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Precessional Forcing of Nutricline Dynamics in the

Equatorial Atlantic

B. MOLFINO AND A. MCINTYRE

Climate control of nutricline depth in the equatorial Atlantic can be monitored by
variations in the abundance of the phytoplankton species Florisphaera profunda. A
conceptual model, based on in situ evidence, associates high abundances of F. profunda
with a deep nutricline and low abundances with a shallow nutricline. A 200,000-year
record of F. profunda relative abundances, obtained from a deep-sea core sited beneath
the region of maximum equatorial divergence at 10°W, has 52 percent of its variance
centered on the 23,000-year precessional band. Cross-spectral analysis between the
signals of F. profunda and sea-surface temperature, independently derived from
zooplankton species, shows their 23,000-year cycles to be coherent and nearly in phase.
Abundance minima of F. profunda coincide with times of December perihelion,
whereas abundance maxima coincide with June perihelion. These relations indicate
that nutricline dynamics in the divergence region of the equatorial Atlantic are
controlled by variations in the tropical easterlies, forced by the precessional component
of orbital insolation, on time scales greater than 10,000 years.

HE TURBULENT BOUNDARY LAYER
T (TBL) is the upper layer of the ocean

where exchange of heat and mass
occurs between the oceanic and atmospheric
reservoirs. The physical oceanography of the
TBL is a major factor in atmosphere-ocean
dynamics on all time scales. On time scales
encompassed by the instrumental record,
knowledge of the observed and modeled
annual and interannual dynamics of the TBL
is progressing rapidly (7). On paleoceano-
graphic time scales, knowledge of the struc-
ture of the TBL is lacking. Paleoindicators
that vertically partition the TBL to measure
the character of the layers (above and below
the thermocline) are needed. In this report,
we present a conceptual model of the cocco-
lithophorid (chrysophycean) species F. pro-
Jfunda. Our model is based on in situ obser-
vation, and it allows us to predict F. profunda
variations as a function of nutricline dynam-
ics."We applied this model to the oceanic
sediments of the equatorial Atlantic in two
ways: (i) spatially, using a meridional tran-
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sect of modern sediment samples that com-
pares F. profunda’s response to known varia-
tions of nutricline depth; and (ii) temporal-
ly, using a 200,000-year record of F. pro-
funda response from one core in this transect.
This species shows that nutricline dynamics
in the equatorial Atlantic respond to the
precessional component of insolation forc-
ing.
Okada established the gross biogeogra-
phy and ecology of F. profunda. This marine
alga is restricted to the lower euphotic zone
at temperatures >10°C (2), as documented
for tropical and subtropical TBLs of the
Pacific and the Atlantic oceans (2-4). All
other coccolithophorids that are preserved
in the fossil record are restricted to the
upper euphotic zone. Florisphaera profunda
produces subrectangular calcite plates (mean
of 2.5 um) that are easily recognized in the

Fig. 1. The conceptual model of F. profunda
response to variation in nutricline depth is illus-
trated with two end member scenarios. Floris-
phaera profunda is restricted to the lower part of the
euphotic zone, while all other coccolithophorid
species inhabit the upper euphotic zone. A deep
nutricline enhances the production of F. profunda
over all other coccolithophorid species (left). A
shallow nutricline enhances the production of
other coccolithophorid species relative to F. pro-

Sfunda (right).

electron microscope and are well preserved
in oceanic sediments (2).

We suggest that F. profunda can be used to
monitor variations in the depth of the nutri-
cline. Our conceptual model uses a parti-
tioned euphotic zone in which the control-
ling mechanism is variation in nutrient con-
centration of the upper euphotic zone (Fig.
1). The random variable is the depth of the
nutricline; the response variables are the
number of F. profunda and the number of
other coccolithophorids. A deep nutricline
means the upper euphotic zone is nutrient-
depleted and hence F. profunda’s production
is enhanced relative to other coccolitho-
phorids; a shallow nutricline has the oppo-
site effect. We identified 500 individuals per
sample and computed the percentage of F.
profunda in the total sample as our measure
of variation. The sample counts are binomi-
ally distributed; their statistical error (95%
confidence limits based on binomial propor-
tions, n = 500) is approximately +4% for
values between 30 and 70% (35).

