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Eggshells of the African ostrich (Struthio camelus), ubiquitous in archeological sites in
Africa, have been shown by laboratory simulation experiments to retain their indige-
nous organic matrix residues during diagenesis far better than any other calcified tissue
yet studied. The rate of L-isoleucine epimerization to p-alloisoleucine follows revers-
ible first-order kinetics and has been calibrated for local temperature effects and used
to estimate the age range of stratified archeological sites. Age estimates are consistent
with radiocarbon dates from several stratified archeological sites. With adequate
calibration, this technique can provide accurate ages to within 10 to 15 percent for
strata deposited within the last 200,000 years in the tropics and the last 1,000,000

years in colder regions such as China.
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modern humans is controversial (1).

Much of the debate centers around
the dating and stratigraphic provenience of
key hominid fossils and associated archeo-
logical industries from Africa and the Near
East (2-9). Most of these finds fall in a “gap”
between the currently effective ranges of
radiocarbon and potassium-argon dating
procedures (10). In the age range from 40 to
200 ka (thousand years ago), many pa-
leoanthropological finds have been provi-
sionally dated by correlation with the oxy-
gen isotope record or recognized glacial
stages on the basis of stratigraphy, biostrati-
graphy, or paleoenvironment. Such dating is
uncertain because of possible microenviron-
mental variability and problems with low-
latitude climatic models of the last 200,000
years. :

In this report, we describe an alternate
approach to establishing chronologies in
this time range that is based on protein
diagenesis in ostrich eggshell. Protein dia-
genesis in mineralized tissues is the basis of
several potential dating systems for archeo-
logical applications. These include methods
based on the rates of protein hydrolysis,
amino acid epimerization and racemization,
and amino acid decomposition reactions.
Because these are chemical reactions, reac-
tion rates are temperature-dependent so that
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both time and temperature are variables. In
principle, two or more reactions with differ-
ent activation energies can be solved simul-
taneously to determine both time and tem-
perature; however, the various activation
energies are not greatly different and the
approximate values presently available are
insufficient to independently calculate both
time and temperature.

Racemization of the L-amino acid isomers
(epimerization for diastereomers) to a mix-
ture of p and L isomers is perhaps the most
useful diagenetic reaction for dating calci-
fied tssues. In a closed system it follows
reversible first-order kinetics and can be
applied to a longer time range than radiocar-
bon dating.

Racemization ages of mollusk shells have
generally been in agreement with ages deter-
mined by other techniques (11-19), but
racemization ages on bone (20) have not
(21). Bone, being relatively porous and in-
homogeneous, is particularly susceptible to

ground-water leaching, which preferentially
removes denatured collagen and other solu-
ble fractions (22, 23). Mollusk shell, on the
other hand, is less permeable than bone to
ground-water leaching, and its calcium car-
bonate (CaCOs3;) composition provides a
buffer against low pH conditions.

A reliable dating technique based on pro-
tein diagenesis requires a common archeo-
logical material that is resistant to humidity
and pH effects. We believe ostrich eggshell
(OES) is such a material (24-28). Fragmen-
tary eggshells of the large ratite bird Struthio
(modern species: camelus) are ubiquitous in
African prehistoric (and historic) sites.
From as early as 1.8 Ma (million years ago)
at Olduvai Gorge (29), humans used the
eggs for food, water containers, and, after
30 ka, for beads. In many northeast African
sites, OES is the only identifiable faunal
indicator, because its dense carbonate matrix
(primarily calcite) is extremely resistant to
decay processes. OES is also common in
Middle Eastern sites (30), and eggshells of
now extinct, cold-adapted ostriches are
known from Pleistocene sites in China and
Mongolia (31). The earliest members of the
genus Struthio date to the early Miocene
(32).

