin filaments
sliding away from the center of the myosin
filament is about nine times less than that of
actin filaments sliding toward the center of
the myosin filament. The rotated myosin
heads may be constrained so that the detach-
ment of the rotated myosin heads from actin
would occur at a much slower rate than that
which normally occurs. Alternatively, the
distance of the power stroke of the rotated
head may be less than if the head is not
rotated.

In the in vitro motility assay the rate of
translocation of the actin filament represents
an unloaded velocity and does not directly
give a measure of force production of the
myosin (15). We do not know whether actin
filaments traveling away from the center of
the myosin filament can produce as much
force as that which can be produced when
the actin filaments are traveling toward the
center. We note that vertebrate striated mus-
cles that have undergone extensive contrac-
tions have reduced unloaded shortening ve-
locities and force (16). During normal active
contraction in vertebrate skeletal muscle the
precise arrangement of the myosin and the
actin filaments and the Z-line limit the ex-
tent to which the actin filament can cross the
bare zone (1). In the cytoplasm of nonmus-
cle and some smooth muscle cells, actin
filaments display a broad range of lengths
and maintain very complex relation with
myosin filaments (7). Our results suggest
that any given orientation of the polar actin
filaments can interact with any portion of
the myosin filament and still contribute to
force generation and movement.
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Autophosphorylation of Protein Kinase C at Three
Separated Regions of Its Primary Sequence

ANDREW J. FLINT, RuDOLPH D. PALADINI, DANIEL E. KOSHLAND, JR.*

The major autophosphorylation sites of the rat BII isozyme of protein kinase C were
identified. The modified threonine and serine residues were found in the amino-
terminal peptide, the carboxyl-terminal tail, and the hinge region between the
regulatory lipid-binding domain and the catalytic kinase domain. Because this auto-
phosphorylation follows an intrapeptide mechanism, extraordinary flexibility of the
protein is necessary to phosphorylate the three regions. Comparison of the sequences
surrounding the modified residues showed no obvious recognition motif nor any
similarity to substrate phosphorylation sites, suggesting that proximity to the active
site may be the primary criterion for their phosphorylation.

HE CALCIUM- AND PHOSPHOLIPID-

dependent protein kinase C is a cen-

tral mediator of signal transduction
in the nervous system and other cell types
(1). It phosphorylates substrates on serine or
threonine residues in response to the lipo-
philic diacylglycerol (DAG) produced by
phospholipase C (2). In addition to phos-
phorylating substrates, protein kinase C also
phosphorylates itself (3-6). Autophosphor-
ylation has been shown to alter the affinity
of the protein for the tumor-promoting
phorbol esters (4), to increase its sensitivity
to calcium (4), and to increase its rate of H1
histone phosphorylation (5). Autophos-
phorylation has also been proposed to alter
the association of protein kinase C with
membranes (7) and to increase the enzyme’s
sensitivity to proteolytic down-regulation
(8).

Autophosphorylation of protein kinase C
follows an intrapeptide mechanism in which
a single polypeptide chain phosphorylates
itself (9). The evidence for this surprising
finding is obtained with mixed micelles (10)
that harbor a single protein molecule per
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micelle. The rate of autophosphorylation is
independent of protein concentration and is
the same as the rate measured with lipid
bilayers, a more physiological condition (9).
This mechanism contrasts with that of the
insulin receptor (11), the type II cyclic aden-
osine monophosphate (cAMP)—dependent
protein kinase (12), the cyclic guanosine
monophosphate (cGMP)—dependent pro-
tein kinase (13), and the calcium calmodu-
lin—dependent protein kinase (14); these are
multisubunit kinases and apparently under-
go interpeptide autophosphorylation. Sur-
prisingly, both the catalytic kinase domain
and the regulatory lipid-binding domain of
protein kinase C are phosphorylated in this
reaction (4, 5, 9). These observations raise
important questions about the understand-
ing of protein structure and the regulation
of this critical enzyme, and therefore, we
have identified the modified residues in the
primary sequence. -

