
than by the excursion in cithcr one of these 
activity indiccs considcred alone. 

The magnitude of the 4- to 9-month ., 
variations in total solar irradiance discussed 
hcrc is consistcnt with the obscn~cd photo- 
metric contrast in visible light of spots and 
large faculac, and with their measured area 
variation (13) .  The simplest and best studied 
modcl of photosphcric faculae explains their 
cxccss brightness as a dircct rcsult of their 
intcnse, vcrtical magnetic ficlds ( 6 ) .  Assum- 
ing even approximate magnetohydrostatic 
equilibrium, these kilogauss fields must re- 
ducc the local plasma pressure and thus its 
opacity. According to this modcl, this cn- 
ables radiation to escape from deepcr and 
hoacr photospheric layers. The samc cffcct 
should operate in spots, but in thcsc larger 
diamctcr flux tubes, the inhibition of con- 
vective heat transport to the surface is ex- 
pectcd to morc than compensate, thus per- 
haps explaining their darkness. 

The slower trends in total irradiance that 
we attribute to the dccay of the network 
faculae may be explainable in terms of thc 
same modcl of faculae as local heat leaks, 
although estimates of the facular network 
contrast and slow variations in area are 
difficult. The photometric contrast offaculac 
is known to increasc roughly as invcrse 
wavelength A- '  ( 1 4 )  and is rclativcly large in 
the ultraviolet continuum (15) .  Estimates of 
the total irradiancc variation cxpectcd from 
facular radiations of wavelength below 300 
nrn (16)  suggcst that a significant fraction of 
the total irradiance variations might arise 
from changing outputs from these rnagnctic 
structures in thc 200- to 300-nm spectral 
region. 

It is clearly of intcrcst to  test our model 
with a longcr time base of radiometry. The 
variations studied here havc amplitudes that 
arc at the limit of the long-term calibration 
stability of either the ACRIM or ERB con- 
sidcrcd alonc. It is highly dcsirable that thc 
operation of both radiomctcrs be main- 
taincd at lcast through the peak of the ncxt 
solar cycle expected around 1991. Such 
nlcasuremcnts should finally resolve the clas- 
sical question of the amplitude and phase of 
the total solar irradiancc variability over the 
activity cycle, and begin thc investigation of 
possible longer term secular trends in total 
solar output, such as those suggcstcd by 
reccnt photometric analysis of sun-like main 
scqucncc stars ( 1  7). 
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Protein Carbon-13 Spin Systems by a Single Two- 
Dimensional Nuclear Magnetic Resonance Experiment 

By applying a two-dimensional double-quantum carbon-13 nuclear magnetic reso- 
nance experiment to a protein uniformly enriched to 26 percent carbon-13, networks 
of directly bonded carbon atoms were identified by virtue of their one-bond spin-spin 
couplings and were classified by amino acid type according to their particular single- 
and double-quantum chemical shift patterns. Spin systems of 75 of the 98 amino acid 
residues in a protein, oxidizedAnabaena 7120 ferredoxin (molecular weight 11,000), 
were identified by this approach, which represents a key step in an improved 
methodology for assigning protein nuclear magnetic resonance spectra. Missing spin 
systems corresponded primarily to residues located adjacent to the paramagnetic iron- 
sulfur cluster. 

APID PROGRESS HAS BEEN MADE 

in applying two-dimcnsional nuclc- 
.ar magnetic resonance (2D NMR) 

techniques ( 1 )  to protcins (2).  Extensive 'H 
NMR assignments have bcen obtaincd for 
morc than 50 small protcins (3) ,  and these 
assignmcnts have cnablcd the determination - 
of solution structurcs bascd on NMR cross- 
rclaxation and coupling information (2, 4). 
Carbon-13 NMR has been ncglcctcd in the 
more popular strategies of protcin spcctros- 
copy, largely because of the low sensitivity 
of the experimcnt at thc natural abundance 
concentration of "C (1.1 %) . Cross-assign- 
ments of 'H- '~c  groups in proteins havc 
bcen achicvcd by 2D NMR approaches 

De xrunent of Biochemistry, College of Agr~cultural and 
LI& Sciences, University of W~sconsin-Madison, 420 
Henty Mall, Madison, WI 53706. 
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involving either "C dctcction ( 5 )  or thc 
morc cfficicnt 'H dctection ( 6 ) .  However, 
cxtensivc sequence-specific assign~nents arc 
available to datc only for the backbone 
carbon atoms of two small protcins (7), and 
only limited "C assignmcnts of side chain 
rcsonanccs havc becn achieved (8). 

