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DIEL PERIODICITY OF NITRATE REDUCTASE ACTIVITY AND PROTEIN LEVELS IN THE
MARINE DIATOM THALASSIOSIRA WEISSFLOGII (BACILLARIOPHYCEAE)!
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ABSTRACT

The diel variation and regulation of the enzyme nitrate
reductase (NR) were examined in the diatom Thalassio-
sira weissflogii (Gru.) Fryxell et Hasle. NR was purified,
and polyclonal antibodies were raised to a 98-kD polypep-
tide. The antibodies cross-reacted only with proteins from
closely related diatom species, suggesting significant epitop-
ic variation of this enzyme within algal divisions. Neither
NR enzymatic activity nor protein was detected in cells
grown with ammonium as the sole nmitrogen source; the
addition of ammonium to cells growing on nitrate de-
creased both protein levels and enzyme activity by 40%
within 2 h. In cells grown on a 12:12 h LD cycle, NR
activity and NR protein levels were highly correlated, with
a peak at midday, a decrease toward the end of the pho-
toperiod, and an increase in activity beginning near the
end of the dark period. The addition of actinomycin D (an
inhibitor of RNA synthesis) and cycloheximide (an inhib-
itor of protein synthesis) affected NR activity and NR pro-
tein levels identically, strongly suggesting that this nuclear-
encoded protein is regulated primarily at a transcriptional
level. The diel pattern of NR protein and activity ceased
immediately following transfer to continuous light, indi-
cating that the periodicity is not directly controlled by a
circadian rhythm. Time-lagged cross-correlation analysis
revealed a 6-h phased difference between the minimum en-
zyme activity or protein levels and the maximum cellular
carbon pool. On the basis of the experimental resulls, we
develop a model proposing that (1) NR activity is regulated
primarily by transcriptional regulation of NR synthesis
and that (2) the level of expression of the enzyme during
a given day is corvelated with the integrated pool of organic
carbon accumulated during the preceding photoperiod.

Key index words:  diatoms; diel cycle; nitrate reductase;
transcriptional regulation

Abbreviations: DCMU, 3'-(3,4-dichlorophenyl)-1'1-di-
methylurea; DMSO, dimethylsulfoxide; MSX, methionine
sulfoximine; NR, nitrate reductase

In photoautotrophs, the reduction of nitrate to
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nitrite is catalyzed by assimilatory nitrate reductase
(EC 1.6.6.1, specific for NADH, or EC 1.6.6.2, a bi-
specific NAD[P]H form) and is often rate-limiting
in the overall assimilation of inorganic nitrogen
(Solomonson and Barber 1990). Although these nu-
clear-encoded proteins are found in virtually all ox-
ygenic photosynthetic organisms, several character-
istics of NR in unicellular algae in general and in
chromophytes in particular differ from those in
higher plants (Berges 1997). For example, in uni-
cellular algae, but not in higher plants, the activity
of the enzyme is rapidly repressed by ammonium
(Eppley et al. 1969, Syrett 1981); the exact mecha-
nism for the repression is unknown. In chlorophytes
and higher plants, NR is bispecific for NAD(P)H,
whereas in chromophytes the enzyme uses only
NADH as a reductant (Syrett 1981, Berges and Har-
rison .1995a). In chlorophytes and higher plants,
maximal NR activity occurs around midday and is
low and constant in darkness (Deng et al. 1991, Lillo
1994). However, in chromophytic algae, more com-
plex patterns emerge in which the activity of the
enzyme often increases a few hours before the end
of the dark period (Eppley et al. 1971, Packard and
Blasco 1974, Berges et al. 1995). The processes re-
sponsible for the regulation and feedback of NR ex-
pression and activity are complex and poorly un-
derstood.

In higher plants, the level of expression of NR is
regulated at both transcriptional and translational
levels (Sherman and Funkhouser 1989), and the cat-
alytic activity of the enzyme is post-translationally
modified by redox and allosteric interactions (Kai-
ser and Brendle-Behnisch 1991) as well as by protein
phosphorylation (Huber et al. 1992, Kaiser and Hu-
ber 1994, Glaab and Kaiser 1996). Although not
conclusively established in eucaryotic algae, some
form of post-translational modification of NR is im-
plied by the influence on enzyme activity of such
factors as irradiance (Gao et al. 1992), light quality
(Ninnemann 1987), interactions at the uptake step
(Collos 1989), and intracellular carbon and nitro-
gen compounds (Flynn 1991). However, despite the
wide variety of regulatory mechanisms possible, in
vitro NR assays of enzyme activity are highly corre-
lated with nitrate incorporation rates in diatoms,
even during LD cycles and in the presence of am-
monium (Berges and Harrison 1995a, b, Berges et
al. 1995). The correlation between in vitro assays and
nitrate incorporation might simply be fortuitous;
however, it suggests that NR expression and activity
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are coupled to growth and, by extension, photosyn-
thetic processes (Falkowski and Raven, 1997).