The gene encoding a rat B isozyme of
protein kinase C (PKC BII) was cloned into
a baculovirus expression vector and the pro-
tein was purified from Sf9 insect cells infect-
ed with the recombinant baculovirus (Fig.
1). The purified PKC BII was identical to
the enzyme purified from rat brains by all
criteria examined. The recombinant protein
comigrated on an SDS-polyacrylamide gel
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with the 80-kilodalton protein kinase C
from rat brain, unlike the inactive protein
synthesized in Escherichia coli (15) or the in
vitro translation product analyzed by Parker
et al. (16), which both show increased elec-
trophoretic mobilities. The NH,-terminus
of the insect cell-expressed enzyme was
blocked to automated Edman degradation,
as are the rat and bovine brain enzymes (16,
17). Both autophosphorylation and phos-
phorylation of the H1 histone substrate by
this enzyme are dependent upon calcium
and the lipid activators, phosphatidylserine
and DAG. The autophosphorylated tryptic
peptides of the BII isozyme were identical to
those obtained from a purified fraction of
rat brain enzyme that was separated on
hydroxylapatite (18).

Autophosphorylation of the recombinant
BII enzyme, under conditions in which the
ratio of micelles to kinase assures intrapep-
tide modification (9), maximally incorporat-
ed approximately 1.5 mol of phosphate per
mole of kinase. The phosphorylated enzyme
was digested with trypsin and the resulting
peptides were separated by reversed-phase
high-performance liquid chromatography
(HPLC) (Fig. 2). Radioactive peak frac-
tions were further purified on a narrow bore
HPLC column at a different pH, where
individual peaks of ultraviolet absorbing
material were collected. The radioactive
phosphopeptides were sequenced by auto-
mated Edman degradation and analyzed for
their phosphoamino acid content. Identical
results were obtained with two different
preparations of recombinant PKC BII. The
sequences obtained and the location of the
modified amino acids are shown in the
context of the primary structure of protein
kinase C (Fig. 3). Identical results were
obtained when autophosphorylation was
performed with sonicated dispersions of
phosphatidylserine and DAG instead of
mixed micelles. When the reaction was car-

Fig. 1. Purification of protein kinase C from insect cells infected
with recombinant baculovirus. Proteins from the indicated
stages of the purification were separated by SDS—polyacrylam-
ide gel electrophoresis (SDS-PAGE) and stained with Coomas-
sie brilliant blue. The recombinant baculovirus was obtained as

ried out for shorter times or was performed
in the absence of calcium and phospholipid,
the same phosphopeptides were detected
but each was less extensively phosphorylat-
ed.

Phosphorylated threonine residues were
readily identified. Instead of finding a phen-
ylthiohydantoin (PTH)-threonine deriva-
tive, as expected from the sequence of the
cDNA clone (17), two sets of characteristic
breakdown products were obtained (19).
They were observed in place of all predicted
threonines except 21 which was not
phosphorylated. The symmetrical shape of
each peptide collected from the second
HPLC column and the absence of PTH-
threonine at the phosphorylated position
indicated that the phosphopeptides had
been purified away from their nonphos-
phorylated progenitors. Phosphoamino acid
analyses indicated that only the NH,-termi-
nal peptide contained phosphoserine. The
modified residue was determined to be Ser'®
as digestion of the tryptic peptide with V8
protease, which cleaves after glutamate,
yielded a single phosphopeptide that con-
tained both phosphoserine and phospho-
threonine.

The COOH-terminal peptide typically
contained the least [*>P]phosphate, but the
recovery of its PTH—amino acids was ap-
proximately four times as great as expected,
suggesting that Thr®* and Thr®! were al-
ready partially phosphorylated. For the
three other phosphopeptides, the number of
moles of [*’P]phosphate was commensurate
with the peak heights obtained on the
PTH-amino acid analyzer. That the protein
kinase C isolated from the insect cells may
already be partially phosphorylated is con-
sistent with the measurement of phosphate
in the enzyme purified from rat brains (20)
and with the immunoprecipitation of the
radioactive protein from 32P-labeled tissue
culture cells (6).