Earlier studies (33) of OES have focused
on its utility for reconstructing prehistoric
climates; shell thickness (34) or stable iso-
topes (3C, '80) have been used as indica-
tors of ostrich diets and habitats (35). The
BC/12C ratios of the shell are indicative of
the ostriches’ dietary intake. Radiocarbon
assays on OES fragments have generally
yielded consistent age estimates, another
indication that the carbonate matrix typical-
ly is not contaminated (36). The organic
component, bound in a calcite matrix, is
about 3% of the eggshell mass, 50 to 100

340
320
300
280
260
240
220
200
180
160
140
120
100

80

LN N E R A B S B S R B N N R N L N B B N B

Amino acid residues per 1000 total

Fig. 1. Relative amino acid

—T T

composition of ostrich egg- 60

shell and modern bovine 40
bone material (22); Hly, hy- 20k
droxylysine; Hpr, hydroxy- of

proline.

1 Pyrolyzed modern ostrich eggshe
Fossil ostrich eggshell
ostrich eggshell

bovine bone,

3 Modern
mm Modern

PN IR NI N U E TN NN AN NI ST N B B |

SCIENCE, VOL. 248



times that in most mollusk shells.

We used pyrolysis experiments to simu-
late and accelerate diagenetic processes.
Eggshell fragments were sealed in hydrolysis
tubes and heated at controlled temperatures
(37-39) for up to 16 weeks to determine the
rate of diagenetic change as a function of
temperature; various leaching environments
were also simulated. Amino acid concentra-
tions were determined as in (39).

Figure 1 compares the relative amino acid
composition of various eggshell prepara-
tions to that of bone (22). In contrast to
bone, OES contains no hydroxyproline or
hydroxylysine but does contain a moderate
concentration of cystine. Comparison of the
composition of pyrolyzed and fossil OES
with that of the untreated sample also
showed significant differences. The less sta-
ble amino acids such as serine and threonine
were depleted, whereas no significant
change in the relative concentrations of the
more stable amino acids (glutamate, glycine,
valine, isoleucine, and leucine) was detected.
The concentration of glutamate per gram of
shell apparently changes least over time, and
the results of the experiments suggest that it
can be used as a reference to evaluate the
decomposition rates of other amino acids
(40).

After 70 hours of continuous leaching at
105°C, OES retained 99% of its original
stable amino acid content, in contrast to
bone, which lost 80% of its organic materi-
al. Molluscan fossils show a slower rate of
loss than bone but were still depleted by
60% when the epimerization ratio of D-
alloisoleucine to r-isoleucine (A/I) reached
approximately 0.6 (12). In contrast to the
results of earlier experiments with bone,
OES samples heated under different condi-
tions of leaching exhibited little difference in
protein diagenesis, either in terms of protein
hydrolysis, decomposition of particular ami-
no acids, or A/l ratio. Because serine, a
common contaminant in laboratory reagents
as well as in natural ground waters, is nearly
absent in the oldest archeological samples
we examined, contamination from the up-
take of amino acids from the environment
was not significant. In the simulations of
leaching, amino acid concentrations in the
water in which eggshell fragments were
immersed during pyrolysis did not increase.
Thus leaching did not occur even though
low molecular weight free amino acids were
abundant in the eggshell matrix in the later
stages of the experiments.

All of these results confirm the integrity of
OES. This material more nearly approxi-
mates a closed system than any other organic
material yet recovered from archeological
sites.

L-Isoleucine has two chiral carbon atoms
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and epimerizes during protein diagenesis to
its diastereoisomer, D-alloisoleucine. Most
studies on mollusk shells and foraminifera
tests have demonstrated, however, that the
reaction does not follow reversible first-
order kinetics over the entire range of the
reaction. From our experiments, isoleucine
epimerization in OES closely followed re-
versible first-order kinetics when the A/I
ratio was below 1.0 (Fig. 2). The reaction
rate may be expressed as In (k) =
C — H/RT where k; is the forward rate
constant, H is the activation energy, T is
temperature in kelvins, and R and C are
constants. Combining the rate constants cal-
culated from high-temperature pyrolysis ex-
periments with those from series of early
Holocene 'C-dated samples from the east-
ern Sahara (Egypt and Sudan) and from
South Africa yields an activation ener-
gy, Ea, of 30.01 kcal/mol and a value for
C of 40.37 (Fig. 3); the standard error for
E, is 0.16.

