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Resetting the Biological Clock: Mediation of
Nocturnal Circadian Shifts by Glutamate and NO

Jian M. Ding, Dong Chen, E. Todd Weber, Lia E. Faiman,
Michael A. Rea, Martha U. Gillette*

Circadian rhythms of mammals are timed by an endogenous clock with a period of about
24 hours located in the suprachiasmatic nucleus (SCN) of the hypothalamus. Light syn-
chronizes this clock to the external environment by daily adjustments in the phase of the
circadian oscillation. The mechanism has been thought to involve the release of excitatory
amino acids from retinal afferents to the SCN. Brief treatment of rat SCN in vitro with
glutamate (Glu), N-methyl-D-aspartate (NMDA), or nitric oxide (NO) generators produced
lightlike phase shifts of circadian rhythms. The SCN exhibited calcium-dependent nitric
oxide synthase (NOS) activity. Antagonists of NMDA or NOSpathways blocked Glu effects
in. vitro, and intracerebroventricular injection of a NOS inhibitor in vivo blocked the
light-induced resetting of behavioral rhythms. Together, these data indicate that Glu
release, NMDA receptor activation, NOS stimulation, and NO production link light acti-
vation of the retina to cellular changes within the SCN mediating the phase resetting of

the biological clock.

Diurnal oscillations of endocrine, physio-
logical, and behavioral functions are ubig-
uitous features of eukaryotes (I1). In mam-
mals, the mechanisms responsible for the
generation and synchronization of these cir-
cadian rhythms reside in the hypothalamic
SCN (2). The dominant signal that coor-
dinates internal time with environmental
changes is light. Photic information is con-
veyed to the SCN by way of a direct retinal
projection, the retinohypothalamic tract
(3). Under conditions of continuous dark-
ness, brief light exposure during the early
subjective night causes phase delays, where-
as exposure during the late subjective night
causes phase advances of circadian thythms
driven by the SCN clock (4). Light expo-
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sure during the subjective day does not alter
the circadian- phase. Neither the mecha-
nisms responsible for clock resetting, nor
those underlying nocturnal restriction, or
“gating,” of the response are understood.
Glutamate (Glu) is the putative neuro-
transmitter that mediates photic entrain-
ment. Glu and its bipeptide precursor are
localized in retinal fibers innervating the
SCN, and Glu is released after optic nerve
stimulation in vitro (5). Antagonists of the

Fig. 1. Sensitivity of the SCN to phase resetting by
Glu. We' assessed sensitivity by measuring the
phasing of endogenous circadian rhythms of neu-
ronal firing rate of the SCN in brain slices (74).
Circadian rhythms of the ensemble of neurons
were derived by random sampling of single units
extracellularly at 10-min intervals for two 2-min
periods. Units (82 to 124) were sampled per slice;
activities were grouped into a 2-hour running av-
erage + SEM to determine the time of peak firing
activity (73). (A) Circadian rhythms of neuronal ac-
tivity in SCN slices in vitro shown in a continuous
record over 38 hours from a single SCN on days 2
to 3 after slice preparation. The horizontal bars
indicate the subjective night of the circadian cycle.
The ,dashed vertical lines mark the time of the
normal peak activity at CT 7 in unperturbed and
EBSS-treated controls (73). (B) Effect of Glu at CT
14 on the activity rhythm. A 0.2-pl droplet of 10
mM Glu was applied directly to the SCN for 10 min
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NMDA subtype of Glu receptor block pho-
tic phase shifts of the free-running activity
thythm in rodents (6, 7). Although at-
tempts to affect phase in vivo by Glu with
bolus injections near the SCN have failed
to elicit lightlike effects on circadian
thythms (8), preliminary reports suggest
that SCNs in vitro show nocturnal sensitiv-
ity to Glu (9).

Activation of NMDA Glu receptors in
neural systems leads to an influx of Ca?*.
This, in turn, can activate nitric oxide syn-
thase (NOS), resulting in the production of
nitric oxide (NO) (10). NO is a short-lived
gaseous neurotransmitter that can readily
traverse cell membranes and produce inter-
cellular effects. Thus, NO can activate gua-
nylate cyclase or adenosine diphosphate—
ribosyltransferase or facilitate neurotrans-
mitter release in cells neighboring the site
of NOS stimulation (11).

