
IL-2 protein surrounding the cysS8 resi- 
due may be involved in the interaction 
with the IL-2 receptor on cell surfaces, 
and therefore slight perturbations of the 
amino acid sequence (cysteine + serine) 
in that region may adversely affect the 
receptor binding capability of the pro- 
tein. To  demonstrate that cysSs is direct- 
ly involved in receptor binding, it is 
necessary to study the structure-function 
relationship of the surrounding amino 
acids, either by site-specific mutagene- 
sis, in order to identify the effects of 
these changes on receptor binding, or by 
coupling of the protein to the receptor, in 
order to identify the amino acids in- 
volved in the direct interaction with the 
receptor. 

Our results clearly demonstrate that 
CyslZS of the human IL-2 protein is not 
involved in a disulfide bridge and is not 
necessary for the interaction with the IL- 
2 receptor. However, both CysSs and 
cys'O5 are necessary for biological activ- 
ity and therefore may be involved in a 
disulfide bridge that holds the IL-2 pro- 
tein in a biologically active conforma- 
tion. In addition, the phenotype of the 
SerSs IL-2 suggests that cysSs may also 
be involved in receptor binding. Purifica- 
tion of these three mutant IL-2 proteins 
should help to determine in what ways 
their protein conformations differ from 
that of the wild-type protein. 

Using the same technique to replace a 
free cysteine residue in human fibroblast 
interferon while retaining biological ac- 
tivity helped us to overcome difficulties 
encountered during the purification of 
the recombinant interferon from E. coli 
(11). The purified recombinant wild-type 
interferon protein had a low specific ac- 
tivity and poor stability because of the 
preferential formation of incorrect disul- 
fide bridges between the three cysteine 
residues of the protein (11). Substituting 
a serine for one of the cysteines stabi- 
lized the recombinant fibroblast interfer- 
on, so that it had a specific activity 
comparable to that of native interferon 
(11). In the case of recombinant human 
IL-2, we have found that the purified 
protein is unstable in the reduced form 
and readily oxidizes into oligomeric 
forms with loss of biological activity. 
After controlled oxidation, the purified 
IL-2 protein had a higher specific activi- 
ty and greater stability, but the oxidized 
product is heterogeneous and all possible 
disulfide bridges are formed (17). There- 
fore, the ability to  replace one of the 
cysteine residues with a serine residue 
while retaining biological activity is like- 
ly to help generate a recombinant IL-2 
that is both molecularly more homoge- 

neous and has a reproducibly higher spe- 
cific activity. On the basis of our present 
results and our results on human fibro- 
blast interferon (11), we  suggest that this 
could be a general method for preparing 
biologically active "muteins" (18) from 
proteins containing nonessential cys- 
teine residues. 
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Identification and Location of Brain Protein 4.1 

Abstract. Protein 4.1 is a membrane skeletal protein that converts the low-afinity 
interaction between spectrin and actin into a high-afinity ternary complex of 
spectrin, protein 4.1, and actin that is essential to the structural stability of the 
erythrocyte. Pig brain was shown to contain an 87-kilodalton immunoreactive analog 
of protein 4.1 that has partial sequence homology with pig erythrocyte protein 4.1 
and the same location as spectrin in the cortical cytoplasm of neuronal and glial cell 
types of the cerebellum. 

Protein 4.1, spectrin, and actin are 
major components of a fibrous mesh- 
work of proteins located on the cytoplas- 

,mic surface of the erythrocyte mem- 
b'i-ane, which is now commonly referred 
to as the membrane skeleton. The mem- 
brane skeleton is a strong, flexible, elas- 
tic structure that appears to be responsi- 
ble for the maintenance of the erythro- 
cyte shape, reversible deformability, and 

membrane structural integrity (1). Eryth- 
rocyte protein 4.1 from human, pig, and 
mouse is a phosphoprotein of about 
80,000 daltons (80 kD) (2) that binds to  
the terminal ends of the fibrous spectrin 
(a@), tetramer ( a  = 240 kD, @ = 220 
kD) and thereby stimulates the weak, 
end-on, bivalent binding of spectrin tet- 
ramer to  F actin probably through forma- 
tion of a ternary complex of spectrin, 
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Fig. I. Characterization of pig rbc protein 4.1 
and IgG to pig rbc protein 4.1. (A) Pig rbc 
membranes and protein 4.1 were isolated in 