Where temperature history is known or
derived from other data (for example, obsid-
ian hydration), particularly for deeply bur-
ied samples, A/l ratios in eggshell can be
used to estimate age or, where age is known,
to estimate temperature. At normal sedi-
ment temperatures in the tropics and sub-
tropics (18° to 26°C), this should allow
accurate dating of samples from 1 to 200 ka,
depending on temperature history. The
technique could be accurate to 1 Ma or
older for samples from cold climates (north-
ern China, Mongolia). The accuracy of such
amino acid dates is dependent on uncertain-
ties in the derived Arrhenius parameters and
temperature reconstructions. If the reaction
rate is calibrated at independently dated
levels, the Arrhenius parameters are elimi-
nated from the age equation and uncertain-
ties are due primarily to possible differences
in temperature between levels to be dated
and that of the calibration horizon. Calibrat-
ed epimerization-based dates to twice the
age of the calibrated sample can be made
with a precision of 15%; increasing tem-
perature uncertainties raise the error to 30%
at three times the age of the calibration level.
Extrapolation to greater ages is more uncer-
tain. Interpolation can provide dates with a
precision of 10% or greater (40).

The skeletal remains most often attributed
to the earliest modern humans in Africa are
associated with stone industries grouped
under the term “Middle Stone Age” (MSA),
which refers to industries characterized by
tools made on flakes by a variety of prepared
core techniques. With the exception of a few
sites in Zaire and Zimbabwe, all with possi-
ble stratigraphic admixtures, the MSA ap-
pears to have ended in most of Africa by the
time of the earliest reliable radiocarbon
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Fig. 2. Plot of the A/I ratio as a function of time
based on high-temperature pyrolysis experiments
of modern material at 144°C in both water vapor
(®) and excess water (O) environments. The
correspondence for the two data sets is strong
evidence that there is little difference in the appar-
ent rate of racemization for the two environ-
ments. The data in the inset are plotted as
log[(1 + p/L)/(1 — 0.8 p/L)] versus time.
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Fig. 3. Arrhenius diagram for isoleucine epimeri-
zation in eggshell of Struthio camelus based on
high-temperature pyrolysis experiments of mod-
ern material at 160°, 157°, 146°, 144°, 142°, 110°,
and 106°C, and radiocarbon-dated Holocene con-
trol (x) at ambient temperatures (44).

dates at about 30 ka (41). The age of most
MSA sites remains problematic; all the sites
that have yielded human remains have strati-
graphic problems or disturbance that could
have produced an admixture of older and
younger materials. Protein diagenesis in
OES not only can provide accurate age
estimates for MSA sites where temperature
is known or inferred from radiocarbon cali-
bration of younger levels but also can indi-
cate the degree of disturbance through com-
parison of data from different fragments
within the same level.

We discuss the dating of two MSA sites to
illustrate the consistency of the data generat-
ed and the potential uses of this technique in
archeology. Each of the sites includes Holo-
cene material (in an adjacent locality in the
case of Bir Tarfawi) and extends to MSA
levels with an estimated age range of >75
ka. Each site represents a “worst case” sce-

REPORTS 61



nario for protein decomposition dating, as
both are open-air pan or lake margin local-
ities in desert regions on or near the temper-
ate-tropical border, and thus they were ex-
posed to extreme diurnal and seasonal tem-
perature variations as well as to seasonal or
occasional flooding.

The first site to be analyzed, #Gi, is an
open-air pan-margin site in the northwest
Kalahari desert, on the Botswana-Namibia
border (42, 43). Three main cultural units
are distinguished: MSA with finely made
bifacial and unifacial points and scrapers
(level 4), an intermediate industry with
blades but few formal tools (level 2C), and
at least two horizons of Later Stone Age
(LSA) materials (levels 2A and 1A), dating
at the top to within the last 200 years.
Separating level 2C from the underlying
MSA and overlying LSA are two horizons
of lacustrine limestone, reflecting intervals
of relatively humid climate.