In order to selectively probe the pathway
of phase resetting of the biological clock, we
studied a SCN rat brain slice preparation
maintained in vitro for 3 days (12). The
mean firing frequency of SCN neurons in
vitro forms a sinusoidal €arve, with a 24-
hour period and a peak midday, near circa-
dian time 7 (CT 7) (Fig. 1A) (13). A
microdrop of 10 mM Glu was briefly applied
to the SCN and the time of subsequent
peaks in neuronal activity assessed (14).
Glu induced robust phase shifts, depending
on the phase of the circadian cycle at which
it was administered (Fig. 1, B through D).
When applied to the SCN in the early
subjective night, Glu caused a 3.0-hour de-
lay in the neuronal circadian rhythm. Peak
activity remained delayed by the same in-
terval relative to the normal peak for the 2
days studied after Glu treatment, indicating
that a stable phase resetting of the SCN
clock had been induced. Later in the sub-
jective night, Glu application advanced
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subsequent peaks by 3.5 hours. However,
the same Glu treatment in the middle of
the subjective day had no effect on the
circadian rhythm. This demonstrates a di-
rect effect of Glu on SCN phase and a
nocturnally restricted sensitivity of the
SCN to Glu, with the specific effect (phase
delay or advance) dependent on a specific
window of sensitivity (early or late night).

To more fully evaluate the timing of
clock sensitivity to Glu, we treated SCN
slices at 16 different points across the cir-
cadian cycle. The resulting phase-response
curve (PRC) (Fig. 2) shows that the SCN is
unresponsive to Glu throughout the subjec-
tive day; in early subjective night (CT 12 to
16), it responds with phase delays (maxi-

A 75

W
T T T T
w
[X)

3 3 3
b4 I

Y

654
0 4 8 iz 16 20 24
Circadian time (hours)

3
p S
b 4

'
BN
=TT

&

;

>
S

Phase shitt (hours)

YoTa 8 1z 16 20 24
Circadian time (hours)
Fig. 2. The PRC for Glu applied to the SCN (A)
and the light-induced PRC (B) in rat (75). (A) The
PRC for 10 mM Gilu applied to the SCN for 10
min followed by EBSS rinse is derived from 63
experiments at 16 time points across the day-
night cycle. Maximum delay is 3.0 = 0.5 hours
at CT 14; maximum advance, 3.2 * 0.5 hours at
CT 19 to 20. Each data point represents the
mean * SD of three to seven experiments, as
indicated. (B) PRC for 1-hour pulses of light of
150 lux to Sprague-Dawley rats in constant
darkness, redrawn from Summers et al. (15).

Symbols are as in Fig. 1.

Phase shift (hours)
N

e 5 4 8 =
log[Concentration (M)]

Fig. 3. Dose-response curve for a 10-min pulse of
0.2 pl of Glu applied to the SCN in vitro at CT 19.
Each data point represents the mean + SD of two
to six experiments, as indicated, measuring time-
of-peak as in Fig. 1.
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mum, CT 14 = —3.0 = 0.5 hours; n = 6),
whereas from CT 18 to 23, it responds with
phase advances (maximum, CT 19 to 20 =
+3.2 + 0.5 hours, n = 12).

The PRC for a brief pulse of Glu directly
applied to the SCN (Fig. 2A) is similar to
the light pulse-induced PRC in rat wheel
running (Fig. 2B) (15). However, phase
shifts, both advances and delays, were larger
in the isolated SCN than in intact animals
and occurred more rapidly than most phase
shifts of behavior. This difference could be
due to the lack of feedback inhibition to
SCN in isolated slices. Alternatively, the
maximum dosage of Glu used in these ex-
periments may be considerably higher than
the normal amount of neurotransmitter re-
leased upon light stimulation. At CT 19,
the dose dependency to Glu applied in mi-
crodrops ranged from 1076 to 1072 M, with
a half-maximal response near 1.25 X 107>
M (Fig. 3). In subsequent experiments, 10
mM Glu, the lowest concentration that fell
within the plateau range, was used. Howev-
er, even at this dosage the SCN tissue did
not show signs of Glu toxicity; SCN neu-
rons continued to fire vigorously for up to 3
days and to generate normal circadian
thythms. This corroborates previous obser-
vations that SCN tissue shows a greater
tolerance for the effect of Glu than other
brain regions (16).