Lysate
DE-52 pool
PS unbound
PS eluant

described (25), except Lipofectin Reagent (BRL) was used for ; kD

cotransfections. A Fnu DII fragment containing the entire
coding region for the rat PKC BII gene was cloned into a filled-
in Bam HI site, creating a Bam HI site located six nucleotides
from the predicted initiator methionine. This Bam HI fragment
was inserted into the baculovirus transfer vector, pAc373. Three
or four days after infection of Sf9 cells with the recombinant
baculovirus, protein kinase C was purified to a specific activity
of ~1000 nmol min~! mg~". The only critical modification of
this procedure (26) was that the DEAE column eluate was
diluted 4:1 instead of 1:1 with the calcium-containing buffer
before application to the phosgaﬁdylscrinc (PS) affinity matrix.

i ctions were further purified on a

Protein kinase C—containing

97.4

Mono Q HR 5/5 column (Pharmacia-LKB) to remove a persistent phosphatase activity, which
manifested itself during trypsin digestion of the autophosphorylated enzyme.
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Examination of the sequences around the
phosphorylation sites revealed no obvious
similarities that might be construed as a
recognition motif. Neither did these peptide
sequences show significant similarity to pro-
tein kinase C substrate phosphorylation
sites, nor to synthetic peptide substrates in
which the most readily phosphorylated ser-
ines or threonines are generally flanked by
basic residues (21). However, these auto-
phosphorylation events did exhibit selectiv-
ity, as Thr''* and Thr'** were modified,
while Thr?! and Ser*?® were not. The prox-
imity of these sequences to the active site
and conformational constraints on the pep-
tide chain probably target particular residues
for modification.

The location of these phosphorylated
peptides in three widely separated regions of
the primary sequence of protein kinase C
was unusual, particularly in light of the
intrapeptide mechanism of the autophos-
phorylation. The four peptides were found
in three distinct, poorly conserved regions
of the primary sequence: the NH,-terminal
peptide, the COOH-terminal tail, and the
hinge region between the lipid-binding reg-
ulatory domain and the catalytic kinase do-
main (Fig. 3). The autophosphorylation
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Fig. 2. Separation of autophosphorylated tryptic
peptides of protein kinase C by reversed-phase
HPLC. Radioactivity cluting from the HPLC
column is displayed against elution time. Peaks of
phosphopeptides that were sequenced are labeled
(A, B, C, C*, D); C* was an incomplete digestion
product of C. Protein kinase C was autophos-
phorylated and subjected to SDS-PAGE (9). The
gel was stained with Coomassie, destained with
acetic acid (10%), and dried onto filter paper. The
slice of gel containing protein kinase C was
rehydrated in 0.1 M NH,HCOj3, macerated, and
digested overnight at 37°C with 20 pg of trypsin
(TPCK-treated, Worthington). Soluble radioac-
tivity (>85% of total counts per minute) in
peptides was separated on a reversed-phase
HPLC column (LC318, 4.6 mm by 25 cm,
Supelco) in 20 mM sodium phosphate, pH 2.5.
Phosphopeptides were eluted at 1 ml/min with a
gradient from 2.5 to 30% acetonitrile between 5
and 45 min. Radioactivity was detected with an
on-line scintillation detector (Radiomatic Instru-
ments). These HPLC peaks appeared to represent
all the major autophosphorylated peptides, as
they accounted for all the phosfphopcptidcs ina
two-dimensional peptide map of a complete tryp-
tic digest of the autophosphorylated protein.
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sites in the NH,-terminal portion and in the
hinge region are unique to the B isozymes,
thus predicting that the pattern of autophos-
phorylated peptides will be different for the
a or vy isozyme. The sequence surrounding
the COOH-terminal sites is more conserved
among the isozymes, despite being the only
difference between the BI and BII proteins.
The two autophosphorylated threonines in
this region are found in all four «, BI, BII,
and v subspecies implying a common func-
tion for their phosphorylation.
Autophosphorylation of the NH,-termi-
nal peptide of PKC BII provides strong
evidence for the proposed inhibitory role of
the adjacent sequence. Many regulated ki-
nases are suspected of being controlled by a
pseudosubstrate inhibitor sequence whose
purpose is to diminish the activity of the
enzyme prior to stimulation (22). When an
activating ligand (DAG, cAMP, ¢cGMP, or
calcium-calmodulin) is bound, this inhibi-
tory peptide is postulated to be dislodged
from the active site to allow substrate bind-
ing. The region between amino acids 19 and
31 has been proposed to serve this inhibi-
tory function in protein kinase C (23). The
autophosphorylation of Ser'® and Thr'” in-
dicates that the segment of the protein con-