The MSA materials at #Gi document
several behaviors normally associated with
anatomically modern humans in Howieson’s
Poort levels of disputed age or in LSA or
Upper Paleolithic contexts younger than 30
ka. These include (i) over 400 projectile
points of standardized shape and size appar-
ently modified for hafting; (ii) association
with the remains of large, dangerous, or elu-
sive prey species (Phacochoerus, Pelorovis, Equus
of. capensis, Megalotragus); and (iii) use of
grindstones. The antiquity of the LSA mate-
rials is also of interest, because these do not
appear to change throughout the sequence
and can be linked at the top to the modern
San or Bushman inhabitants of the area.

Epimerization results on OES from #Gi
have been obtained, together with conven-
tional and tandem accelerator mass spec-
trometry (TAMS) '“C ages (Fig. 4). The
level 4 coefficient of variation for A/I values
is low, 4.9%, compared to the usual figure
of 10 to 15% for mollusks and other sys-
tems. The lack of vertical stratification ap-
parent in the epimerization results within
level 4 corresponds to the results of strati-
graphic and taphonomic analyses of the site
and probably reflects a combination of
trampling disturbance and relatively short
accumulation time. A piece of eggshell at the
base of unit 2C with an A/I ratio of 0.534
provided a radiocarbon age of 34.0 + 1.1ka
(sample AA-3302), which is consistent with
conventional radiocarbon age estimates by
Stuckenrath on the under- and overlying
limestone as well as with other dates for
early post-MSA industries in south central
Africa (41). The effective temperature is
calculated to be 20.5°C, and the age of level
4, by extrapolation, is 65 to 85 ka (Figs. 4
and 5). This age conforms to thermolumi-
nescence (TL) estimates on sediments from
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the top of level 4 (77 = 11 ka).

The epimerization results also suggest
two distinct periods of LSA occupation, an
earlier one (level 2A) during the terminal
Pleistocene and a later Holocene occupation
(level 1A). The earlier age of level 2A is
further supported by sedimentological evi-
dence that the level 2A sediments represent a
more arid climate than at present (42).
Stratigraphic disturbance, in the form of pits
excavated by the LSA inhabitants into the
MSA horizons, is reflected in a distinct
grouping of OES pieces between levels 1A
and 2A with anomalously high A/I ratios;
one of these (A/I ratio = 1.23) yielded a
TAMS 'C age of >37.2 ka (sample AA-
3303). The localization of disturbance at
this horizon and its absence elsewhere are
important in any site interpretation and
could not be demonstrated by other dating
techniques.

A similar open-air site, BT-14, is located
at the opposite end of Africa in the northern
portion of the Bir Tarfawi lake basin in
southern Egypt (44-46). OES fragments
from four successive lake horizons (Grey
Lakes 1 to 3 below, Olive-Green Lake
above), all associated with Middle Paleolith-
ic artifacts, were analyzed. As at #Gi, the

coefficients of variation in each lake deposit
are very low (2.0% on 23 separate OES
preparations from Grey Lake 1, for exam-
ple), and A/l ratios increase with strati-
graphic depth (45).

Holocene age samples of OES were re-
covered from surface scatters a few kilome-
ters to the east of Bir Tarfawi as well as from
the nearby basin of Bir Sahara East. Effec-
tive sediment temperature in this region
today, as measured directly with thermal
sensors, averages 26.4°C. Several samples
with known A/I ratios were directly dated
by radiocarbon dating, and the results used
to calculate the rate constant reflected in Fig.
3.

Using OES A/I ratios and radiocarbon or
uranium-series dates from each site to cali-
brate the epimerization rate constant, the
ages of older MSA levels have been estimat-
ed. These estimates also conform to esti-
mates based on stratigraphic, faunal, typo-
logical, and geochronological analyses (47).
In addition, the technique has demonstrated
stratigraphic integrity or admixture within
particular levels.

