
all at the molecular surface where they 
would be accessible to enzymes without any 
significant structural rearrangement, and 
second, at each of these sites (near favin 
residues 1, 110, and 182) the structures of 
favin and Con A difer only slightly and the 
differences are highly localized. Both mole- 
cules are apparently synthesized as precur- 
sors similar in three-dimensional structure 
to fivin, but with a signal sequence at the 
NH2-terminus and with residues 182 and 
183 in favin joined by a peptidc bond and 
local conformation similar to that between 
residues 69 and 70 in (;on A. 

In conclusion, the comparison of the su- 
perimposed molecules suggests that the dif- 
fering biosynthetic patterns of the two mol- 
ecules are of minimal significance for the 
function of the monomers. In all cases, 
pcptide links that arc missing in one or the 
other of the two proteins are located well 
away from the region of metal and saccha- 
ride binding and near to secondary structur- 
al features that would be expected to stabi- 
lize the structure near the "frayed ends" 
introduced by the various cleavages. The key 
features of the metal-binding region are 
nearly the same in the two stnlctures, a~cld 
the differences that are seen in the saccha- 
ride-binding region can be related to the 
difcrcnces in binding specificity of the two 
proteins. Further crystallographic refine-
ment now in progress should provide a 
detailed picture of these interactions. 
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Reversible Interconversion of Two Forms of a 
Valyl-tRNA Synthetase-Containing Protein Complex 

When an enzyme-containing complex from yeast was incubated in a buffered solution 
at room temperature, the valyl-transfer RNA synthetase activity and total protein 
oscillated synchronously between two physical states. This observation suggests a 
regulatory process that controls a number of enzymes as a group, an integrated 
function of a kind not heretofore recognbxd. The two forms of the complex were 
separated by ammonium sulfate precipitation of one of them in samples withdrawn 
from the incubated solution every 30 seconds. Glutathione and dithiothreitol in high 
concentrations (50 m M ) enhance formation of the 50% saturated ammonium sulfate- 
soluble form. Oxidized glutathione, diphosphopyridine nucleotide, triphosphopyri- 
dine nucleotide, and a mercurial thiol binding agent in moderate concentrations (0.1 
to 1.0 mM) shifi the distribution toward the precipitable form. It is suggested that the 
two forms represent functional and nonfunctional complex-bound enzymes which are 
interconverted in response to oxidoreductive signals. 

TH E  HYI'OTHESIS THAT THE TIIIOL 

and disulfidc groups on  the surfaces 
of many enzyme molecules partici- 

pate in the regulation of catalytic rates has a 
long history ( I )  and is well supported for 
certain photosynthetic spstcms (2). Evi-
dence that these groups may participatc in 
regulating the first step of protein biosyn- 
thcsis, the aminoacylation of transfer RNA 
(tRNA), is provided by a valyl-tRNA syn- 
thctasc-containing complex (3, 4 ) .Thc syn- 
thetase requires a thiol for an activation 
process that is blocked by arsenitc, which is 
a strong binder of pairs of adjacent thiol 
groups (3). It has now becn found that 
when the complex is incubated in a bufired 
solution at room tcmpcraturc, at a conccn- 
tration about 100-fold greater than is used 
in enzymc activity tcsts, a rapid oscillatory 
change in state occurs that is affected by 
oxidorcductive and thiol-rcactive agcnts. 
The change in state is evident from a change 
in the solubility of the complex in 50% 
saturated ammonium sulfatc. Thesc findings 
suggcst a ncw function for thc thiol group in 
a novel synchronous regulation of several 
enzymes associated in a complex. 

The unstable complex used in the experi- 
ments was prepared from concentrated yeast 
cell sap (3),and would probably not survive 
the dilution accompanying more conven-
tional procedures for isolating enzymes. 