taining the inhibitory sequence is accessible
to the active site.

The phosphorylation of multiple residues
in a single polypeptide chain catalyzed by
that same polypeptide requires significant
protein flexibility. Each modified region of
the protein must lie sufficiently close to the
active site in the folded structure so that
each serine or threonine to be modified can
make contact with the essential catalytic
amino acid side chains. One possible ar-
rangement of the peptide chain shows the
autophosphorylated residues in proximity to
the adenosine triphosphate (ATP) binding
cleft (Fig. 4). Even so, considerable protein
flexibility would still be required because all
potential phosphorylation sites cannot
simultaneously occupy the active site. Be-
cause only one or two phosphates were
incorporated into each protein kinase C
polypeptide, all potential sites were not
modified in any one protein molecule. Phos-
phorylation of one residue might hinder the
subsequent phosphorylation of the other
sites.

Phosphorylation at multiple sites could be
a mechanism to produce several protein
kinases with slightly altered specificities. Au-
tophosphorylation is known to affect the

PDBu binding calcium  (hinge) ATP binding / kinase domain

Sozyme

*k *
BIl !MADPAAGPPPSEGEESTVRF20 307RA1<IGQG&}KAPEEKTA@IsKFDNN333629FDRFEﬁRHPPV—LEPPDQEVIRNI651
Bl MADPAAGPPPSEGEESTVRE RAKIGQGTKAPEEKTANTISKFDNN FDKEFTR-QPVELTPTDKLF IMNL
o MADVYPANDSTASQDVANRF KAKLGPAGNKVISPSEDRKQ-PSNN FDKFFTRGQPV-LTPPDQLVIANI
Y MAGLGPGGGDSEG-GPRPLF ACNYPLELYERVRMGPSSSPIPSPS FDKFFTRAAPA-LTPPDRLVLASI