The strongest natural oscillator of photosynthesis
is the diel cycle. Diel variations in photosynthetic
activity can be driven either by intrinsic circadian
clocks or by metabolic feedbacks. To distinguish be-
tween these two phenomena and investigate poten-
tial feedback processes influencing NR activity, we
studied the diel regulation of NR in a chromophyte,
the marine diatom Thalassiosira weissflogii. Using a
polyclonal antibody raised against NR purified from
this organism, we demonstrate with simultaneous
western blots and measurements of enzyme activity
that the diel periodicity in NR is regulated primarily
at the level of transcription. Although there is evi-
dence of post-translational modification, the latter
basically plays a minor role by ‘““tuning” the enzyme
activity. NR expression appears to be modulated by
feedback signals from products of photosynthetic
carbon metabolism and does not appear to be un-
der the direct control of a circadian clock.

MATERIALS AND METHODS

Culture conditions. The diatom Thalassiosira weissflogii (Gru.) Fry~
xell et Hasle (clone T-VIC) was grown in semicontinuous batch
culture in an artificial seawater medium with f/2 nutrients and
nitrate as the sole inorganic nitrogen source, as previously de-
scribed (Berges and Falkowski 1996). Cells were maintained at
20° C and under 200 pmol quanta m~? s7! irradiance, provided
either continuously or on a 12:12 h LD cycle.

Sampling and general analyses. All samples were taken from cul-
tures growing in early to mid-logarithmic growth phase. Cell
counts and cell volumes were determined on samples preserved
in Lugo!’s iodine using a model TAII Coulter Counter following
the procedures described by Montagnes et al. (1994). Culture
growth and status were monitored by variable fluorescence mea-
surements made with a Turner Designs model 10 fluorometer
and DCMU (Geider et al. 1993). Carbon and nitrogen content
were measured on samples collected on precombusted 13-mm
Gelman A/E filters, using a Perkin Elmer Model 2400 Series II
CHNS/O analyzer (Norwalk, Connecticut).

NR activity. NR activity was assayed at 25 EC by measuring NO,~
produced in a 10-min incubation, according to the basic methods
described by Evans and Nason (1953) and modified by Berges
and Harrison (1995a). Twenty-five milliliters of culture was fil-
tered onto 13-mm Gelman-type A/E glass fiber filters and ho-
mogenized using a glass/Teflon tissue grinder on ice. Assays al-
ways included 20-uM flavin adenine dinucleotide. NR activity was
expressed in units of activity (U), where 1 unit is the amount of
NR catalyzing the conversion of 1 pumol of nitrate to nitrite per
minute.

Protein electrophoresis, blotting, and detection methods. Cells were
harvested by centrifugation, sonicated for two cycles of 20 s in a
Kontes Ultrasonic Cell Disrupter (Vineland, New Jersey) in ice-
cold TCA in acetone (10% w/v). Proteins were precipitated for
Lhat —20° C and collected by centrifugation. Pellets were washed
in 100% acetone ‘and air-dried. Protein was measured according
to the bicinchoninic acid method (Smith et al. 1985). Samples
were prepared for SDS-PAGE following Greene et al. (1991) and
loaded on an equal protein basis. Total proteins were separated
at a constant voltage of 150 V for 1 h, using either precast 4%-
20% gradient (Biorad 161-0903) or 7.5% Tris-glycine polyacry-
lamide gels. Following electrophoresis, the proteins were trans-
ferred to nitrocellulose membranes (Greene et al. 1991) and de-
tected by chemiluminescence (ECL method, Amersham) follow-
ing reaction with specific antibodies (Shanklin et al. 1995). The
abundance of specific proteins was quantified from the density of

bands on X-ray film using a Molecular Dynamics Computing Den-
sitometer (Sunnyvale, California).