I11 the first experiment, thc cnzymc activi- 
ties alternated between the supcrnatant and 
precipitate fractions (Fig. lA), and total 
protein behavcd similarly (Fig. 1B). Arse-
nite, which was present in this experiment, 
was assumed to be oxidorcductivciy ~leutral 
in the test environment. Whcn arsenite was 
omitted, the oscillation was fastcr but deteri- 
orated rapidly after 1 to  3 minutes. 111 50 
mM inorganic sulfidc (Fig. 2), thc most 
rapid oscillation was too fast to  be adcquatc- 
ly characterized with the prescnt procedurc, 
but well-dcfined cycles were evident be-
tween 3.5 and 8.5 minutes. In thc presence 
of thiols (1.0 to 10 mM) or inorganic sulfidc 
(5 to 50 mM), oscillatoq~ intcrconvcrsion 
continued for scvcral hours, after which 80 
to 90% of thc enzymc activity and 60 to 

Section on I'harn~acolo~y, Laboratory of Hiochcrnical 
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70%) of thc protein remained in thc supcrna- and total protcin rcmained predominantly in ethyltnalcitnidc wcrc similar, confirming thc 
tant form. Under thcsc rcducing conditions, the prccipitable form, and the intcrconver- impression that unusually rcactivc thiol 
the enzyme activity in both forms was com- sion proccss then seemed complctcly inhib- groups are exposed during oscillation. In the 
plctcly stablc for at least 16 hours. itcd (5).A large variation within the precipi- prescnce of thcse agents, total protcin rc-

In glutathione (GSH) of low conccntra- t&e etuymc fraction apparently signifies an mained about equally dividcd between solu- 
ti011 (Fig. 3), precipitable and supcrnatant illterconversion bct\liccn an active and an blc and prccipitablc forms. Flavin mononil- 
forms of thc enzyme varied within approxi- inactivc state (6). NAII produced eff'ects cleotide, 0.1 mM, also stopped oscillation 
matcly cqual ranges, as did the two forms of si~rlilar to those of NADP, including the rapidly, inactivatcd the cnzymc in the course 
total protein, whereas with a high GSH large variation in the precipitablc cnzyme of an hour, and lcft thc protcin cqually 
concentration (Fig. 4) the supernatant activity. dividcd bctwccn thc two forms. Thc rc-
forms of enzyme and total protcin prcdomi- Thc thiol-binding agent p-chloromcrcuri- duced pyridine nucleotides did not produce 
nated. Llithiothrcitol (50 M)produced a phenylsulfonatc (Fig. 7) maintained a major clcarly defined oscillation patterns, and ciid 
rcsult comparable to that with 50 mM GSH. part of the enzytnc activity and protcin 111 not appcar to act in the samc way as NAD, 
In contrast, it1 0.1 nlM oxidizcd glutathionc the prccipitablc form during most of the NADI', or GSH. Oscillatory interconver- 
(GSSG) the majority of both cnzymc activi- qclcs. Thc pattern was comparablc to that sion occurred when the reaction mixture 
ty and total protein in most fractions was in found with GSSG (Fig. 5), which, through was stirred or maintained undcr NZ. 
the precipitablc statc (Fig. 5).Enzyme activ- disulfide interchangc, may also bind thiol Rcgulation of any biochcmical proccss 
ity and total protein distribution bctwccn groups. must involve an oscillation, because oppos- 
soluble and precipitablc forms were affected In other expcriments, 0.1 mA4 iodoace- ing influences cause alternate rises and falls 
to diffcrcnt dcgrccs in both 50 mM GSH tare was found to stop thc interconvcrsion in the concentration of a participating sub- 
(Fig. 4) and 0.1 mM GSSG (Fig. 5) .  process almost instantaneously, whcreas it stance; such regulatory oscillation has bccn 

In thc prcscncc of NADP (Fig. 6), aftcr 2 complctcly inactivatcd thc cnzyme activity widely observed (7).The oscillatory cycles 
minutcs of incubation, both enzymc activity only after 1 to 2 hours. The effccts of N- of 50% saturated ammonium sulfatc-solu- 

0---0 Supernatants *-a Supernatants

I I - Precipitates
C.Precipitates 

Time (min) 

0 1 1 " " ' 1 '  ' 1 0 
1 3 5 1 3 5 *-*Supernatants-Precipitates

Time (min) 