Long-lasting changes due to Glu neuro-
transmission are often mediated by the
NMDA subtype of postsynaptic Glu recep-
tors. Therefore, the effect of NMDA on
SCN circadian rhythms was examined.

Fig. 4. Phase shifts induced by NMDA and
NO donors. NMDA, SNP, hydroxylamine,
or SNAP was applied for 10 min in 0.2-p.l
microdrops to the SCN in brain slices.
Each data point represents the
mean = SD of three to six experiments, as
indicated. To compare groups of unequal
sizes, a general linear regression model
was used for unbalanced analysis of vari-
ance; despite small sample sizes, the re-
sults did not vary significantly among the
treatments at each time point.
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NMDA, applied by microdrop at CT 6, 14,
or 20, elicited effects indistinguishable from
those of Glu at these CTs (Fig. 4). The
specific NMDA antagonist 2-amino-5-
phosphonovaleric acid (APV) abolished
the phase-shifting effects of Glu at CT 14
and CT 20, but had no effect on the thythm
when applied alone (Fig. 5A). This obser-
vation suggests that whereas other iono-
tropic Glu receptors may play a role in the
Glu-induced depolarization of SCN neu-
rons (17), activation of NMDA receptors,
and attendant Ca?* entry, must be critical
to phase-shifting and would lead to activa-
tion of Ca’*-sensitive processes, possibly
including the NOS-NO pathway (10).

To test the effect of NO on circadian
thythms, we applied directly to the SCN
three exogenous NO generators with differ-
ent mechanisms of action. Sodium nitro-
prusside (SNP) and S-nitroso-N-acetyl-
penicillamine (SNAP) release NO in tissue;
hydroxylamine is converted to NO by in-
tracellular catalase (18). Treatments with
SNP, SNAP, or hydroxylamine at CT 6
produced no change in phase (Fig. 4). How-
ever, nocturnal treatments at CT 14 or CT
20 induced phase delays or advances, re-
spectively. The responses were similar to
those elicited by Glu and NMDA both in
direction and magnitude (Fig. 4).

To further evaluate the signal transduc-
tion sequence downstream from Glu, we
examined the SCN for evidence of NOS
activity and function. NOS converts L-ar-
ginine (Arg) to L-citrulline (Cit) and re-
leases NO in the process. Significant NOS

3 10 mM Glutamate
B2 0.5 mM NMDA
0.1 mM SNP

B 1 mM Hydroxylamine

CTé CT20

Table 1. NOS specific activity in the SCN. We determined NOS enzymatic activity by monitoring the
conversion of [H]Arg to [H]Cit (79). Each value represents the mean * SD of three SCNs. Analysis of
variance with the new Duncan post-hoc test confirms the significant difference (P < 0.01) between the
conversion of Arg to Git in SCN tissue compared with reactions containing competitors of [2HJArg:
L-NAME, a competitive nonhydrolyzable analog, excess unlabeled Arg substrate, and SCN tissue incu-

bated in buffer without added Ca?*

NOS activity expressed as conversion to

SCN tissue treatment

[BHICit (cpm/pg [BHICit (pmol/mg
protein/30 min) protein/30 min)
[BH]Arg 909 =+ 155 218" =48
2 mM L-NAME + [PH]Arg 198+ 6.8 38 19
2mM Arg + [PH]Arg 180 54 37+ 13
Ca?* free + [*H]Arg 145+ 6.7 35+ 1.6
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Fig. 5. Block of Glu-induced phase shift by in-
hibitors of the NMDA-Glu receptor and the NO
pathway. Brain slices were incubated for 30 min
with potential blockers alone or for 20 min with
0.1 mM APV, Hb, L-N-Arg, L-NAME, or D-NAME
in the bath before Glu application to the SCN for
10 min. Phase delays or advances normally in-
duced by Glu at CT 14 or CT 20, respectively,
were evaluated: Each data point represents the
mean = SD of three to six experiments, as indi-
cated. General linear regression for unbalanced
analysis of variance followed by the new Duncan
post-hoc test showed significant differences be-
tween Glu and four other treatments that inhibit
NO pathways. (A) Effect of APV, a specific block-
er of NMDA receptors, on Glu-induced phase
shifts. (B) Effect of Hb, which binds NO released
extracellularly, on Glu-induced phase shifts. (C)
Effect of L-N-Arg, a competitive inhibitor of NOS,
on Glu-induced phase shifts. (D) Effect of
L-NAME, also a competitive inhibitor of NOS, on
Glu-induced phase shifts. (E) Effect of D-NAME,
an inactive stereoisomer of L-NAME, on Glu-
induced phase shifts. With the exception of D-
NAME, no significant difference was detected
between the effect of each inhibitor alone and its
effect in combination with Glu. The double aster-
isks indicate that P < 0.01.