In the equatorial Atlantic, alternating rib-
bons of high and low primary productivity
are aligned along parallels of latitude (6).
These ribbons are produced by the seasonal-
ly varying surface currents of the South
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Equatorial Current (SEC), the Equatorial
Undercurrent (EU), and the North Equato-
rial Countercurrent (7). Maximum nutri-
cline and thermocline shallowing, due to
divergence, is centered on 10°W in the SEC
(8). Here the contact between the westward-
flowing SEC, aligned on 4°S, and the east-
ward-flowing EU, aligned on 0°, is delineat-
ed by major changes in many physical pa-
rameters (7, 9), for example, nutrient and
oxygen content.

We have counted F. profunda in a north-
south transect of 11 surface sediment sam-
ples, aligned on 11°30'W (Fig. 2). The
rapid change in the percentage of F. profunda
in the equatorial transect marks the contact
between the SEC and the EU, which rises to
its shallowest depth at 10°W. This contact is
associated with the boundary between high
values of phosphate in the euphotic zone to
the south and low values of phosphate in the
euphotic zone to the north; the depth of the
nutricline, defined by a level of PO, of 1.0
pmol liter~1(10), varies between 50 and 200
m (9, 11). Although the abundance of many
planktonic organisms (for example, forami-
nifera and other coccolithophorid species)
changes across this boundary, the abun-
dance variation of F. profunda has the great-
est amplitude. Its response records a de-
crease in coccolith production in the upper
euphotic zone by an increase in relative
abundance. Thus, in this spatial study, ob-
servation and model agree: low percentages
of F. profunda are associated with a shallow
nutricline and, by proxy, a shallow thermo-
cline, and high percentages of F. profiunda are
associated with a deep nutricline and, by
proxy, a deep thermocline. No other extant
coccolithophorid species that is also pre-
served in the fossil record has this signature.

In the equatorial Atlantic the region of
maximum divergence is in the region of
maximum heat flux into the ocean. Vast
quantities of heat and gas interchange verti-
cally with the atmosphere and horizontally
between the oceans of the Northern and
Southern hemispheres. These interchanges
are controlled by advection that is modulat-
ed by the tropical easterlies, which are
forced by annual (and longer term) insola-
tion variation. The strong seasonal variation
in the tropical easterlies produces a fluctuat-
ing equatorial system (12, 13). In boreal
summer at 10°W, easterly wind strength, the
speed of the SEC, divergence, and primary
productivity are all at maxima, whereas sea-
surface temperature (SST) is low, and the
nutricline and thermocline lie within the
upper euphotic zone (13, 14). In boreal
winter at 10°W, the easterly winds weaken
and divergence, SEC speed, and primary
productivity are all at minima. The nutri-
cline and thermocline lie deep in the eupho-
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Fig. 2. Plot of percent F. profunda (Fp) in a north-
south transect of surface sediment samples. The
transect extends from 13°39'W (core RC24-1) to
10°01'W (core RC24-22); all transect cores are
from water depths shallower than 4000 m. The
transect crosses the modern mean axes of flow of
both the SEC and EU. The boundary between
these two currents occurs between cores RC24-7
and RC24-9, where there is a marked change in
both F. profunda and the depth of the nutricline,
defined here by the depth of the 1.0 umol liter™!
PO, value. Phosphate data are from (11).

tic zone and SST is high. Thus the equatori-
al TBL has two quite different seasonal
aspects.

This annual cycle is an analog for orbitally
forced changes (on paleoceanographic time
scales) in the tropical easterlies and African
monsoon. The stronger the Hadley circula-
tion, the more intense the zonal velocity of
the tropical easterlies, Ekman drift, and
equatorial divergence. Several global climate
models have simulated the atmosphere of
18,000 years ago, the last glacial maximum
(15); all these models indicate that the zona-

RC24 transect cores
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lity of the tropical easterlies was as strong or
stronger than today, when perihelion is
aligned with boreal winter. At 9000 years
ago, a time when perihelion was aligned
with boreal summer, the COHMAP models
(16) showed that the meridional component
was stronger while the zonal component
was weaker relative to both today and the
last glacial maximum.