Fig. 1 (left). l>istribution of 50% saturated ammonium sulfate-precipitable 
and supernatant forms of an enzyme activity (A) and total protein (B) after 
dilution of a complex enzyme preparation in tris buffer plus 5 mM arsenite. 
At time zero, 75 p1 of the complex solution (15)(0.18 mg of protein) was 
diluted to a final volume of 0.6 ml, containing 0.2M tris chloride bufkr,pH 
8.0, and 5 mM sodium arsenite. The mixture was incubated in a water bath 
at 21°C in a 12 mm x 75 mm glass tube. Beginning 1 minute aker adding 
the complex, 5 0 . ~ 1  sanlples were withdrawn at 30-second intervals for rapid 
mixing with 50 .~1  portions of saturated ammonium sulfate held in 0.5-ml 
Eppendorf tubes in an ice bath. Mixing was achieved by pumping the 
contents of each tube in and out of a pipetter tip with a 200-p1 capacity 2 5 8 1 1 2 5 8 1 1 
I'ipetnlan pipetter set at 50 PI. Fifteen minutes after withdrawing the last Time (min) 
sample, the precipitates were sedimented in the cold and the supernatants 
transferred to another set of 0.5-~nl Eppendorf tubes in an ice bath. The ~norganic sulfide. The experiment was performed as described in the legend 
precipitates were dissolved in 50 of 10 mM GSH brought topH 8.0 with to Fig. 1except that the reaction mixture contained 0.2M tris bufir ,pH 8.0, 
tris base. Five nlicroliters of each supernatant and precipitate solution were plus 50 1% sulfide (obtained by nlixing NazS and tris chloride,pH 7.0, in a 
then assayed for valyl-tKNA synthetase activity as described (3 ) .Values for 1 :4 molar ratio); 1.08 mg of the complex protein in 0.3 ml of water was 
(A) represent 5 p1 of the reaction mixture prior to ammoni~un sulfate added last to bring the final volume to 1.2 ml. Fig. 3 (bottom right). 
addition. After assay all sanlples were frozen at -100°C for later protein Distribution of precipitablc a::d nonprecipitable enzyme activity (A) and 
determinations by the Bradford method (16). Bovine senun albumin was protein (B) after dilution of a complex enzyme preparation in tris buffer plus 
used as the protein standard. Values for (B) represent 1ml of the reaction 0.2 nlM GSH. The final reaction volu~ne was 1.2 ml, containing 0.2M tris 
mixture prior to the addition of ammonium sulfate. Fig. 2 (top right). bufkr, pH 8.0, and 0.2 rnM GSH, after addition of 0.15 ml of the complex 
Distribution of precipitablc and nonprecipitable enzyme activity (A) and solution containing 0.36 mg of protcin. The procedure is described in the 
protein (B) after dilution of a complex enzyme preparation in tris buff'er plus legend to Fig. 1. 
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> Supernatants - Precipitates 

Fig. 4. Distribution of precipitablc and llollprccipitablc enzyme activity (A) 
and protcin (B) aftcr dilution of a complcx enzyme preparation in tris buffer 
plus 50 mM GSH. The final reaction volume was 1.2 ml, contaillillg 0 . U  
tris buffer, pH 8.0, and 50 mM GSH, aftcr addition of 0.15 ml of the 
complex solution containing 0.36 mg of protein. The proccdure is described 
in the legend to Fig. 1. 

Fig. 6 .  Distribution of prccipitablc and nonprccipitablc elrzymc activity (A) 
and protein (R) after dilution of a complcx cnzymc preparation in tris buffcr 
plus 1 mM NADP. The final reaction volume was 1.2 nd, containing 0.2M 
tris buffer, p H  8.0, and 1 mM NADl', after addition of 0.15 ml of the 
complcx solutioll colltaillillg 0.36 mg of protcin. The procedure is described 
ill the lcgcnd to Fig. 1. 

o--0 Supernatants I 

1 I I 1 I I  I ~ ' ~ ' ' "  
1  3 5 1  3 5 

Time (min) 

Fig. 5. Distribution of prccipitable and nonprecipitablc enzyme activity (A) 
and protein (B) after dilution of a complex enzyme preparation in tris buffcr 
plus 0.1 mM GSSG. The final reaction volume was 0.6 md, containing O . U  
tris buffcr, pH 8.0, and 0.1 mM GSSG, aftcr addition of 0.075 nd of the 
complex solution containing 0.18 mg of protcin. The procedure is described 
in the legend to Fig. 1. 