Purification of NR, antiserum production, and characterization. NR
was purified by affinity chromatography using a modification of
the protocol of Gao et al. (1993), based on the methods of Amy
and Garrett (1974). A total of 160 L of log-phase culture (ca. 5

‘X 105 cellssmL™1) of T. weissflogii, grown in continuous irradiance,

was harvested by continuousflow centrifugation and frozen at
=70 EC. Cells were thawed and broken into two 5-min cycles
through a Yeda press (Linca Ltd., Tel Aviv, Israel) at 1500 psi.
The crude extract was centrifuged at 10,000 X g for 10 min,
bound in batch to Blue Sepharose (Pharmacia CL6B), packed
into a 30 X 1 cm column, and washed according to Gao et al.
(1993). NR was eluted in a 0- to 35-uM gradient of NADH and
collected in 2-mL fractions at a flow rate of 1.5 mL-min~!. The
three fractions showing the greatest NR activity were pooled, and
protein was precipitated with 45% ammonium sulfate, resuspend-
ed in binding buffer, and frozen at —70 EC.

Before immunization, a final gel purification was performed
using SDS-PAGE under denaturing conditions. The dominant
band, migrating at 98 kD, was visualized using a reversible copper
stain (BioRad 161-0470) and cut from the gel for use in immu-
nization. Antibodies were prepared in rabbits by Cocalico Biolog-
icals Inc. (Reamstown, Pennsylvania) using an initial injection of
100 ug of antigen mixed with Freund’s incomplete adjuvant, fol-
lowed by boosts of 50 pg at 14, 21, and 49 days.

The antiserum produced was characterized in three ways. First,
the activity of partially purified NR protein was measured in the
presence of different concentrations of antibody (1:100000 to 1:
10). Second, a dilution series of crude extracts from T. weissflogii
was prepared, blotted, and challenged with the antiserum (1:
2000). Third, a culture of T. weissflogii was grown as described
above but with nitrate replaced with 100 pM of ammonium. Un-
der these conditions, NR activity was undetectable (see Berges et
al. 1995). Samples of nitrate- and ammonium-grown cultures were
loaded on an equal protein basis, separated, and blotted to nitro-
cellulose as described above and then probed with NR antiserum
(1:2000 dilution).

To determine the cross-reactivity of the NR antiserum from T.
weissflogii with NR in other species, cultures of several microalgae
were grown under continuous light with nitrate as the sole nitro-
gen source. The following species were harvested in logarithmic
growth phase: the diatoms Thalassiosira pseudonana (Hustedt) Ha-
sle et Heimdal (clone 3H ), Skeletonema costatum (Greville) Cleve
(clone SKEL), Phaeodactylum tricornutum Bohlin (Culture Collec-
tion of Marine Phytoplankton (CCMP) clone 630), Ditylum brigh-
twellii (T. West) Grunow ex van Huerck (North East Pacific Cul-
ture Collection (NEPCC) clone 8), and Chaetoceros spp- (CCMP
1424); the dinoflagellates Amphidinium carterae Hulburt (NEPCC
629) and Scrippsiella trochoidea (Stein) Loblich III (NEPCC 15);
the chromophytes Emiliania huxleyi (Lohman) Hay et Mohler
(CCMP 374) and Isochrysis galbana Parke (CCMP '1323); the chlo-
rophyte Dunaliella tertiolecta Butcher (clone DUN); and the cy-
anobacterium  Synechococcus sp. (WH 5701). Proteins, loaded
equally in all lanes, were separated by PAGE and transferred to
nitrocellulose and probed with NR antiserum as described.

Ammonium effects on NR. Different concentrations of ammoni-
um were added to replicate, logarithmically growing cultures of
T. weissflogii that had previously been growing with nitrate as the
sole nitrogen source. NR activities and NR protein levels were
measured 2 h after additions. For one ammonium concentration
(100 pM), the time course of change in NR was followed for 4 h
after ammonium was added. Because previous studies have shown
that inhibition of NR does not occur if ammonium incorporation
is blocked using the glutamine synthetase inhibitor methionine
sulfoximine (MSX) (see Syrett 1981), the effect of adding 100
M of MSX with and without 100 pM of ammonium was tested.