The dynamics of the TBL during the late
Pleistocene have been documented by varia-
tions in foraminiferal assemblages and esti-
mated SST (17). For the equatorial diver-
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Fig. 3. Time series and spectral signatures from core RC24-7, sited beneath the region of maximum
divergence in the equatorial Atlantic. Time series (left) of (A) percent F. profunda, a monitor of
nutricline depth, and (B) estimated sea-surface temperature (cold season) based on planktonic
foraminifer transfer function AOF20 (21). Data are from the same sediment samples. There is
consistency between the occurrence of F. profunda minima and sea-surface temperature minima for the
last 200,000 years. Variance spectra (right) are dominated by spectral peaks centered on frequency
0.043, equivalent to the 23,000-year periodicity of precession (20); ka, thousand years ago.
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gence region of the Adantic, these signals
are dominated by the precessional compo-
nent (23,000-year period) of orbitally
forced variations in insolation. This re-
sponse is the result of insolation-forced vari-
ations in the strength of the tropical easter-
lies; maximum divergence (minimum SST)
occurs when perihelion is aligned with bore-
al winter (strongest zonality of the tropical
casterlies), and vice versa.

To evaluate the relation between nutri-
cline depth and climate forcing, we obtained
counts of F. profunda at ~1000-year intervals
in core RC24-7 (1°20.5'S, 11°53.3'W;
3899 m water depth) for the last 200,000
years. This core is located in the region of
maximum divergence. The stratigraphy, fo-
raminiferal response, and estimated SST of
this core have been established (18) but the
chronology has been revised (19). Time
series’ of the percentage of F. profunda and
foraminifer-derived SST (cold season) show
a consistent relation: a high percentage of F.
profunda (deep nutricline) is associated with
warm estimated temperatures (minimum di-
vergence), and a low percentage of F. pro-
funda (shallow nutricline) is associated with
cool estimated temperatures (maximum di-
vergence) (Fig. 3). The cross-correlation
coeflicient of 0.63 is significant (P < 0.01).
The signals of the percentage of F. profunda
and SST, based on the phytoplankton and
the zooplankton, respectively, are mutually
independent. The constrained amplitudes of
these signals suggest that the ocean-climate
system is a stationary oscillator at the equa-
tor; thus our model is applicable.

Variance spectra of the percentage of F.
profunda and SST signals for the last 200,000
years are dominated by periodicities cen-
tered on the 23,000-year precessional band
(Fig. 3). These spectra peaks contain 52 and
53% of the variance of F. profunda and SST,
respectively. Cross-spectral analysis shows
that within the 23,000-year band the signals
are coherent (k = 0.90) and have a slightly
negative phase (¢ = —25°), that is, the F.
profunda signal lags SST by 1500 years,
equivalent to 1.5 sampling intervals (20).
The only visible difference between the two
signals is that the F. profunda signal contains
a secondary spectral peak centered on
100,000 years. Therefore, this 200,000-year
record suggests that the dynamic TBL annu-
al cycle is an analog for orbitally forced
variations in nutricline depth at precessional
periodicities.

The relation between F. profunda and the
foraminifera in core RC24-7 supports this
analogy. The tropical foraminiferal assem-
blage (abundant when the nutricline is deep
and divergence is low) is dominated by
Globigerinoides ruber (21), whose optimum
habitat is warm waters of the upper euphotic
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Table 1. Cross-spectral estimates of coherency
and phase, within the 23,000-year band, between
F. profunda and foraminiferal assemblages in equa-
torial Atlantic core RC24-7 (20). A positive phase
angle means variations in F. profunda lead varia-
tions in the assemblage; a negative phase means
the opposite. Phase estimates include their 95%
confidence intervals.

Assemblage Coherency Phase
Tropical 091 -5+24
Transitional 0.83 153 £ 29

Table 2. Comparison of times of occurrence of
June perihelion (23) with maxima in the abun-
dances of F. profunda, and of December perihelion
with minima in the abundances of F. profunda, in
equatorial Atlantic core RC24-7.