A 
a b 

B 
a b c d  

the presence of 0.4 mM diisopropylfluoro- 
phosphate (22). Pig rbc membrane protein (64 
pg) (lane a) and pig protein 4. l (10 pg) (lane b) i: 
were subjected to SDS-PAGE. Gels were 
stained with Coomassie blue and then de- 
stained (28). (B) Immunoautoradiography by 
gel overlay with 56 pg of affinity-purified 1gG 3 -  * 0) 

4 R 7  kD 
to pig rbc protein 4.1 and 2.5 pCi of I2'I- $ := 
labeled protein A was performed (10). (Lane 
a) Coomassie blue-stained pig rbc membrane - 
protein (80 pg). (Lane b) Matching autoradio- 
gram for lane a. (Lane c) Coomassie blue- 
stained preparation of crude pig brain mem- 
brane protein (100 pg) (15). (Lane d) Matching 
autoradiogram for lane c. Autoradiography 
was performed with Kodak X-OMAT XAR 
film and an intensifying screen at -20°C for I 
day (lane b) or 5 days (lane d). 

Fig. 2. Location of an immu- I ---- - 
noreactive analogue of protein 
4.1 in pig cerebellum. Tissues 
were prepared from a male pig 
anesthetized with pentobarbi- 
tal (35 mg per kilogram of 
body weight) and perfused (ca- 
rotid arteries) at a pressure of 
120 mmHg with phosphate- 
buffered saline. The cerebel- 
lum was frozen in Freon-12, 
and frozen sections (10 km) 
were prepared for indirect im- 
munofluorescence. (A) A low 
magnification picture ( ~ 2 5 0 )  ' 

of the cerebellum stained with , 
IgG to pig rbc protein 4.1 (15). 
Bright staining of the internal 

cytoplasm (arrows) encircling 
a nonfluorescing nucleus ( ~ 8 7 5 ) .  (C) Sections of granule neurons in the GL stained with 1gG to 
pig rbc spectrin have a staining profile identical to that observed with 1gG to pig rbc protein 4.1 
( ~ 8 7 5 ) .  Control sections were stained with nonimmunized 1gG (D) or IgG to pig rbc protein 4.1 
that had been absorbed with five times pig rbc protein 4.1 (E). Both photomicrographs are of the 
internal granule layer (identified by phase optics) and times of exposure and printing correspond 
to those in (B) ( ~ 8 7 5 ) .  

Fig. 3. Tryptic peptide analysis of pig erythrocyte and brain protein 4.1. Affinity-purified 1gG to 
pig rbc protein 4.1 (28 pg) was used to immunoprecipitate protein 4.1 from pig rbc and brain 
membranes solubilized in Triton X-100 at high ionic concentration (26). lmmunoprecipitated pig 
brain and rbc protein 4.1 as well as total pig brain and rbc membrane proteins were separated by 
SDS-PAGE (28). Two-dimensional tryptic peptide mapping analysis of peptides labeled with 
I2'I within the gel slice was performed (29). (A) Tryptic map of pig rbc protein 4.1 excised from 
a gel containing total ghost protein (see lane a in Fig. I A). (B) Tryptic map of immunoprecipitat- 
ed pig rbc protein 4.1. (C) Tryptic map of immunoprecipitated pig brain protein 4.1. Some of the 
common tryptic peptides are indicated (arrows). 

protein 4.1, and actin (3). The impor- 
tance of this complex to the structural 
integrity of the erythrocyte is best shown 
by two pathological red cell disorders: 
hereditary spherocytosis (HS), in which 
the spherical, osmotically fragile red 
cells are in some instances due to a 
defective interaction between the HS 
spectrin and protein 4.1 that leads to a 
defective ternary complex (4, 5); and 
homozygous mild hereditary elliptocyto- 
sis (HE), in which the elliptical and frag- 
ile red cells are in some cases due to a 
lack of protein 4.1 (6). In addition to its 
function in the ternary complex, protein 
4.1 has been shown to have its own high- 
affinity binding site on the erythrocyte 
membrane (1, 3, 7, 8) and therefore 
serves as a linkage site between spectrin, 
actin, and the bilayer core. 