Diel periodicity of NR. One-liter replicate cultures of T. weissflogii
were grown on a 12:12 h LD cycle and maintained in logarithmic
growth phase for eight generations before sampling commenced.
Cultures were sampled every 3 h until culture volume was ex-
hausted. Samples were collected for cell counts, cell volume de-
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termination, CHN analyses, and NR activity and NR protein mea-
surements. The complete experiment was repeated twice.

In some cases, to improve the accuracy of quantitation when it
was necessary to apply samples to more than one western blot,
NR protein was normalized to Rubisco protein. In T. weissflogii,
cellular levels of Rubisco protein were unaffected by experimental
treatments; the turnover of Rubisco is lower than that of NR, and
its abundance is not affected by irradiance (Sukenik et al. 1987).
Polyclonal antiserum raised against the Rubisco holoenzyme of
Isochrysis galbana (Falkowski et al. 1989) cross-reacts with the large
subunit of Rubisco in diatoms. This antiserum was used at a di-
lution of 1:10000 simultaneously with the NR antiserum.

To clarify whether the diel periodicity of NR is evidence of an
endogenous circadian rhythm, the experiments were repeated,
but cultures were moved from a 12:12 h LD photoperiod, to
which they had been acclimated for eight generations, to contin-
uous irradiance. NR activity and NR protein were followed for an
additional 48 h of sampling as above, except that CN measure-
ments could not be made because of restricted volumes of cul-
ture.

In separate experiments performed on cultures grown on a diel
cycle as described above, the effects of different metabolic inhib-
itors on the diel pattern of NR activity and protein were exam-
ined. Subsamples of cultures were taken and maintained in 50-
mL flasks. Inhibitors were added 4 h before the onset of the light
period, and flasks for monitoring NR activity and protein were
taken every 3 h. Inhibitors included the RNA synthesis inhibitor
actinomycin D (10 pg-mL™"), the protein synthesis inhibitor cy-
cloheximide (100 pg-mL-!), and the photosynthetic electron
transport inhibitors DCMU, 2,5 dibromo-3-methyl-6-isopropyl-p-
benzoquinone (DBMIB), and methylamine. Hydrophobic inhib-
itors were dissolved in 100 uM of DMSO to give a final concen-
tration of 10 pM. Control experiments indicated that DMSO at
up to 1 mM did not affect the growth rate of 7. weissflogii.

RESULTS

NR purification and antibody characterization. The
purification of NR led to an increase in specific ac-
tivity by a factor of approximately 30,000 from the
crude homogenate. The fractions with the highest
specific activity isolated from the affinity column
showed only four to six proteins on silver- or Coom-
assie-stained denaturing gels. The density of the NR
band indicated that NR was almost 100-fold more
abundant than any other protein and was well sep-
arated from other proteins (Fig. 1A). The molecular
mass of the polypeptide recognized by the antibody
was calculated as 98 kD (Fig. 1), which is compara-
ble to that reported for individual NR subunits from
other sources (Solomonson and Barber 1990). Ap-
plied at a 1:2000 dilution, the crude antiserum de-
tected a single band with an apparent molecular
mass of 98 kD in crude protein extracts of T. weiss-
Jlogii. The relationship between protein concentra-
tion in the extract and the NR detected was linear
over a 10-fold range.

NR activity in partially purified preparations was
unaffected by the addition of crude antiserum at ti-
ters up to 1:10, and attempts to immunoprecipitate
NR using the antiserum and protein-A Sepharose
were unsuccessful, both in crude extracts and with
the partially purified protein (data not shown). In
contrast to nitrate-grown cells, ammonium-grown
cultures showed neither NR activity nor detectable
NR protein (Fig. 1B).

The polyclonal antiserum raised against NR from
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Fic. 1. (A) Comparison of whole-cell homogenates of T. weiss-
Slogii (lane 1) or NR partially purified by Blue Sepharose affinity
chromatography followed by ammonium sulfate precipitation
(lane 2), stained with either Coomassie R250 or silver stains. (B)
Western blot of total protein from two cultures of Thalassiosira
weissflogii grown either with nitrate or ammonium as sole nitrogen
source and challenged with antisera to NR from 7. weissflogii (1:
2000) and to Rubisco from Isochrysis galbana (1:10,000) and de-
tected using chemiluminescence techniques.