Ostrich eggshells are found outside of
Africa in the dry regions of Asia and as far
north as Mongolia. Eggshells of other ratite
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Fig. 4. Stratigraphy of #Gi (41) showing four archeological units (early and late LSA, transitional
MSA/LSA, and MSA). The lower units are separated by lacustrine deposits. Amino acid data from the
separate archeological units are plotted. The enclosing envelope represents the mean + 1 SD of the
measurements. A sample from level 2C (<) was directly calibrated with radiocarbon (sample AA-3302).
Three samples from the top of level 2A with high A/T ratios (*) almost certainly derive from the lower
MSA horizons because of extensive pit digging by LSA inhabitants. One of these yielded a '*C date of
>37.2 ka [AA-3303]. In addition to the level 2C TAMS '*C date, the other dates shown here were
published as (from top to bottom): S1-4098, 4091A, 4091C, 4090, 4647, 4648, 4097, 4095, and

4094.
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Fig. 5. Comparison of epimeriza- 0
tion curves for ostrich eggshell 1
from laboratory simulation data 20
with samples from archeological

sites in Africa. Temperature curves 40
are derived from laboratory experi-

ments at temperatures between 85° & g
and 157°C. Five radiocarbon-cali- <
brated archeological samples {from §; 80

#Gi (@), Bir Tarfawi (W) [7,500
+ 80 years before present (BP)
(AA-3292A)], Mumba Shelter (+)
[1,980 + 52 years BP, 33,460 +
900 ycars BP (AA-3301, AA-
3299)], and Ishango (A) [25,570
+ 350 years BP (AA-3300)]} are
plotted on the isotherm indicated

100

120

140
0.0

by the combination of known age
and cpimerization. Samples calibrated with radiocarbon are shown enclosed in squares. The #Gi series
*(Fig. 4) is then plotted on the isotherm indicated by this calibration.

species (moas, rheas, and emus) occur in
New Zealand, South America, and Austra-
lia, respectively. Pyrolysis experiments and
results from natural samples indicate that at
least the eggshell of the Australian ratites
behaves similarly to those of Struthio. In
Europe, some of the ecarliest sites associated
with archeological remains of modern hu-
mans (Homo sapiens sapiens) have yielded
fragments of owl eggs. We expect that ex-
panded study of diagenesis in avian shells
could resolve many of the chronological
problems surrounding the question of mod-
ern human origins and will stimulate further
research in this important time range. Initial
work at Border Cave (48), for example,
documents the stratigraphic integrity of the
site as well as the age of the levels associated
with anatomically modern humans.
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Pyrolysis experiments at the Carnegie Institution of
Washington Geophysical Laboratory were carried
out at 157°, 146°, 106°, and 85°C.

Pyrolysis experiments at the Center for Geochrono-
logical Research, the Institute for Arctic and Alpine
Research, and the Department of Geological Sci-
ences, University of Colorado, Boulder, were carried
out at 160°, 144°, 142°, and 110°C.

Samples were subjected to one of two preparations.
(i) Water vapor preparation: sample was placed in a
small unsealed inner test tube or buried in 3 g of
sterile quartzose sand; 0.5 ml of distilled water was
added to the outer tube or sand before sealing. (ii)
Excess water preparation: sample was immersed in
5.0 ml of distilled water in a sealed hydrolysis tube.
The water was changed at regular intervals (8 hours
to 1 week) to simulate ground-water leaching condi-
tions. The shell and leach water were analyzed
separately for amino acid residues. Two amino acid
fractions were measured for each analysis: the free
fraction and the total or acid-hydrolyzate fraction
(free + peptide-bound amino acids). Analyses were
carried out on automated high-performance liquid
chromatographs with ion-exchange resin in narrow-
bore (2 mm inside diameter) columns maintained at
a constant temperature (55° or 62°C), and with
postcolumn derivitization with O-phthalaldehyde.
The fluorescent derivative was detected by a sensi-
tive photomultiplier tube after excitation by long-
wave ultraviolet light. This system allowed detection
of all protein amino acids except proline and hy-
droxyproline and provided baseline resolution of p-
alloisoleucine from L-isoleucine. Chromatograms
were automatically stored on microcomputers,
where the peaks were identified and edited. Most
samples were analyzed two to four times. An alter-
nate detection system with ninhydrin was used to
determine the proline and hydroxyproline concen-
trations.