In protein NMR spectroscopy, the con- 
ventional first step in obtaining sequence- 
specific assignmcnts has bcen thc analysis 
and classification of 'H spin systcms. This 
procedure recluircs the collection of 2D 
NMR data by two or more protocols [usual- 
ly NOESY and COSY, as well as RELAY, 
HOHAHA, or similar methods ( 9 ) ]  fol- 
lowed by Icngthy data-processing and spec- 
tral analysis. Some ambiguity usually exists 
in thc spectral analysis because of similarities 
bctwecn thc 'H spin systcms of several 
amino acid rcsidues. For example, 8 of the 
20 amino acids share the AMX spin system 
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Single quantum (ppm) 

Fig. 1. Two-dimensional I3C{"C}DQC linkage patterns for the 
20 common amino acid residues. This figure is based on "C 
NMR chemical shifts of the amino acids ill small peptidcs (2.5): 
(A) aliphatic amino acids and (6)aromatic amino acids. Chemi- 
cal shifts arc referenced to (CH,),Si. 

Single quantum (ppm) 

(2). Only 8 to 15 of the 20 amino acid 
residue types (depending on the types of 2D 
'H NMR data sets collected') can be distin- 
guished without recourse to sequence infor- 
mation. Although backbone resonances usu- 
ally can be assigned, it is more difficult to 
obtain con~plete assignments of the longer 
chain amino acids such as lysine, proline, 
and those containing aromatic rings. These 
problems have hindered the complete as-
signment of side chain resonances in pro- 
teins. 

An alternative approach to the analysis of 
protein NMR spectra is the determination 
of carbon-carbon connectivities bv means of 
2D hon~onuclear correlated spectroscopy 
( ' 3 C { 1 3 C } C ~ ~ ~ )(10) or double-quantum 

?iB/(sA+ 8B).A survey of the expected link- 
age patterns is shown in Fig. 1. The only 
two amino acid pairs whose linkage patterns 
overlap are aspartate and asparagine (Asx) 
and glutamate and glutanline (Glx). Al- 
though the linkage patterns for arginine and 
proline are similar, they can be disting~ished 
on the basis of their quite different C6 
chen~ical shift values. The wide range of I3C 
chemical shifts (- 190 ppm) compared with 
the much smaller environmental perturba- 
tions of these shifis (typically 24 ppm) 
facilitates the analysis. Carbon spin systems 
can be classified into 18 categories by a 
single 1 3 ~ { ' 3 ~ } ~ ~ ~experinlentNMR 
(Fig. 1). 

With a n~olecule as large as a protein, the 

coupling to nearby I3C atoms (13, 16). 
Figure 2 shows the application of this ap- 
proach to 26% uniformly labeled I3C 
([UZ6%I3C1) ferredoxin from Anabaena 
7120 (17). The high information content of 
the '3C{13C)DQC map is perceived only 
upon expansion. For example, seven anti- 
phase doublet peaks are resolved in the inset, 
which shows the threonine CPI(CP + Cy) 
region. The 1 3 ~ { 1 3 ~ ) D Q C  linkage pattern 
of one of these threonines is traced out in 
Fig. 2 (carbonyl carbon (Co), 171.69 ppm; 
Ca, 60.74 ppm; CP, 67.76 ppm; and Cy, 
19.88 ppm) along with those of one isoleu- 
cine and one proline. Carbon-13 NMR 
chen~ical shifts of proline have been used to 
distinguish cis and trans X-Pro peptide 
bonds in small peptides (18). Thc proline 
whose spin system is outlined can be classi- 
fied as trans by the positions of its 
Cy/(Cp + Cy) and CPI(CP + Cy) cross 
peaks (see Fig. 1). The ' 3 C { ' 3 C } ~ ~ ~  link-
age pattern of the second resolved proline 
indicates that it also is trans. The I3C spin 
systen~s of Asx and Glx were traced out by 
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correlated spectroscopy ( 1 3 C { 1 3 ~ } ~ ~ ~ )  approach requires I3C isoto- ' 3 C { ' 3 ~ } ~ ~ ~  
(10, 11). The ' 3 C { ' 3 ~ } ~ ~ ~ap-(12-15) 
proach proved superior to I3C{"C}COSY in 
a recent con~parison involving a I3C-labeled 
protein (13). In the ' 3 C { 1 3 C ) ~ ~ ~  experi-
ment, nvo directly bonded carbons A-B, 
whose "C peaks are located at and 6B, 
give rise to cross peaks at 6A/(6A + 8B) and 
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pic enrichn~ent. Signals are obtained only 
from pairs of directly bonded I3C atoms. At 
the natural abundance of I3C, the occur-
rence of such pairs is small (1.2 x 
Enrichment to a level of about 25% leads to 
an adequate signal-to-noise ratio while 
avoiding complications caused by passive 