T. weissflogii did not cross-react with any of the non-
diatom species tested (data not shown). When pro-
longed exposures or increased antibody titer was
used, proteins stained nonspecifically in proportion
to their abundance. Among the diatoms, several
crossreacting peptides were found (Fig. 2). The
strongest response was observed in the congener 7.
pseudonana. A similar-sized peptide in Skeletonema cos-
tatum crossreacted, but there was also a smaller
band that reacted with equal intensity. Ditylum bright-
wellii exhibited slight cross-reactivity at a similar mo-
lecular mass, whereas Phaeodactylum tricornutum
crossreacted at a substantially lower molecular mass.
Of the diatom species tested, only Chaetoceros sp.
lacked cross-reactivity.

Effects of ammonium addition on NR. The addition
of ammonium caused parallel decreases in both NR
activity and NR protein (Fig. 3). The decrease in
activity was unaffected by the ammonium concen-
trations >100 uM; at all concentrations, NR activity
dropped to about 50% of initial levels 2 h following
the addition (Fig. 3A). The decrease in NR occurred
at approximately the same rate as the declines
caused by the addition of actinomycin D or cyclo-
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FIG. 2. Western blot of total protein extracts from 6 diatom
species challenged with antiserum to 7. weissflogii NR. Diatoms
were all grown under continuous irradiance with nitrate as the
sole nitrogen source and were harvested in early to mid-logarith-
mic growth phase. Samples from Thalassiosira species have been
purposely overexposed to highlight weaker cross-reactions in oth-
er species. Other details are as in Figure 1.

heximide (data not shown), and changes in NR pro-
tein paralleled those in NR activity (Fig. 3B). The
loss of NR caused by the addition of ammonium was
not prevented by the addition of MSX (Fig. 3C).

Duel periodicity of NR. When grown on a 12:12 h
LD cycle, both NR expression and catalytic activity
showed a diel periodicity (Fig. 4A). The periodicity
in protein levels and enzyme activity was highly au-
tocorrelated throughout the light cycle. Although
cell composition (C, N, or total protein) and cell
volume varied over the light cycle (see below), the
variability was far smaller than that for NR activity
or protein. Thus, scaling NR measurements to other
cellular parameters does not affect the basic pat-
terns observed (cf. Berges and Harrison 1995a). As
is previously established for diatoms in general and
in Thalassiosira species in particular (Berges et al.
1995, Chisholm 1981), cell division is not synchro-
nized by the LD cycle, and cell numbers increased
monotonically throughout both light and dark pe-
riods.

Both NR protein levels and enzyme activity in-
creased prior to the beginning of the light period,
reached a maximum in the middle of the light pe-
riod, and fell toward the end of the light period,
remaining low for most of the dark.period. There
was a small but consistent lag between the peak of
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Fic. 3. Ammonium inhibition of NR in log-phase cultures of
Thalassiosira weissflogii grown in nitrate. (A) Effect of concentra-
tion of ammonium addition on NR activity 2 h after addition; (B)
time course of decline of NR activity and NR protein following a
pulse of 100 pM of ammonium; (C) effects of ammonium (100
M) and MSX (0.1 mM) on NR activity and NR protein 4 h after
ammonium addition. Error bars represent means (£SE) of de-
terminations from two replicate cultures.
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cultures of Thalassiosira weissflogii grown on a 12:12 h LD cycle.
(A) NR activity and NR protein; (B) cellular G and N content
and CG:N molar ratio; (C) cell volume. Symbols represent the
mean (*+SE) of determinations from two replicate cultures. Cells
were acclimated to photoperiod for more than eight generations
before sampling.

NR protein levels and the subsequent peak in NR
activity. Cellular carbon content increased monoton-
ically during the light period and declined mono-
tonically in the dark (Fig. 4B). Both cell nitrogen
content and cell volume showed a more complex
pattern that was more similar to the pattern of NR
(Fig. 4B, C). Carbon:nitrogen (C:N) ratios followed
the pattern of C content closely, and variation in the
ratio was determined largely by changes in carbon
rather than nitrogen pools.

Following transfer from an LD cycle to continu-
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Fic. 5. Effect of transition from LD cycles to continuous ir-
radiance on NR and cell volumes in log-phase cultures of Thal-
assiosira weissflogii. White rectangles labeled >light= indicate the
normal timing of the dark period. Other details are as in Figure 4.

ous light, both NR expression and catalytic activity
rapidly reached time-invariant, steady-state levels
that fell between the maxima and minima observed
during diel cycles (Fig. 5A). In contrast, cell volume
maintained a cyclic pattern in continuous light, in-
dicative of a circadian rhythm (Fig. 5B).