HPLC peak: C #1-19

Fig. 3. Linear representation of the primary sequence of protein kinase C showing the location of the
autophosphorylation sites in PKC BIL. The sequences obtained from the tryptic phosphopeptides are
underlined and the autophosphorylated sites are boxed and marked with an asterisk (*). The
corresponding regions and flanking sequences of the rat a, BI, and vy isozymes are aligned for
comparison (27). The HPLC peak corresponding to each underlined peptide is listed below the
sequence with its amino acid residue numbers. The numbering of the amino acids (also shown in
superscripts) is taken from the sequence predicted from ¢DNA cloning (17). The hatched regions
represent amino acid sequences that are conserved among the o, B, and vy isozymes. The percent
identities are 81% in the cysteine-rich phorbol ester (PDBu) binding region, 67% in the region
conferring calcium sensitivity to PDBu binding (28), and 72% across the ATP-binding and kinase
domain (29). The lines connecting conserved domains show no significant similarities. The BI and BII
isozymes differ only in their final 50 amino acids. To obtain the peptide sequences, PKC BII (1 nmole)
was autophosphorylated for 20 min in the presence of mixed micelles (0.1% Triton X-100 w/v, final
concentration) containing phosphatidylserine:dioleoylglycerol: Triton X-100, 10:5:85 (mol %), 1.5
mM CaCl,, and 100 pM [y-**P]JATP (1000 cpm/pmol) (9). The autophosphorylated enzyme was
separated from unincorporated ATP on a column (1 by 15 cm) of Sephadex G-50 fine (Pharmacia-
LKB) equilibrated in 100 mM tris-HCI, pH 8.0. Fractions containing protein kinase C were digested
overnight at 37°C with TPCK-trypsin (1/25 by weight). Trypti¢ peptides were separated on a reversed-
phase HPLC column (LC318, 4.6 mm by 25 cm, Supelco) in 20 mM triethylamine phosphate, pH 6.5
at 1 mI/min with a gradient from 2.5 to 30% acetonitrile between 5 and 45 min. Peaks of radioactivity
were individually applied to a Vydac C18 column (2.1'mm by 25 cm) on an Applied Biosystems 130A
HPLC. Peptides were injected and the column washed for 10 min at 200 pl/min with 20 mM sodium
phosphate, pH 2.5. A linear 80-min gradient to 30% acetonitrile was delivered at 100 pi/min. Fractions
were collected manually following the absorbance of peptides at 214 nm. Radioactive peptides were
sequenced by automated Edman degradation on an Applied Biosystems 477A instrument with a 120A
analyzer. Peptide C was further digested overnight at room temperature with 2 ug of Asp N protease
(Bochringer Mannheim) to remove the blocked NH,-terminus. The product was repurified on the
narrow bore C18 column before sequencing. Phosphoamino acids were obtained by partial acid
hydrolysis of a sample of the purified peptide and were resolved by two-dimensional thin-layer
electrophoresis (30).

B #310-320 A #321-327 D #632-649
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Regulatory
domain

Catalytic
domain

Fig. 4. Illustration of protein kinase C with the six
autophosphorylation sites located close to the
catalytic site. Each phosphorylation site is
marked, although an individual molecule of pro-
tein kinase C would not have every site modified.
An arrow marks the trypsin-sensitive cleavage site
which separates the two domains. It is shown on
the NHy-terminal side of the phosphorylation
sites in the hinge region because these phospho-
peptides were found in the catalytic domain when
the tryptic peptides obtained from each isolated
domain were analyzed by HPLC.

binding affinity for phorbol esters (4), the
sensitivity to calcium activation (4), and the
phosphorylation rates of H1 histone (5).
Phosphorylation of residues in the hinge
region, close to the site of cleavage by the
calcium-dependent protease, calpain (24),
may alter the susceptibility of PKC BII to
proteolysis, thus affecting the down-regula-
tion of the enzyme. A catalytically inactive,
ATP binding site mutant of PKC « is
substantially resistant to down-regulation in
fibroblasts (8). Finally, phosphorylation of
the threonine residues in the COOH-termi-
nal region of the catalytic domain is reminis-
cent of the similarly located autophos-
phorylation site of pp60°™ (Tyr’*’) and
other tyrosine kinases, which may function
in the regulation of their kinase activities.

Thus four peptides containing six major
sites of intrapeptide autophosphorylation of
protein kinase C have been identified. Iden-
tification of an enzyme that modifies itself in
three distinct regions of the primary se-
quence has intriguing implications for both
protein flexibility and the control of biologi-
cal function.
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Four-Dimensional Heteronuclear Triple-Resonance
NMR Spectroscopy of Interleukin-1f in Solution

Lewis E. Kay, G. MAR1US CLORE, AD Bax, ANGELA M. GRONENBORN

A method is presented that dramatically improves the resolution of protein nuclear
magnetic resonance (NMR) spectra by increasing their dimensionality to four. The
power of this technique is demonstrated by the application of four-dimensional
carbon-13—nitrogen-15 (**C-'*N)—edited nuclear Overhauser effect (NOE) spectros-
copy to interleukin-1B, a protein of 153 residues. The NOEs between NH and
aliphatic protons are first spread out into a third dimension by the >N chemical shift of
the amide N atom and subsequently into a fourth dimension by the *C chemical shift
of the directly bonded *C atoms. By this means ambiguities in the assignment of
NOE:s between NH and aliphatic protons that are still present in the three-dimension-
al *N-edited NOE spectrum due to extensive chemical shift overlap and degeneracy of
aliphatic resonances are completely removed. Consequently, many more approximate
interproton distance restraints can be obtained from the NOE data than was
heretofore possible, thereby expanding the horizons of three-dimensional structure

determination by NMR to larger proteins.