starting from the CPI(CP S C r )  o r  
Cy/(Cy + (3)cross peaks of Asx and Glx, 
respectively, which lie in a region distinct 
from the Coci(Clj + Coc) cross peaks of the 
backbone carbonyls. 

1 3 < : { ' 3 ~ } ~ ~ ~ :spectra lend themselves to 
semiautomated graphic analysis. Ry using a 
graphics package developed for NMR analy- 
sis ( lo ) ,  the complete "C{"C)I)QC spec-
trurn was analyzed in about 1 week. Table 1 
reportsthe numbers of complete I3C spill 
systems identified. Discrepancies between 
the number of  observed residues and the 
tocal based on the protein sequence appear 
to  arise from hyperfine interactions between 
unpaired electrons of the 2Fc2S"enter 
and nearby carbon nuclei. 'c:{'~c:}L)QC 
cross peaks will be absent \vhenever para- 
magnetic broadening leads to  '<: line 
widths that exceed the one-bond "C-I3C 
coupling constant (-30 to 70 Hz). In plant- 
type ferredoxins, the conserved amino acid 
residues of Ser4", GIy44, Ah4', Ala4', and 
~ h r ~ 'are reported to make hydrogen bonds 
to the 2Fe.2SQenter (OH-S in the case of 
Ser4", NII-S for the others) (20, 21). In 
addition, four cystcine residues are ligated 
directly to  the 2Fe.2S * center (20,21). Thus 
one expects resonances from 2 Ala, 4 Cys, 1 
Cly, 1 Ser, and 1 Thr to  be missing. The 
results in Table 1agree with this prediction. 
At least some of the 14 other missing 13<: 

spin systems (1  Arg, 3 Ass, 4 Glx, 3 I,eu, 1 
I,ys, 1 I'ro, and 1 Val) probably represent 
additional ainino acid residues within about 
10 A of the 2Fe.2S* center. 

Cross-assignment of directly bonded 'H-
I'<: pairs by means of a 'H{"c:} heteronu-
clear multiple-quant~~in experiinent (6) 
serves to  identifv the proton spin systems. 
The combination ' 3 ~ { ' 3 < : ) ~ ~ < :of and 
'H{"c:) experiinents offcrs an efficient ap- 
poach  to analyzing protein NMR spectra 
that has distinct advantages over the rneth- 
ods in current use (described above). A 
striking feature of the "c:{'~c:}~>(~c: map 
(Fig. 2)  is its simplicity; it contains well- 
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Table 1. Number of arnino acid residues o t  
oxidized Anabaena 7120 fcrrcdoxin identified by 
their two-dirncnsional 13C{'3C}DQC liclkagc pat- 
tern compared with thc amino acid composition 
of the protein (in parentheses). The amino acid 
con~position is based o n  the scqucncc of the 
protein (21). 

Ala 7 (9)  HI\  2 (2)  Pro 2 (3)  
Arg 0 ( I )  Ilc 5 (5) Scr 5 ( 6 )  
A x  9 (12) Leu 4 (7) Thr  7 (8) 
<:ys 0 (4) Lys 3 (4) Trp  0 (0) 
Glx 11 (15) Met 0 (0) Tyr 5 (5) 
Gly 5 (6) Phc 3 (3) Val 7 (8) 

resolved regions for all 18 amino acid types. 
With a diamagnetic protein, the results, 
when combined with sequence-specific reso- 
nance assignment techniclues (2, I.?), will 
support analysis of amino acid sequences as 
well as amino acid compositions. The results 
will also enable the detection of posttransla- 
tional modification of ainino acid residues 
and the detection and assignment of spin 
systems of carbon-containing prosthetic 
groups (16). The only ambiguities found for 
the 20 common amino acids, Glu - Gln and 
Asp = Asn, can be resolved readily by dual 
'c:-"N labeling (22). Modern methods of 
biotech~~ologysupport the efficient produc- 
tion of labeled ~woteins at moderate cost 
(23).For proteins that can be overproduced, 
the ease of analysis of "c:{"C)L)QC spectra 
just~fies the added expense of the st.lble 
isotope. 