The addition of actinomycin D and cycloheximide
4 h before the onset of the light period had iden-
tical effects, abolishing the normal diel oscillation of
both NR activity and protein levels (Fig. 6). The ad-
dition of DCMU resulted in significantly lower NR
activity (ANOVA, F; 5 = 9.36, P < 0.00005) but not
in a statistically significant lower NR protein level,
whereas DBMIB did not affect either NR activity or
protein concentration. Methylamine had no signifi-
cant effect (Fig. 6A). Two hours following the onset
of the light period, NR protein levels were signifi-
cantly higher for DCMU and DBMIB treatments
(Fig. 6B), although this difference did not persist
later in the cycle.

DISCUSSION

NR purification and antibody characterization. Only
proteins from diatoms crossreacted with the poly-
clonal antiserum raised against NR from 7. weissflo-
gii. The observed cross-reactivity is largely consistent
with taxonomic relationships; the species found to
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Fic. 6. Effect of inhibitors of RNA and protein synthesis, ac-
tinomycin D (ACT-D) (10 pg-mL™!) and cycloheximide (CHX)
(100 pg-mL'), and photosynthetic electron transport inhibitors
DCMU, DBMIB, and methylamine (10 pM in 100 pM DMSO) on
NR activity and NR protein in log-phase cultures of Thalassiosira
weissflogii grown on 12:12 h LD cycles. Inhibitors were added at
the beginning of the experiment. Details are as in Figure 5.

cross-react most strongly in the present study (7.
pseudonana and S. costatum) are from the same fam-
ily as T. weissflogii (Thalassiosiraceae), whereas D.
brightwellii and Chaetoceros sp. are from different fam-
ilies within the same order (Centrales), and P. tri-
cornutum is from a distinct order (Penales) (Bold
and Wynne 1985). Only one other detailed compar-
ison of crossreactivity among diatom NR has been
reported (Gao et al. 1993), and results obtained
were similar; antiserum raised against NR from Ske-
letonema costatum cross-reacted weakly with 7. pseu-
donana and showed two cross-reacting bands at low-
er molecular masses in Phaeodactylum tricornutum,
whereas nondiatom species did not crossreact.
However, in contrast to the results of Gao et al.
(1993), we found that an antibody to NR from
squash (a gift of Dr. W.H. Campbell) did not cross-
react with diatom polypeptides in the 100-kD range,
even at titers as high as 1:250 (data not shown). Al-
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FIG. 7. Cross-correlation between changes with respect to time
(4) in either NR activity or NR protein and changes in cell carbon
content (AC). Time lag for AC corresponds with the sampling
interval (3 h). Data are those shown in Figure 4B. Negative rela-
tionship between ANR activity and AC using a time lag of 6 h and
between ANR protein and AC using a time lag of 3 h.

though recognizing that differences in cross-reactiv-
ity can be characteristic also of the particular anti-
bodies used, we believe that these results support
previous biochemical evidence suggesting that there
are substantial differences between epitopic sites in
NR from diatoms and those in other taxa and be-
tween diatom taxa (see Berges and Harrison 1995a).
The fact that antibodies against NR from T. weiss-
flogii did not inhibit NR activity in partially purified
preparations suggests that the epitopes recognized
by the antibodies either are not at the active sites of
the enzyme, which are largely conserved (cf. Gao et
al. 1998, Campbell, 1996), or do not recognize the
native trimeric protein but, rather, are epitopes hid-
den in the native conformation. The failure of NR
to immunoprecipitate with the antiserum and pro-
tein-A Sepharose supports the latter hypothesis.
Effects of ammonium addition on NR. Whereas the
repression of NR by ammonium is well documented
in unicellular algae (Syrett 1981, Zeilerand Solo-
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monson 1989), until now the distinction between
the repression of NR activity and protein level has
been unclear. Our results indicate that the repres-
sion is the consequence of a decreased level of the
protein. The addition of ammonium to cells grow-
ing on nitrate led to declines in NR activity and pro-
tein levels at rates similar to those found with both
cycloheximide and actinomycin D. These results
suggest that (1) NR turns over rapidly in vivo, (2)
the rate of turnover is regulated by the rate of syn-
thesis of the protein rather than by an alteration in
the rate of degradation of the enzyme, and (3) am-
monium represses the synthesis of NR. We conclude
that ammonium rapidly represses NR transcription
by means of a secondary, indirect pathway rather
than having a direct allosteric or post-translational
effect on NR activity.