. ~~ ~- ~ - -  - - --  
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Fig. 7. Distribution of precipitablc and nonprccipitablc clrzyme activity (A) 
and protcin (R) aftcr dilution of a complex enzyme preparation in tris buffcr 
plus 1 mM p-chloromcrcuriphc~lylsulfonate. The final reaction volumc was 
1.2 md, containing O . U  tris buffer, p H  8.0, and 1 IIIM p-chloromercuri- 
phenylsulfonatc, after addition of 0.15 ml of the complex solution contain- 
ing 0.36 mg of protein. The procedure is described in the Icgend to Fig. 1 .  

blc and -insoluble protein fractions rccord- 
ed in Figs. 1 and 2 have adequatc rangc and 
rapidity to qualify for a regulatory hu~ction, 
and thc influcncc of oxidoreductive and 
thiol-reactive agents on the distribution be- 
tween forms (Figs. 4 to 7) implicatcs the 
participation of the protein thiol group in 
such a function. The synchrony of valyl- 
tRNA synthetase oscillation with that of a 
group of 15 or so othcr proteins implics 
functional linkage and reinforces the conclu- 
sion (3) that these proteins are physically 
associated as a complcx. 

Thc componcnts of thc nonprccipitable 
fractions may bc more rcadily available for 
hlct ion than the precipitable cornponcnts, 
but in the casc of thc complex-bound valyl- 
tRNA synthetase an additional rcduction 
stcp is ~lcedcd to produce an active cnzymc. 
Evcn fractions that havc been incubatcd 
with 5 rnM dithiothrcitol or inorganic sul- 
fide during interconvcrsion cxpcrimcnts rc- 
quire a thiol for full activity in thc assay 

systcm. Furthcr evidcnce that thc thiol-dc- 
pcndcnt activating mcchanism for this en- 
zyme (3) is not an obligatory part of the 
interconversion mcchanism is found in thc 
rclative insensitivity of the oscillation to 
arscnitc (Fig. 1). Whcrcas arscnitc com- 
plctely blocks thc reductive activation, it 
only slows thc oscillation, as evidcnt from a 
comparison of thc first fcw cyclcs of Figs. 1 
and 2. Thc slowing may indicatc that thc 
reductivc activation mcchanism is in some 
way couplcd to thc oscillatory function but 
not essential to it. 

A potential regulator is GSSG, which, in 
low conccntrations, has a pronounced effcct 
on the cycling rate and on the distribution of 
cnzymc and protcin betwccn prccipitable 
and supcrnatant forms (compare Fig. 5 wkh 
Figs. 3 and 4). GSSG has been previously 
proposed as a regulator of protcin biosyn- 
thesis (8, 9). Other candidate rcgilators arc 
NADP (Fig. 6) and NAD, which strongly 
inhibit the interconversion of ammonium 

sulfate-scparable forms and favor mainte- 
nance of the prccipitablc rclative to the 
soluble fraction. 

Whcther this easily dissociable, labilc 
complex is closcly rclatcd to thc morc stable 
aminoacyl-tRNA synthetase complexes of 
animal tissucs is problematic (10-13), but 
an evolutionary relationship is conceivable 
[sce (14)l. 
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Long-Term 
Irradiance 

Downward Trend in Total Solar 

The first 5 years (from 1980 to 1985) of total solar irradiance observations by the first 
Active Cavity Radiometer Irradiance Monitor (ACRIM I) experiment on  board the 
Solar Maximum Mission spacecraft show a clearly defined downward trend of 
-0.019% per year. The existence of this trend has been confirmed by the internal self- 
calibrations of ACRIM I, by independent measurements from sounding rockets and 
balloons, and by observations from the Nimbus-'? spacecraft. The trend appears to  be 
due to  unpredicted variations of solar luminosity on  time scales of years, and i t  may be 
related to solar cycle magnetic activity. 