VER THE LAST FEW YEARS IT HAS

been shown that two-dimensional

(2D) NMR spectroscopy (1) can
be used to determine the solution structures
of small proteins (=100 residues) at a reso-
lution comparable to that attainable by x-ray
crystallography (2-4). The initial stage in an
NMR structure determination involves
spectral assignment by means of experi-
ments that demonstrate through-bond and
through-space correlations (5). The princi-
pal source of geometric information resides
in short (<5 A) approximate interproton
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distance restraints derived from NOE ex-
periments, and the accuracy and precision of
an NMR structure determination depends
critically on the number of restraints that
can be extracted from the data (3, 4). The
application of 2D NMR methods to larger
proteins has been impeded by two factors.
First, the increase in the number of reso-
nances leads to severe chemical shift overlap
and degeneracy, rendering the assignment
of through-bond interactions or through-
space interactions or both increasingly diffi-
cult. Second, the increase in molecular
weight results in larger linewidths so that
the sensitivity of through-bond correlation
experiments based on small (<12 Hz) ho-
monuclear couplings is much reduced.

Many of the uncertainties present in 2D
NMR spectra can be resolved by spreading
out the 2D spectra into a third dimension
(6), and NMR techniques based on large
heteronuclear couplings should permit ap-
plications to larger proteins (7). To this end
a number of three-dimensional (3D) hetero-
nuclear NMR experiments that rely on large
resolved heteronuclear couplings have been
developed (8-13) and have been shown to
be highly efficient for sg)cctral assignment of
proteins labeled with "N or '*C or both up
to a molecular weight of about 20 kD (14).
Despite this added resolution, ambiguities
still remain in the interpretation of 3D
heteronuclear NMR spectra of larger pro-
teins, so that an additional increase in reso-
lution afforded by raising the dimensionality
still further is desirable. In this paper we
report a four-dimensional (4D) NMR ex-
periment and demonstrate its applicability
to uniformly labeled "N-'C interleukin-1p
(IL-1B), a 17.4-kD protein of 153 residues,
that plays a central role in the immune and
inflammatory responses (15).

All 2D NMR experiments comprise four
distinct steps, namely, preparation, evolu-
tion, mixing, and detection (16). A 4D
NMR experiment is easily conceived by
combining three 2D NMR experiments,
leaving out the detection period of the first,
the preparation and detection periods of the
second, and the preparation period of the
third. The 4D experiment we have chosen to
perform is one in which NOEs between NH
protons and aliphatic protons are spread out
bsy the chemical shifts of the directly bonded
>N and "C atoms, respectively. The ratio-
nal behind this experiment lies in resolving
extensive ambiguities still present in a 3D
*N-edited NOESY experiment (3D 'H-"°N
NOESY-HMQC) in which NOEs between
NH protons and aliphatic protons are
spread into the third dimension by the
chemical shift of the directly bonded "N
atoms (8, 9). Although this 3D experiment
effectively removes, in all but a very few
cases, chemical shift degeneracy associated
with the NH protons, it leaves the ambigu-
ities associated with severe overlap of ali-
phatic resonances unaffected. Thus, even if a
cross peak connecting an aliphatic and am-
ide proton is well resolved in the 3D spec-
trum, it is frequently not possible, with the
exception of cases involving the CaH reso-
nances, to identify conclusively the aliphatic
proton involved on the basis of its 'H
chemical shift.

The progression and relation between
I5N-13C-heteronuclear-edited 2D, 3D, and
4D NOESY experiments is illustrated sche-
matically in Fig. 1. In the 2D spectrum,
NOEs between NH protons (F, dimension)
and aliphatic protons (F; dimension) are
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