It is generally believed that ammonium per se is
not responsible for the repression of NR activity but
rather that the repression is mediated by a product
of ammonium assimilation, such as an amino acid
(see Collos 1989, Flynn 1991). This conclusion is
supported by the observation that MSX sometimes
prevents ammonium from repressing NR (see Syrett
1981). Despite clear evidence that the incorporation
of ammonium in diatoms is through glutamine syn-
thetase (Zehr and Falkowski 1988), MSX failed to

prevent the decline of NR in 7. weissflogii in the
present study. Interestingly, other studies have failed
to show an effect of MSX in green algae and higher
plants (Diez and Lépez-Ruiz 1989, Kaiser and Bren-
dle-Behnisch 1991). This suggests either that MSX
might not be as effective as is sometimes maintained
or that the effect of ammonium is more direct; that
is, a product of ammonium assimilation is not re-
quired to down-regulate NR expression. Kaiser and
Brendle-Benisch (1991) proposed that the effects of
ammonium might be mediated by cellular alkalini-
zation following ammonia incorporation; however,
were this so, we might expect that methylamine
would induce a response similar to that of ammo-
nium. It did not. It is possible that the effect of am-
monium is principally on uptake of nitrate (see Col-
los 1989); if ammonium inhibited nitrate transport
and reduced nitrate levels within the cell, and if ni-
trate were required to maintain levels of NR synthe-
sis, then NR protein level and activity would be af-
fected indirectly. Alternatively, a change in the re-
dox status of the photosynthetic electron transport
system due to the differences between nitrate and
ammonium incorporation might be responsible
(Turpin 1991, Escoubas et al. 1995).

Diel periodicity of NR. The diel cycle of NR expres-
sion and enzyme activity observed is qualitatively

|




DIEL PERIODICITY IN DIATOM NR 959

similar to that found in unialgal cultures and natural
assemblages of marine diatoms (Berges et al. 1995).
Previous studies have considered multiple interact-
ing factors, including shifts in irradiance and nitro-
gen source, as the underlying cause of NR variability
in diatoms (Smith et al. 1992); however, this study
is the first to document that the diel pattern is a
consequence of variation in NR expression.

What causes the diel variation in NR activity? One
possibility is that NR is directly regulated by light by
means of a photosensitive element (Roldan and But-
ler 1980). In T. weissflogii, NR protein and activity

_increase prior to the onset of the photoperiod and
vary during the photoperiod when irradiance is con-
stant, making direct photoregulation unlikely. An al-
ternative possibility is reversible post-translational
modification, for example, phosphorylation involv-
ing a lightregulated protein kinase (see Huber et
al. 1994). Like Gao et al. (1993), we were unable to
demonstrate an effect of magnesium on NR activity
that would support a phosphorylation mechanism
similar to that in higher plants (see Huber et al.
1992). However, there is evidence for post-transla-

tional regulation in the down-regulation of NR ac- -

tivity but not in protein levels in DCMU-treated cells
(Fig. 6). It is possible that we simply observed the
synthesis of an immunoreactive but catalytically in-
active NR protein in the presence of DCMU; how-
ever, the lag between peaks of NR protein levels and
enzyme activity in the normal diel cycle also sup-
ports a post-translational mechanism. Because
DCMU prevents the reduction of plastoquinone,
these results suggest that the redox state of electron
carriers on the acceptor side of Photosystem 11, or
downstream of Photosystem I, affects the activity of
NR by means of a post-translational modification.
Indeed, the plastoquinone redox system is coupled
to a protein kinase (Race and Hind 1996) that has
been implicated in a phosphorylation cascade in the
cytosol (Escoubas et al. 1995). If so, it might be an-
ticipated that DBMIB (which affects the oxidation
of plastoquinone) would have an opposite effect;
. this inhibitor is more difficult to use, and our neg-
ative results are not conclusive. Nonetheless, the
close correspondence of NR activity and protein
suggests that post-translational modification of NR
plays a relatively minor role in the overall determi-
nation of enzyme activity compared with the regu-
latory elements controlling protein abundance.
The diel periodicity in NR could be directly cou-
pled to an endogenous circadian rhythm (Ronnen-
berg 1996). Such rhythms have been hypothesized
to occur with respect to NR in higher plants (Lillo
and Ruoff 1989, Pilgrim et al. 1993) and in a marine
dinoflagellate (Ramalho et al. 1995). Although the
transition from an LD cycle to continuous light re-
sulted in an almost immediate loss of the cycle in
NR levels, diel patterns in cell volume (Fig. 5B) were
maintained. Maintenance of a diel cycle in chloro-
phyll content during transition from light to dark-