The Ocile analysis of "C spin systems 
should greatly sirnpli@ secluence-specific as- 
signments based on dual " C - I ~ N  labeling 
(24). Previously, the assignment of  each 
uniclue dipepti& by this rnethod has re-
cl~ircd the introduction of I3Co illto one 
amino acid residue type along with the 
introduction of "NU into the same or  an- 
other residue type (24). Since the "CIl reso- 
nances can be classified by the "~:{"<:)1>(2~: 
experiment, it should be sufficient to use 
uniform "C labeling (-25%)) along with 
specific "N labeling of individual amino 
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Single quantum (ppm) 

Fig. 2. 'Two-di~rle~lsional"C{"(:)lIQ(: sl>cctr~urlobtained with osidizcci I U2,,;: l'C]fcrrecioxi~l from 
Annbaetzn 7120. 'The Inset shows a hlowul> of tlrc tlireoninc (:PI((-$ t C y )  region. 13C{'3C}lIQC 
linkage patterns .~rc outlined for one Thr, one Ilc, ,111ct one Pro rcsiduc. Cl ic~rnc~~l  shif-ts arc rcfcrcnccd to 
(CHI)4Si. 

acids. Implementation of a 21) I 3 C - " ~  cor-
rel.lt~on experiment would perinit sequence- 
sixcific assignments to  be achieved with a" 
single protein sample uniformly labeled with 
both I3C and "N 122)., 	, 

Assignments of I3C resonances are L I S ~ ~ L I I" 
in their own right. They are needed, for 
example, in dynamics studies based on I3C 
relaxation and 111 deterni~n.lt~onsof the plCC3 
values of ionizable groups based on the pI I  
depeildence of carbon chemical shifis. In 
addition to greatly facilitating the assign- 
ment of "C spectra, we expect that the 
" C { ' 3 ~ } ~ ) ~ Capproach will find use in the 
assignment of ' H  and I5N signals in protein 
NMR spectra. 
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Calpain I1 Involvement in Mitosis 

Mitotic spindle disassembly requires major structural alterations in the associated 
cytoskeletal proteins and mitosis is known to be associated with Caz+-sequestering 
phenomena and calcium transients. To examine the possible involvement of a ubiqui- 
tous Caz+-activated protease, calpain 11, in the mitotic process, synchronized PtK, cells 
were monitored by immunofluorescence for the relocation of calpain 11. The plasma 
membrane was the predominant location of  calpain I1 in interphase. However, as 
mitosis progressed, calpain I1 relocated to (i) an association with mitotic chromo- 
somes, (ii) a perinuclear location in anaphase, and (iii) a mid-body location in 
telophase. Microinjection of  calpain I1 near the nucleus of a PtKl cell promoted the 
onset of  metaphase. Injection of calpain I1 at late metaphase promoted a precocious 
disassembly of  the mitotic spindle and the onset of anaphase. These data suggest that 
calpain I1 is involved in mitosis. 

TI i E  REDISTRIBUTION OF CA'+ ( 1 4 )  
and calcium-binding proteins (5,  6 )  
during the mitotic cycle has been 

well documented. Additionally, disassembly 
of the mitotic spindle (7,s)or microtubules 
in lysed cells (9 )has been shown to be Ca2 ' -
dependent. In this study, I have esamined 
the possibility that a Ca2 ' -activated prote- 
ase, calpain 11 (E.C. 3.4.22.17), may be 
involved directly or indirectly in the media- 
tion of specific mitotic events by Ca2+. 111 
the first part of the study l'tKl cells were 
synchronized by a double thymidine block 
and then monitored via immunofluores-
cence for the redistribution or translocation 
of calpain I1 (Fig. 1). At plating of the cells 
(prometaphase), calpain 11 appeared to be 
exclusively associated with the chromo-
somes (Fig. la). As mitosis proceeded, cal- 
pain I1 remained associated with the chro- 