Perihelion F. profunda Perihelion F. profunda

in June maxima in Dec. minima
(ka) (ka) (ka) (ka)
11 6.4 21 21.0
32 29.9 45 42.3
60 59.3 70 69.8
82 85.1 93 94.6
104 103.6 115 112.6
126 123.4 138 135.0
149 149.5 162 156.8
175 173.0 186 183.0

zone (22). The transitional forminiferal as-
semblage (favored by increased divergence)
is dominated by Globorotalia inflata, whose
optimum habitat is cool waters of the mid to
upper euphotic zone. The 23,000-year cycle
of F. profunda is coherent and in phase with
the tropical foraminiferal assemblage, and
coherent and out of phase with the transi-
tional foraminiferal assemblage (Table 1).
This unglamorous algae further amazes.
In RC24-7, the coldest SST and lowest
abundances of F. profunda occur when peri-
helion is aligned with December, boreal
winter (Fig. 3 and Table 2). The obverse
relation also occurs. McIntyre et al. (17)
showed that when perihelion is centered on
boreal summer, equatorial divergence is
minimal because the North African mon-
soon is strong and the zonal component of
the tropical easterlies is weak. This relation
is corroborated by the near perfect correla-

tion between times of maxima in the per-

centage of F. profunda and perihelion in
June, boreal summer (Table 2).

An important objective in paleoceanogra-
phic research is the delineation of the TBL
heat content, to permit exposition of the
oceanic mechanism of heat advection in the
TBL. Because the nutricline is linked with
the thermocline in tropical waters, paleo-
ceanographic reconstruction of the geome-
try of the heat reservoir of the tropical-

subtropical TBL is possible. In the Neo-
gene, F. profunda should provide spatial and
temporal estimates of the TBL reservoir
volume. and heat content, the latter in con-
junction with independent biotal tempera-
ture estimators.
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Sequence-Specific DNA Binding by a Short
Peptide Dimer

ROBERT V. TALANIAN, C. JAMES McKNIGHT, PETER S. KM

A recently described class of DNA binding proteins is characterized by the “bZIP”
motif, which consists of a basic region that contacts DNA and an adjacent “leucine
zipper” that mediates protein dimerization. A peptide model for the basic region of the
yeast transcriptional activator GCN4 has been developed in which the leucine zipper
has been replaced by a disulfide bond. The 34-residuc peptide dimer, but not the
reduced monomer, binds DNA with nanomolar affinity at 4°C. DNA binding is
sequence-specific as judged by deoxyribonuclease I footprinting. Circular dichroism
spectroscopy suggests that the peptide adopts a helical structure when bound to DNA.
These results demonstrate directly that the GCN4 basic region is sufficient for
sequence-specific DNA binding and suggest that a major function of the GCN4
leucine zipper is simply to mediate protein dimerization. Our approach provides a

strategy for the design of short sequence-specific DNA binding peptides.

HE TRANSCRIPTIONAL ACTIVATOR

GCN#4 (1), which is responsible for

the general control of amino acid
biosynthesis in yeast (2), binds DNA
through a structural motif common to sever-
al proteins (3), including the nuclear onco-
gene products Fos and Jun. This “bZIP” (4)
motif consists of a region with several basic
residues that probably contacts DNA direct-
ly and an adjacent region of about 30 resi-
dues containing a heptad repeat of leucines,
the “leucine zipper” (5), that mediates di-
merization. Such bZIP dimers bind DNA
sites that are approximately diad-symmetric
A3).

Structural studies of a synthetic peptide
corresponding to the leucine zipper region
of GCN4 indicate that the peptide dimerizes
as a parallel coiled coil (6, 7). The leucine
zipper regions are necessary for dimerization
of GCN4 (8-10) and other bZIP proteins
(11, 12) and for heterodimer formation by
the Fos and Jun proteins (10, 13-15). More-
over, synthetic leucine zipper peptides are
sufficient for specific homodimer (6) and
heterodimer (16) formation.