ness has also been documented (Post et al. 1984).
These results suggest that NR is not directly con-
trolled by a circadian rhythm, although it should be
noted that circadian phenomena in diatoms appear
to differ from those of many other eucaryotic pho-
toautotrophs (Chisholm 1981).

An alternative hypothesis to account for the diel
variations in NR levels is a coordination with pho-
tosynthesis or some product of photosynthesis (Tur-
pin et al. 1988, Turpin 1991, Sheen 1994, Crawford
1995). To explore this hypothesis, we analyzed
changes in NR activity and NR protein levels in re-
lation to changes in cell carbon content. This anal-
ysis was complicated by potential delays in responses
of carbon and nitrogen metabolism and so was de-
veloped in two stages. First, we performed a cross-
correlation with data from several diel experiments
to assess the difference in timing between the diel
cycle of NR activity/protein and cell carbon. This
analysis revealed that changes in NR activity and
changes in cell carbon content were strongly nega-
tively correlated with a time lag of 6 h, whereas
changes in levels of NR protein and changes in cell
carbon content were best correlated with a time lag
of 0-3 h (Fig. 7A). Put simply, cellular carbon con-
tent at the end of the photoperiod (when the pool
of carbon is maximal) is highly negatively correlated
with NR protein level in the first 3 h of darkness
(when the NR protein pool is at a minimum). The
maximum in the cell carbon pool is highly correlat-
ed with a minimum in NR enzyme activity 6 h later.
Using these time lags, we plotted changes in carbon
pools and changes in NR activity and protein (Fig.
7B). These results suggest the possibility of a feed-
back between cell carbon and NR levels. Examining
the patterns of changes in intermediate compounds
might be a logical next step (e.g. Turpin et al. 1988)
in an effort to determine the specific molecules that
mediate the regulation of NR levels.

We propose a working model for the regulation
of NR in Thalassiosira weissflogii (Fig. 8) that suggests
a variety of testable hypotheses. The level of NR pro-
tein in the cell at any moment in time is given as
the difference between the rate of synthesis and deg-
radation. The similar rates of NR loss in the pres-
ence of cycloheximide, actinomycin D, and ammo-
nium at a given growth rate suggest that the rate of
NR protein degradation is not highly regulated. As
a first approximation, we assume that, for a given
growth rate, the rate of NR degradation (by an NR-
specific protease) is relatively constant and follows
first-order kinetics. For example, we estimate a rate
constant of (.3 h~! for the cells growing at 0.75 d~!
(Fig. 4). The constant loss of NR is offset by variable
synthesis rates that are transcriptionally regulated
(see also Smith et al. 1992). We hypothesize that the
rate of synthesis is directed by the rate of accumu-
lation of photosynthetic products (i.e. the organic
carbon pool). As well, ammonium has a direct effect
on NR synthesis rates through an unknown mecha-
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nism. Although the level of NR activity is closely tied
to the level of accumulated product, it can be post-
translationally modified. Whether this regulation is
by means of protein phosphorylation remains to be
elucidated; however, we have suggested a plastiqui-
none-linked phosphorylation mechanism in Figure
8. Thus, the primary source of regulation of NR in
Thalassiosira weissflogii is by means of transcriptional
control of protein synthesis, with a secondary post-
translational modification of enzyme activity. This
relatively simple control pathway explains why sim-
ple assays of NR activity provide information about
cell growth and nitrate incorporation in natural phy-
toplankton communities dominated by diatoms
(Berges and Harrison 1995a, b, Berges et al. 1995,
Berges 1997). Although the daily synthesis and deg-
radation of a protein might seem wasteful, it is not
necessarily inefficient. NR protein represents a very
small investment in cell protein in diatoms, on the
order of 0.1% (Gao et al. 1993). This strategy of
regulation contrasts with that found in higher
plants, in which alternative carbon sinks are avail-
able and protein turnover and cell division compar-
atively slow. .
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