A major advance in understanding 
of cytoskeleton-membrane interactions 
was the discovery that spectrin-like mol- 
ecules, which are both immunologically 
and structurally related to erythrocyte 
spectrin, are present in diverse noner- 
ythroid cells (9, 10). Subsequent immu- 
nofluorescence studies have shown the 
widespread occurrence of nonerythroid, 
spectrin-like molecules in the cortical 
cytoplasm of nearly every mammalian 
and avian cell or tissue studied (11-13). 
Brain is relatively rich in an immunore- 
active and structural analog of spectrin 
(brain spectrin, also known as fodrin, 
brain actin-binding protein, or calspec- 
tin), which has become the best studied 
member of the nonerythroid spectrin 
family of molecules (I). Brain spectrin 
from pig, mouse, and chicken is a large, 
asymmetric (ap)z tetramer (- lo6 dal- 
tons, - 1 IS) that constitutes 2 to 3 per- 
cent of the total crude brain membrane 
protein (11, 13-15). Rotary shadowed 
images of brain spectrin showed a long 
flexible rod (- 2000 A in contour length) 
with the strands woven into a tight dou- 
ble helix, a morphology that is similar to 
erythrocyte spectrin tetramer (11, 14). 
Brain spectrin shares with erythrocyte 
spectrin the following additional proper- 
ties: (i) a phosphorylated p subunit (16); 
(ii) a binding site for the spectrin-binding 
protein syndein (or ankyrin) (13, 14); (iii) 
a binding site for calmodulin (17, 18); and 
(iv) the ability to cross-link F actin (I I, 
13, 14, 17, 19). Electron microscopy of 
the interaction of brain spectrin and actin 
showed a bivalent brain spectrin mole- 
cule binding laterally to F actin in an 
end-on orientation (19), an image identi- 
cal to the interaction of erythrocyte 
spectrin tetramer and F actin. Two other 
investigations have shown that erythro- 
cyte protein 4.1 can strengthen the inter- 
action of brain spectrin and actin in 
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vitro, suggesting that brain spectrin also corded for other neuronal cell types (for 
example, Purkinje cells). Glial cells 
showed a similar but less intense ringlike 
staining of their cell soma. In the medul- 
lary layer immunofluorescent strands or 

blasts (23, 27). However, in cultured 
contains a protein 4.1 binding site (20, 
21). The significance of these observa- 
tions depends on the existence of a pro- 
tein 4.1-like analog in brain. We now 

fibroblasts protein 4.1 has been found 
along the stress fibers or actin filament 
bundles (23), whereas spectrin is found 
on the cytoplasmic surface of the plasma 

demonstrate that pig brain contains an 
87-kD immunoreactive analog to protein 
4.1 that shows partial sequence homolo- 

tubelike profiles were observed occa- 
sionally, but this did not appear to be 
consistent with the Protargol-silver 

membrane, suggesting that the role of 
protein 4.1 might differ in erythrocytes 
and fibroblasts. Our results show that 

gy with erythrocyte protein 4.1 and has 
the same location as spectrin in mamma- 
lian brain. 

staining of axons (not shown). Experi- 
ments with control specimens revealed 
that staining was specific for the brain 

brain protein 4.1 is immunologically and 
structurally related to erythrocyte pro- 
tein 4.1 and has the same location as 

Homogenous protein 4.1 isolated from 
pig red blood cells (rbc) (22) (Fig. 1A) 
was used as an immunogen in New Zea- 
land white male rabbits. Affinity-purified 
immunoglobulin G (IgG) to pig rbc pro- 
tein 4.1 was isolated and characterized 
by immunoautoradiography by gel over- 
lay (Fig. 1B). The protein 4.1 antibody 
reacted with the 80-kD protein 4.1 band 
when total pig erythrocyte membrane 

4.1-like protein since neither brain slices 
stained with IgG from a nonimmunized 
rabbit (Fig. 2D) nor with rbc protein 4.1 

spectrin in the cortical cytoplasm of neu- 
ral cells. These observations raise the 
possibility that actin may be associated 
to the neural cell membranes as part of a IgG that had been incubated with a five- 

fold excess of pig rbc protein 4.1 (Fig. 
2E) exhibited fluorescence. Staining of 
pig neural tissue with IgG to mouse rbc 

ternary complex of spectrin, protein 4.1, 
and actin, and by analogy to the erythro- 
cyte model this ternary complex may be 

spectrin, which we have shown to be 
specific for the 240- and 235-kD subunits 
of brain spectrin (16, 24, 25), revealed 

essential for maintenance of the shape 
and membrane structural integrity of 
neuronal and glial cell types. 

protein separated by sodium dodecyl sul- identical staining of the cerebellum de- 
scribed above for IgG to pig rbc protein 
4.1. As an example, the identical ringlike 
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fate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was treated with the anti- 
body and '2S~-labeled protein A. Faint 
staining of 135- and 63-kD polypeptides 
was also observed. Minor immunoreac- 
tive polypeptides of larger and smaller 

staining pattern of the cortical cytoplasm 
of granule cell neurons was seen with 
antibodies to erythrocyte spectrin (Fig. 
2C) and protein 4.1 (Fig. 2B). 