activity, measured as conversion of [*H]Arg
to [PHICit (18), was present within the
SCN (Table 1). This conversion was
blocked by an excess of alternate substrates:
Both L-NC-nitro-Arg-methyl ester (L-
NAME) and unlabeled Arg reduced the
rate of [PH]Cit formation to one-fiftieth of
previous levels. Furthermore, this NOS ac-
tivity was abolished in buffer containing no
added Ca?*. Ca?* dependency links NOS
activation to NMDA receptor stimulation
and is characteristic of constitutively ex-
pressed isoforms of this enzyme (10).

Antagonists of this pathway include in-
active competitive substrates for NOS as
well as extracellular molecules containing
heme groups. Because NO has high binding
affinity to heme moieties, hemoglobin (Hb)
serves.as an NO scavenger, competing with
other heme-containing targets of NO, such
as guanylate cyclase (20). Twenty-minute
bath incubation with Hb or with competi-
tive inhibitors of NOS (21), L-NC-nitro-
Arg (L-N-Arg) or L-NAME, before Glu ap-
plication to the SCN significantly attenu-
ated phase shifts by Glu at CT 14 and CT
20 (Fig. 5). The inactive stereoisomer of
L-NAME, D-NAME, was unable to antag-
onize the effect of Glu on phase, which
supports the specificity of L-NAME as an
NOS antagonist.

To assess whether the NO pathway me-
diates photic phase shifts, we determined
the effects of intracerebroventricular (icv)
injection of L-NAME near the SCN on the
light-induced phase advances of the free-
running activity thythm of Syrian hamsters
maintained under constant darkness (22).
Brief light exposure (20 lux for 5 min) 10
min after icv administration of vehicle (0.5
wl) at CT 19 resulted in typical phase ad-
vances of the activity thythm (mean =+

~_ REPORTS

SEM = 89 * 7 min; n = 7) (Fig. 6).
Injection of 1 mM L-NAME before light
exposure significantly (67%; P < 0.05) at-
tenuated light-induced phase advances
(30 # 8 min; n = 11). This effect was com-
pletely blocked by co-administration of 4
mM L-Arg, the substrate for NOS (Fig. 6).
These results suggest that the transduction
of photic signals in the SCN requires the
formation of NO.

Together, our results indicate that Glu is
the primary messenger mediating photic
signals from retinal afferents to the SCN.
They suggest that activation of NMDA re-
ceptors by Glu is a critical event in this
signaling cascade, although non-NMDA re-
ceptor agonists can also induce shifts (23).
It is likely that the rise in the intracellular
Ca?*  concentration through activated
NMDA receptors results in NOS stimula-
tion and production of NO. NOS activity
can be measured in the SCN at this time
(Table 1), and NOS inhibitors effectively
block Glu-induced phase shifts. Further-
more, NOS inhibitors can block both acute
(24) and circadian behavioral responses to
photic stimuli. Thus, NO.must-be a further
critical element in the light signal transduc-
tion pathway, linking Glu neurotransmis-
sion to phase shifting of the circadian clock.

The mechanism that gates nocturnal
sensitivity to this activation sequence is
most likely downstream from NO, as NOS
activity is present in the SCN in both day
and night (25). Although the components
downstream in this cascade are unknown
in the SCN, they may involve cyclic
guanosine monophosphate (cGMP). NO
can directly activate guanylate cyclase
(11), and analogs of cGMP induce phase
advances in the SCN only at night (26).