. Samples of modern eggshell from widely separated

localities (Australia, Texas, Kenya, South Africa)
yielded similar concentrations of amino acids; coeffi-
cients of variation between samples for different
relative amino acid concentrations ranged from 0.6
to 4.3%. The standard error in the determination of
E, is most likely due to slight inaccuracies in tem-
perature measurement in the pyrolysis experiments
as well as to uncertainties in the true average tem-
peratures of the radiocarbon-dated samples. For a
discussion of implications of a 1% uncertainty in E,,
see G. H. Miller et al., Nature 326, 593 (1987). In
our applications, age estimates are based on a cali-
bration of the rate constant from independently
dated material at the same or nearby sites. Uncer-
tainties in our age estimates are based on: (i)
deviation from first-order kinetics (not relevant for
#Gi or Bir Tarfawi; (ii) uncertainty in the indepen-
dent age estimate; and (iii) deviation in average
temperature experienced by the sample to be dated
from that experienced by the calibration sample.
Over ambient temperatures (—10° to +30°C), the
rate of epimerization doubles for every 4°C tempera-
ture increase. In the case of an error of ~1°C, the age
estimate error should be about 25%. We estimate
that the likely error in both cave environments and
in deeply buried open air samples is closer to 15%.
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Molecular Cloning and Expression of a Complementary
DNA for Inositol 1,4,5-Trisphosphate 3-Kinase

Kwan Yong CHOI1, HA KUuN KiM, SANG YEOL LEE,*
Kyung Ho MooN,T SANG Soo SiM, JAE WonN Kim,
Hone Keun CHUNG, SUE Goo RHEET

A complementary DNA (cDNA) clone that encodes inositol 1,4,5-trisphosphate 3-
kinase was isolated from a rat brain cDNA expression library with the use of
monoclonal antibodies. This clone had an open reading frame that would direct the
synthesis of a protein consisting of 449 amino acids and with a molecular mass of
49,853 daltons. The putative protein revealed a potential calmodulin-binding site and
six regions with amino acid compositions (PEST regions) common to proteins that are
susceptible to calpain. Expression of the cDNA in COS cells resulted in an approxi-
mately 150-fold increase in inositol 1,4,5-trisphosphate 3-kinase activity of these cells.

4,5)P3], a product of phospholipase C

activity on phosphatidylinositol 4,5-bis-
phosphate, is metabolized through two sep-
arate pathways: sequential dephosphoryla-
tion to inositol or phosphorylation to inosi-
tol 1,3,4,5-tetrakisphosphate [1(1,3,4,5)P;]
(1-3). 1(1,4,5)P;3 is a second messenger and
releases Ca®* from vesicular, nonmitochon-
drial intracellular stores by binding to a
specific receptor (4). I(1,3,4,5)P, also ap-
pears to be a second messenger and seems to
function synergistically with I(1,4,5)P; in
the control of Ca?* homeostasis by regulat-
ing the transfer of Ca?* from the I(1,4,5)Ps-
insensitive pool to the I(1,4,5)P;-sensitive
pool (3, 5, 6). Although preliminary, the
1(1,4,5)P5-1(1,3,4,5)P, “duet” model can
explain many complex, and sometimes
seemingly contradictory, experimental re-
sults (3, 7). Therefore, I(1,4,5)P; 3-kinase
(IP3K), which catalyzes the adenosine tri-

INOSITOL 1,4,5-TrisPHOSPHATE [I(1,

K. Y. Choi, H. K. Kim, S. Y. Lee, K. H. Moon, S. S.
Sim, J. W. Kim, S. G. Rhee, Laboratory of Biochemistry,
National Heart, Lung, and Blood Institute, National
Institutes of Health, Bethesda, MD 20892.