molecular size than protein 4.1 in human To determine whether the pig brain 
4.1-like protein was structurally related 
to pig erythrocyte 4.1, we immunopre- 
cipitated protein 4.1 from solubilized 
brain and erythrocyte membranes with 
affinity-purified IgG to pig protein 4.1 
(26) and performed two-dimensional 
tryptic peptide analysis on the 87-kD 
(brain) and 80-kD (erythrocyte) IzS1-la- 
beled polypeptides (Fig. 3). The peptide 

Department of Anatomy, 
Milton S.  Hershey Medical Center, 

erythrocyte membranes have also been 
observed (3, 23), and the results of pep- 
tide-mapping analysis have led to the Pennsylvania State University 
conclusion that a family of protein 4.1 
sequence-related proteins exists in 
erythrocyte membranes (3). The results 
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a-Cardiac Actin Is the Major Sarcomeric Isoform 
Expressed in Embryonic Avian Skeletal Muscle 

Abstract. A primer extension assay that is diagnostic for the messenger RNA ' s  
(mRNA ' s )  transcribed from the P-cytoplasmic, a-cardiac, and a-skeletal actin genes 
of the chicken was used to measure the m R N A  levels for these actin isoforms. 
Measurements were made in chicken breast muscle during myogenesis in vivo and in 
vitro, a-Cardiac actin m R N A  accounts for more than 90 percent of the sarcomeric 
actin transcripts expressed in avian embryonic breast muscle. Five weeks after 
hatching, a-skeletal actin m R N A  is the only detectable sarcomeric actin transcript. 

Analysis of the various actin isoforms 
poses a problem since there is little di- 
vergence in their protein sequences (1). 
The pioneering work of Vandekerckhove 
and Weber (1, 2) has shown that there 
are at least six actin isoforms in adult 
mammalian tissues: two sarcomeric 
forms (a-cardiac and a-skeletal muscle 

Fig. 1. The nucleotide 
sequence of the 5' 
coding exon for the P- 
actin, a-cardiac actin, 
and a-skeletal actin 
genes in the chicken. 
The primer fragments 
are underlined in the 
sequence, the 3' end 
of the nrirner beine on 

actin), two smooth muscle forms (a- and 
y-smooth muscle actin), and two cyto- 
plasmic forms (P- and y-cytoplasmic 
nonmuscle actin). The conservation in 
amino acid sequence is striking in that 
the a-skeletal muscle isoform differs in 4 
of 375 amino acids from a-cardiac actin, 
6 of 375 amino acids from the y-smooth 

B-Act in  5' Exon 
Nco I 

t ccagccATG GAT GAT GAT ATT GCT GCG CTC GTT GTT GAC AAT GGC TCC GCT ATG 

Met Asp Asp Asp Ile Ala Ala Leu Val Val Asp Asn Gly Ser Ala Met 

TGC AAGGCC GGTTTC GCC GGGGACGATGCC CCC CGT GCT GTGTTC CCATCT 
Cys Lys Ala Gly Phe Ala Gly Asp Asp Ala Pro Arg Ala Val Phe Pro Ser 

ATC GTG GGTCGC CCC AGACAT CAGIGGTGTGATG GTT GGTATG G G C C A G A A A G A C  

Ile Val Gly Arg Pro Arg His Gln Gly Val Met Val Gly Met Gly Gln Lys Asp 

the 5"side of t h c d e -  
pitted sequence, ~h~ AGC TAC GTT GGT GAT GAA GCC CAG AGC AAA AGA GGT ATC CTG ACC CTG AAG TAC 

lengths of the Ser Tyr Val Gly Asp Glu Ala Gln Ser Lys Arg Gly Ile Leu Thr Leu Lys Tyr 
Bgl II 

are as Pmac- ccc ATT G A A C A C  GGT ATT GTC ACC AAC TGG GAT GAT ATG GAG AAG A T C ~ T G G  t in'  252 a-cardiac 
Pro Ile Glu HIS Gly Ile Val Thr Asn Trp Asp Asp Met Glu Lys Ile ' T r p  

actin, 105 bp; and a -  
skeletal actin, 54 bp. 
The p-actin primer a - C a r d i a c  5' E x o n  
was prepared from Ava n 
the full size p-actin t 
cDNA clone, cttgcaggtccgtgc~tat~agccaagATG TGT GAC GAC GAG GAG ACC ACC GCG CTG GTG 