However, the bidirectional response to

Fig. 6. Block of photic e —— a2 PR
phase shifts in vivo by an in- A — e — Yigﬁ{e B —lmh —a in,TE
hibitor of NOS. Intracere- | haas—a———— 1
broventricular (icv) adminis- | a—A —— P
tration of L-NAME inhibits m R rea—
the light-induced phase ad- g ——- A —
vances of the free-running yrr— - a—
activity rhythm in hamsters. s — s P
Shown are representative yra— - —e—

Py T Nl 1

records of activity of individ-

ual hamsters that received
the following treatments (22)

at the times indicated by the prvenyTr

inverted triangles (V). (A) In-

Ty V
jection (icv) of 0.5 wl of vehi- Slihiail W ‘t
cle followed by exposure to it % y —
20 lux of white light for 5 min T Py o
at CT 19. (B) Injection (icv) of . —— —
0.5 wl of 1 mM L-NAME fol- e ' S —

lowed by exposure to 20 lux

of white light for 5 min at CT 19. (C) Injection (icv) of 1 mM L-NAME and 4 mM Arg followed by exposure
to 20 lux of white light for & min at CT 19. (D) Injection (icv) of 0.5 wl of 1 mM L-NAME without light
exposure at CT 19. Horizontal lines represent successive days, whereas vertical bars indicate 6-min bins
during which wheel-running activity occurred. The height of the vertical bars is proportional to the number
of wheel turns that occurred during that 6-min period.
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NO agonists indicates that events down-
stream are complex.

In view of these robust physiological
and biochemical data supporting a role for
NOS in this Glu activation cascade, it
may be surprising that studies using either
immunocytochemistry for neuronal NOS
(nNOS), or the reduced nicotinamide ad-
enine dinucleotide phosphate (NADPH)
diaphorase reaction in paraformaldehyde-
fixed tissue, found little conventional
NOS staining in SCN neurons (27). This
raises the possibility that alternative iso-
forms of the enzyme may mediate this
effect. These NOS isoforms could exist in
neurons, glia, or endothelia of this brain
region. Residual NOS catalytic activity
can be detected in brain tissue from a
homozygous mutant mouse lacking the
gene for nNOS (28), and a Ca®*-sensitive
endothelial NOS isoform in CAl hip-
pocampal neurons mediates long-term po-
tentiation in these nNOS™ mice (29).

The efficacy of extracellular Hb in block-
ing the effects of Glu on the phase resetting
of the SCN demonstrates that a signaling
step mediated by this pathway requires non-
synaptic intercellular communication. Non-
synaptic intercellular communication would
rapidly amplify signals from the retinohypo-
thalamic tract so that they spread beyond
primary synapses at the ventral SCN. NO
permeates the membrane of all cells, and
glia can function as NO targets (30), which
raises the possibility that both neurons and
glia may participate in the photic regulation
of circadian rhythmicity. Intercellular diffu-
sion of the short-lived messenger NO might
serve to synchronize activities within this
multicellular oscillator (31). Elevated con-
centrations -of NO may also lead to the
release of additional neurotransmitters at
SCN synaptic sites (11). Indeed, substance
P, which is localized in retinal fibers, and
somatostatin, which is endogenous to SCN
neurons, elicit phase shifts that are similar,
though not identical, to those mediated by
Glu (32). Regardless of the process, the re-
quirement for intercellular movement of
NO points to an intersection between this
signal transduction cascade and the clock
mechanism in cells beyond those cells ini-
tially activated-by Glu.
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Light-Regulated Translation of Chloroplast
Messenger RNAs Through Redox Potential

Avihai Danon and Stephen P. Mayfield*

Translation of key proteins in the chloroplast is regulated by light. Genetic and biochemical
studies in the unicellular alga Chlamydomonas reinhardftii suggest that light may regulate
translation by modulating the binding of activator proteins to the 5’ untranslated region
of chloroplast messenger RNAs. In vitro binding of the activator proteins to psbA mes-
senger RNA and in vivo translation of psbA messenger RNA is regulated by the redox state
of these proteins, suggesting that the light stimulus is transduced by the photosynthesis-

generated redox potential.

Synthesis of specific proteins in the chlo-
roplast is enhanced about 50- to 100-fold
after illumination of plant and algae cells
(1-4). This marked increase in translation
occurs in the absence of a corresponding
change in the amount of the mRNA (I, 3,
5, 6), indicating that translation of chloro-
plast mRNA:s is light-regulated. Translation
of these chloroplast mRNAs requires nucle-
ar-encoded translational activators that in-
teract with the 5’ untranslated region (5'-
UTR) of the mRNAs (7-10). We have
identified mRNA-binding proteins that
bind to a stem-loop RNA structure, which
contains the ribosome-binding site, in the
5'-UTR of psbA mRNA (11, 12) (encoding
the D1 protein of photosystem II). The
amount of psbA mRNA-protein complex
(RNP) correlates with the amount of trans-
lation of psbA mRNA in light- and dark-
grown Chlamydomonas reinhardtii cells, sug-
gesting that modulation of RNP complex
formation may regulate the translation of
this mRNA (11). We therefore set out to
identify the mechanism by which the bind-
ing of these proteins to the mRNA—and
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consequently the translation of the
mRNA—is regulated in response to light.
Adenosine diphosphate (ADP)-dependent
phosphorylation inactivates psbA mRNA
binding after transfer of cells into the dark
(13). Here, we show that binding of the
protein complex to psbA mRNA and trans-
lation of psbA mRNA are modulated by
redox potential, perhaps through ferredoxin
and thioredoxin. Ultilizing the reducing