T HE TOTAI, SOLAR IRRADIANCE OF 

the earth is the primary determining 
factor of climate. Sustained varia- 

tions from the present average value could 
alter the terrestrial environment. Systematic 
changes in irradiance of as little as 0.5% per 
century can cause the complete range of 
climate variations that have occurred in the 
past, ranging from ice ages to global tropical 
conditions ( I ) .  Knowledge of solar trends is 
important for understanding the interaction 
between solar variability and terrestrial cli- 
mate-forcing phenomena, such as natural or 
man-made changes in atmospheric composi- 
tion. 

Our present knowledge of the interior of 
the sun does not allow for accurate predic- 
tions of solar luminosity (which we assume 
to be proporcional to the total solar irradi- 
ance measured at the earth over long time 
scales). We must therefore depend on high- 
precision observations of the solar irradiance 
over time scales of climatological signifi- 
cance to understand the sun's role in climate 
variability. The secondary objective of com- 
piling an irradiance database is to improve 
knowledge of solar physical processes that 
could provide a predictive capability for 
solar irradiance variations. 

The modern high-precision database on 
solar total irradiance was started in 1980. It 
used data from the first Active Cavity 
Radiometer lrradiance Monitor (ACRIM I) 

experiment on the National Aeronautics and 
Space Administration's (NASA) Solar Maxi- 
mum Mission (SMM) spacecraft (2). These 
observations have a precision of a few parts 
per million per day, based on the statistics of 
about 400 time-averaged samples per day. 
The ACKIM I observations now extend 
over a period of about one-half of a solar 
sunspot cycle. 

Some observed irradiance variations have 
been related to known solar phenomena. 
The largest deviations from the mean are 
temporary decreases in irradiance of up to 
0.25% on time scales of days, which have 

Table 1. Results of sounding rocket and balloon 
solar irradiance reference experiments shown as 
the difference between their ratios, and SMMI 
ACRlM I observations taken on or near the same 
day. 

ACR 
Mission A(zmA) I rocket 

day* 
( P P ~ )  

PMOl) 
balloon 

and 
rocket 
( P P ~ )  

141 1368.5 -365 
1275 1367.4 
1437t 1367.5 -73 
1806 1367.0 73 

Average - 122 
S1) 223 

been shown to have a clear correlation with 
sunspots ( 2 4 ) .  A facular signal is also pre- 
sent at the level of +0.1% or less on time 
scales of weeks to months (4-6), but it is not 
as well understood, partly because of its 
smaller amplitude and the poor record of 
facular presence and properties. 

On a shorter time scale the ACRIM I data 
reveal that solar global oscillations with a 

u 

period near 5 minutes produce detectable 
irradiance variations with amplitudes for 
low degree modes of up to a few parts per 
million in the total irradiance (7, 8). These 
oscillations appear as resonance peaks in the 
power spectrum, superposed on a continu- 
um of variation assumed to be due to the 
granulation and other atmospheric struc- 
tures of the sun in the absence of significant 
solar magnetic activity (9). 

This report focuses on the longest 
ACRIM I time scale, extending from the 
launch in Februarv 1980 to the end of 1984, 
approximately one-half of an 11-year sun- 
spot cycle. We provide a characterization of 
the slowest variations observed from the 
ACKIM I data. The longest time scales 
present the most difficulty for sustaining 
instrument calibration, but they are at the 
same time potentially the most important 
from the point of view of geophysical or 
astrophysical consequences. 

The ACRIM I database used is essentially 
the same one published by the National 
Oceanic and Atmospheric Administration 
(NOAA) in Solar-Geophysical Data and de- 
scribed by Willson (2, 4, 5 ) .  The database 
derived from the observations consists of 
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