Met Cys Asp Asp Glu Glu Thr Thr Ala Leu Val 
constructed bv Cleve- 
land (i2)' the , GAC AAC GGC TCG GGG CTG GTC AAG GCG GGC TTT GCT GGG GAC GAT GCC CCC 
genomic sequence cys ASP Asn G I ~  Ser G I ~  Leu Val ~ y s  Ala G I ~  Phe Ala G I ~  ASP ~ s p  Ala Pro 

data obtained in our Bst N I  
t laboratory were used AGG GCT GTG TTC CCA TCC ATC GTC GGC CGC ccc AGG CAC CAGgtagat 

to select the restric- <rg Ala Val Phe Pro Ser Ile Val Gly Arg Pro Arg His Gln 

tion enzyme sites. 
The sarcomeric actin 
primers were cut from a - S k e l e t a l  5 '  E x o n  

the appropriate sub- acagccagcaacATG TGT GAC GAG GAC GAGACC ACC GCG CTC GTG TGC GAC AAC GGC 
clones of the corn- Met Cys Asp Glu Asp Glu Thr Thr Ala Leu Val Cys Asp Asn Gly 
plete genomic frag- F O ~  I 

t rnents prepared as de- TCC GGC CTA GTG AAG GCT GGC n c  GCC GGG CAT GAC GCC ccc AGG GCF GTG TTC 
scribed earlier (11). Ser GI, Leu Val Lys Ala Gly Phe Ala Gly Asp Asp Ala Pro Arg Ala Val Phe 

Lower-case letters in- Ava I 
t dicate flanking or in- CCT TCC ATC GTG GGC CGG ccc CGC CAC C A A g t a c g a t g t c c g c t ~ g g  

tron sequence posi- pro Ser Ile Val G I ~  Arg Pro Arg His Gln 

tions. The slash in the 
p-actin sequence is the position of the first intron within the coding portion of the genornic 
sequence. The recognition site for Fok I is 13 bp to the 5 '  side of the cut site. The sequence data 
reported here for the a-skeletal actin agree with those reported previously (4). 

isoform, 8 of 375 amino acids from the a- 
smooth isoform, and 24 or  25 of 375 
amino acids from the p- and y-cytoplas- 
mic actins. In order to  avoid possible 
problems due to homology between the 
various isoforms, a primer extension as- 
say was used in place of RNA dot blots 
or Northern blots (3) to determine the 
level of expression of the different actin 
genes during myogenesis. This assumes 
that each actin gene initiates transcrip- 
tion at  a point that yields a primer- 
extended fragment of unique length for 
each gene. 

The sequence of the 5' coding exon for 
each of the actin genes used in this study 
is given in Fig. 1. Both the sarcomeric 
actins encode the amino terminal me- 
thionine-cysteine dipeptide which is not 
present in the P-cytoplasmic actin gene. 
However, the cysteine residue is absent 
from the processed sarcomeric actin (I,  
2). The function of this cysteine residue 
is not clear, but similar results have been 
reported for other vertebrate sarcomeric 
actin genes (4-7). The encoded amino 
acid sequence for the amino terminus of 
each actin gene agrees exactly with the 
diagnostic sequence characteristic for 
each isoform (1, 2). The primer se- 
quences used in this study are underlined 
in Fig. 1. 

The lengths of the extended primers 
(Fig. 2A) indicate that the P-cytoplas- 
mic, a-cardiac, and a-skeletal actin mes- 
senger RNA's (mRNA's) have 5' non- 
coding leader sequences of approximate- 
ly 90, 60, and 75 base pairs (bp), respec- 
tively. Our results agree with the 
reported leader length for a-skeletal ac- 
tin mRNA (4). 

The p-actin isoform represents more 
than 90 percent of the total actin tran- 
scripts measured in dividing myoblasts 
36 hours after plating (lane a in Fig. 2A 
and Table 1). The low level of expression 
of the a-cardiac isoform in 36-hour cul- 
tures (lane b in Fig. 2A) represents the 
small percentage of myoblasts (5 to  10 
percent) that have undergone fusion (8, 
9) and are expressing the differentiation- 
specific cardiac isoform. N o  a-skeletal 
actin transcripts are detectable in the 
prefusion cultures with this exposure 
time. After most of the cells have fused 
(approximately 70 to 80 percent), there is 
a marked reduction in the expression of 
p-actin mRNA (lane d in Fig. 2A and 
Table 1) and a concomitant increase in 
the expression of the a-cardiac (lane e in 
Fig. 2A and Table 1) and a-skeletal actin 
transcripts (lane 1 in Fig. 2B and Table 
1). However, in the latter case, a-skele- 
tal actin represents less than 5 percent of 
the sarcomeric actin transcripts ex- 
pressed in differentiated cultures. 
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