U.S. 1)epamncnt of Agriculnlrc, Agricultur.~l Kcscarch 
Service, Roman I,. Hmska Meat Animal Kcscarch Cxn-
ter, Clay Center, NE 68933. 
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mosolnes during early and late anaphase 
(Fig. 1, b and c) but then was observed at a 
bilaterally symmetrical location at the pe- 
riphery of the cells as well as in association 
with the cytoplas~nic bridge during telo- 
phase or cytokinesis (Fig. Id) .  An example 
of one daughter cell at the enci of cytolunesis 
is shown with remaining mid-body (Fig. 
le) .  Finally, at interphase, calpain I1 had a 
predominantly plasma membrane associa-
tion (Fig. I f ) .  Direrent stages of mitosis 
shown in Fig. 1 are representative of ap- 
prosirnatelj7 20 cells for each panel. 

In order to better assess the dynamic 
nature of the calpain I1 involvement in 
mitosis, microinjection techniques were 
used to place rhociamine isothiocyanate- 
labeled calpain 11 (calpain 11-RI1'C) at se- 
lected cellular locations and then monitor 
calpain 11 translocation and the time re-
quired for the completion of mitotic stages. 

Calpain 11-RITC injected near the nucle- 
us of a cell in interphase (Fig. 2, a and b) 
promoted the onset of metaphase, and the 

labeled calpain I1 quickly became associated 
with the metaphase chromosomes (Fig. 2c). 
Onset of nletaphase occurred approsinlately 
5 ~ninutes after calpain 11-RITC injection at 
interphase. The same cells, shown as they 
progressed through anaphase displayed re- 
distribution of calpain 11-1IITC from a pre- 
cionlinantly chromosomal association (Fig. 
2d) to a bilaterally symmetrical location near 
the refornming nucleus and association with 
the cytoplasmic bridge (Fig. 2, e and f). One 
daughter cell, shown 1 hour after calpain II- 
RITC injection, displayed calpain 11-RITC . . 

staining associated esclusively with the plas- 
ma 	membrane (Fig. 2g). Cells injected at 
late metaphase display a more rapid than . 	 . 

normal transition from metaphase to ana- 
phase (approximately 1 to 1.5 minutes rela- 
tive to a normal transition time for PtK cells 
of 16 minutes) and the injected calpain II- 
RITC appeared to condense at the middle of 
the cytoplasmic bridge (Fig. 2i), with even- 
tual localization at the mid-body of daugh- 
ter cells (Fig. 2;). Although the fluorescence 
pattern seen in Fig. 2j is not identical with 
that in Fig. 2, e and f, or Fig. lc, this is a 
staining pattern frequently seen in cells that 
have been neither injected nor synchronized. 
Results obtained after microinjection of ~111-

labeled calpain 11 paralleled those seen with 
calpain 11-RITC. Control injections of simi- 
lar volumes and protein loads of bovine 
serum albumin-conjugated R U C  (BSA-
RITC) did not appear to promote meta- 
phase or anaphase. 

Microinjection techniques were then used 
to examine the Ca2 ' requirements of calpain 

Table 1. Effect of interaction of Ca2+, calpain 11, 
and calpastatin on anaphase onset. Inject1011 was 
made in synchronr~,d cells shortly aficr plating; 
by inspection these cells werc seen to be in 
rnetaphase. Twenty cells werc injected for each 
treatment. 

Gal- Calpa- onset of 

pain 11 
(1 mgi 

ml) 

statin* 
(1mg/ 

ml' 

anaphase,
time in 
minutes 

(X + SE) 

0.1 
1 .o 
5.0 

10.0 
0.1 
1.o 
5.0 

10.0 
0.1 
1.o 
5 .O 

10.0 
Buffer alone 

*Ilomogcnous preparation of calp~statin (170 kl)) from 
p~rc incskclctal muscle was used In these sn~dics. Purifi- 
cation and b~ochcmical charactcri~. ation of porcine skclc- 
t.11 calpast,~tin has been dcscribcd (30). tCclls did not 
progress to anaphasc. 