H. K. Chung, Department of Biochemistry, College of
Medicine, Seoul National University, Seoul, Korea.

*Present address: Department of Biochemistry, Kyong-
sang National University, Chinju, Korea.

tPresent address: Department of Pharmacy, Kyongsung
University, Pusan, Korea.

$To whom correspondence should be addressed.

64

phosphate (ATP)—dependent phosphoryl-
ation of I(1,4,5)P; to I(1,3,4,5)P4, not only
provides an important branch point in the
pathway of inositol phosphate metabolism,
but also occupies a central position in regu-
lating the availability of two Ca’*-mobiliz-
ing second messengers.

Consistent with such a central role, IP3K
appears to be the target of multiple cellular
regulatory mechanisms. IP3K activity in rat
brain increases 14-fold during development
from fetus to adult (8) as a result of an
increased synthesis of enzyme (9). IP3K is a
Ca’*-calmodulin—dependent enzyme (10—
13) and may be modulated by protein kinase
C (14). IP3K may also be a target of protein-
tyrosine kinases, because IP3K activity in-
creased by six- to eightfold in v-sre—trans-
formed cells (15).

IP3K has been purified from rat (11) and
bovine (12) brains and from pig aortic
smooth muscle (13), and its activity has been
associated with polypeptides of 93,000 (13),
53,000 (11), 52,000 (12), 38,000 (12), and
35,000 daltons (12). These results could be
due to the presence of multiple isozymes or
to limited proteolysis. Inherent problems in
studies on IP3K are its low concentration in
tissues and its low recovery during purifica-
tion. We have now isolated a cDNA clone
that encodes IP3K.

A cDNA library was prepared from rat

brain total polyadenylated [poly(A)*] RNA
with the use of the Agtll vector system.
Recombinant phages were screened with a
mixture of ten monoclonal antibodies to the
53-kD IP3K from rat brain (16). Nine im-
munologically positive clones were isolated
from about 1 X 10° transformants. The two
longest inserts, pIP3K-I (1.85 kb) and
pIP3K-II (2.15 kb), were then completely
sequenced (17). The 1853-bp pIP3K-I has
one open reading frame and carries coding
sequences for all 17 tryptic peptides that had
been isolated from the 53-kD IP3K from rat
brain (18). This reading frame contains two
methionine codons (at nucleotide positions
—27 and +1) upstream of the amino acid
sequence determined by direct analysis of a
tryptic peptide. The ATG triplet of nucleo-
tide residues +1 to +3 is likely to be the
translational start site because the sequence
immediately surrounding it (CGGGC-
ATGG) better matches the Kozak consensus
sequence (19) CC(8)CCATGG than does
that surrounding the ATG triplet at nucleo-
tide residues —17 to —25 (GGGAGATGA).
Attempts to identify the amino acid se-
quence at the NH,-terminus of the protein
directly from purified 53-kD IP3K by Ed-
man degradation failed because of blockage
by an unidentified modifying group (20). A
translational termination codon (TGA) oc-
curs in-frame after codon 1350, which speci-
fies arginine. The 5’ noncoding region is 72
bp long and rich in G and C residues. The 3’
noncoding region is 378 bp long, excluding
the poly(A) tail, and contains an AATAAA
polyadenylation signal 13 bp upstream from
the poly(A) tail. Thus, pIP3K-I would en-
code a mature protein of 449 amino acids
with a calculated molecular mass of 49,853
daltons (Fig. 1).

The complete sequence of pIPK-II (20)
revealed that the 3’ 1472 nucleotides were
identical to the 3'-end nucleotides of
pIP3K-I. However, the 683 nucleotides at
the 5’ end did not contain any sequences
corresponding to the amino acid sequence
of IP3K tryptic peptides and contained mul-
tiple stop codons. This suggests that pIP3K-
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