Fig. 1. Redox control of psbA mRNA binding in vitro.
Autoradiograph of gel mobility-shift assay, displaying the
labeled 5'-UTR of psbA mRNA complexed with psbA
mRNA-affinity chromatography—purified proteins (psbA-
RACPs) (717). RNA-binding assays contained psbA-RACPs
that were treated for 10 min with the reductants g-mercap-
toethanol (B-Me, lane 2) or dithiothreitol (DTT, lanes 3 and
4) at concentrations indicated above each lane, or the
oxidant dithionitrobenzoic acid (DTNB, lane 5) before the
addition of labeled RNA. To examine whether the RNA-
binding capacity of the oxidized psbA-RACPs could be
restored by reduction, we treated DTNB-oxidized psbA-
RACPs (lane 5) with either B-Me (lanes 6 to 7) or DTT (lanes

REPORTS

power generated by photosynthesis to regu-
late translation provides a dynamic and di-
rect link between the amount of light ab-
sorbed by photosynthesis and the synthesis
of the photosystem II (PS II) reaction cen-
ter proteins.

Light may affect chloroplast metabolism
by its effect on a photoreceptor, such as
phytochrome, which in turn affects nuclear
gene transcription (14). Light also gener-
ates the products of photosynthesis, such as
redox potential, adenosine triphosphate, or
carbohydrates, which can subsequently af-
fect activity of chloroplast enzymes (15).
For example, chloroplast enzymes can be
activated by the ferredoxin-thioredoxin sys-
tem (16). Reducing power, generated by the
light-reactions of photosynthesis, is used to
reduce thioredoxin, which in turn activates
enzymes of the reductive pentose phosphate
cycle to regulate carbon assimilation.

To investigate whether redox potential
affects the assembly of the pshA mRNA-
binding protein complex, we subjected puri-
fied psbA RNP to either reducing or oxidiz-
ing reagents and analyzed binding activity by
T1-ribonuclease (RNase) gel mobility—shift
assay (T1-GMS) (11). Incubation of the pro-
tein complex with the reductants B-mercap-
toethanol (B-Me) or dithiothreitol (DTT),
prior to T1-GMS, did not alter the RNA-
binding capacity of the RNP (Fig. 1, lanes 2
to 4). However, addition of the oxidant di-
thionitrobenzoic acid (DTNB) (17) com-
pletely abolished the RNA-binding capacity
of the protein complex (Fig. 1, lane 5). This
inhibition of RNP formation persisted after
removal of the oxidant by gel permeation
chromatography (18). To assess whether in-
activation of RNA binding by DTNB could
be reversed by reduction of the protein com-
plex, we incubated the DTNB-oxidized pro-
teins with either B-Me or DTT and subject-
ed the proteins to T1-GMS. Addition of up
to 50 mM B-Me did not restore the RNA-
binding activity (Fig. 1, lanes 6 and 7), in-

No oxidant DTNB-oxidized
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8 to11) for 10 min before incubation with labeled RNA and compared RNA binding of these proteins to
that of untreated proteins (lane 1). Proteins were then incubated with 0.25 U of the RNase inhibitor
Inhibit-Ace (5 Prime — 3 Prime) in the presence of 3 mM MgCl, for 15 min before the addition of 0.065
pmol of in vitro—synthesized 32P-labeled 5'-UTR of psbA mRNA and 20 w.g of wheat-germ tRNA. The
binding reactions were then digested with 0.25 U of RNase T1 and fractionated with a nondenaturing
polyacrylamide gel electrophoresis. The presence of bound RNA-protein complex was detected by
autoradiography. Only the portions of the gel containing the RNA-protein complexes are shown.
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