The basic region of bZIP proteins is
important for DNA binding. Several bZIP
proteins with mutations in the basic region
fail to bind DNA sequence-specifically al-
though they can dimerize (12, 13, 17).
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Alignment of sequences from different bZIP
proteins shows that conserved residues in
the basic region and the leucine zipper are
separated by an invariant number of residues
(4, 18). This separation appears crucial since
insertion or deletion of a few amino acid
residues at the boundary between the two
regions can eliminate specific DNA binding
activity (14, 19, 20). Nevertheless, the two
regions appear capable of functioning au-
tonomously, since chimeric bZIP domains
(combining the basic region of one protein
with the leucine zipper of another) often
retain specific DNA binding activity (10, 20,
21).

We asked whether the basic region alone,
dimerized with a disulfide in place of the
leucine zipper, retains sequence-specific
DNA binding activity. A peptide (GCN4-
brl), corresponding to residues 222 to 252
of GCN4 (22), was synthesized (23) with a
Gly-Gly-Cys linker (6) added at the carboxyl
terminus (Fig. 1). The glycines were includ-
ed to provide a flexible linker in the disul-

Baslc region

2 3 4 5

e

Fig. 2. Gel mobility shift 1
assays (24) indicate that
DNA binding by GCN4-

brl**, but not GCN4-

bZIPl, is sensitive to .
DTT. Lane 1, no pep- \

tide; lane 2, GCN4-brl™; o
lane 3, GCN4-brl** with . ﬁ .
10 mM DTT; lane 4, ’ -
GCN4-bZIP]; and lane =~ -« 7
5, GCN4-bZIP1 with 10 mM DTT.

fide-bonded dimer, referred to as GCN4-
brl®s. The peptide was made as the carboxyl-
terminal amide to avoid introduction of
additional charge. A second peptide
(GCN4-bZIP1), corresponding to the en-
tire bZIP region of GCN4 (residues 222 to
281), was also synthesized (Fig. 1). This 60-
residue peptide is capable of dimerization
and sequence-specific DNA binding (8).

Gel mobility shift assays (24) indicate
(Fig. 2) that both GCN4-brl** and GCN4-
bZIP1 bind a 20-bp oligonucleotide,
GRE20 (24), which contains the GCN4
recognition element (GRE) 5'-ATGACT-
CAT-3' (25). As measured by titration of
the gel shift, GCN4-brl*® binds GRE20
with a dissociation constant of ~10 nM at
4°C. Reduction of the disulfide bond in
GCN#4-brl** by addition of 10 mM dithio-
threitol (DTT) decreases substantially the
amount of mobility-shifted DNA, whereas
DNA binding by GCN4-bZIP1 is unaffect-
ed by this treatment (Fig. 2).

The DNA binding specificities of GCN4-
brl** and GCN4-bZIP1 were tested by using
deoxyribonuclease (DNase) I footprinting

-(26). At 4°C both peptides show sequence-

specific protection of the GRE site from
DNase I digestion (Fig. 3). However, when
DNase I digestion was carried out at 24°C,
GCN4-brl*® failed to bind specifically, al-
though GCN4-bZIP1 gave an identical
footprint to that obtained at 4°C.

The DNA binding specificity of GCN4-
brl** suggests that the peptide is a valid
model for the DNA binding activity of
GCN4. The binding activity of the peptide
dimer demonstrates directly that the basic
region of GCN4 (and presumably other
bZIP proteins) contains sufficient informa-
tion for sequence-specific DNA binding.
The successful substitution of the leucine

Leucine zipper

GCN4-bZIP1:

GCN4-br1:

PESSDPAALKRARNTEAARRSRARKLORMKQ | LEDKVEELLSKNYHLENEVARLKKLVGER

PESSDPAALKRARNTEAARRSRARKLQRMKQ |GGC-NH,

Fig. 1. Sequences of the peptides studied (23). GCN4-bZIP1 consists of the 60 carboxyl-terminal
residues of GCN4 (22). The leucines in the leucine repeat are underlined. GCN4-brl consists of the basic
region residues (boxed) plus the carboxyl-terminal linker Gly-Gly-Cys. Abbreviations for the amino acid
residues are: A, Ala; C, Cys; D, Asp; E, Glu; G, Gly; H, His; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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