
lished within 0.5 msec of its inception 
(13), must reflect the rearrangement of 
highly polarizable macromolecules in a 
fashion that is both submicroscopic and 
uniform or uniformly periodic along a 
myofibrillar domain with a mean length 
of eight sarcomeres in the specimen 
shown. 

This is an unexpected result. Electron 
microscopy of fixed and stained speci- 
mens teaches that the structural unit of 
striated muscle is not the myofibril, but 
the sarcomere (5). Each sarcomere is 
invested with longitudinal and transverse 
SR elements (14), and these elements are 
in communication, at the level of each 
sarcomere, with the transverse tubular T 
system, which communicates to the inte- 
rior of the fiber the depolarization con- 
veyed by the action potential along the 
sarcolemma (15). The invaginations of 
the sarcolemma giving rise to the T tu- 
bules (16) have the same longitudinal 
spacing as the sarcomeres themselves 
(16, 17). On the basis of such structural 
periodicity, it might be expected that, as 
the action potential sweeps over the sar- 
colemma and inward through the T sys- 
tem, the activation that breaks out in its 
wake would be synchronous or stochas- 
tic. If it were stochastic, individual struc- 
tural units randomly located in the wake 
would develop activity randomly in time. 
Successive differential images of the 
process would have a "salt-and-pepper" 
appearance until a large fraction of 
all structural units had become active. 
In synchronous activation contiguous 
structural units would become uniformly 
and simultaneously active over poly- 
myofibrillar regions of length v,At = 400 
km and breadth v,At -- 20 pm, where v, 
(- 140 cmisec) and v, (- 7 cmisec) are 
the axial (17°C) (18) and radial (20°C) (7) 
velocities of propagation of the action 
potential, respectively, and At is the time 
resolution of the observation (- 0.2 
msec in Fig. 3). Neither of these expect- 
ed outcomes is compatible with our holo- 
graphic images, which show that the 
activation that first appears is both seg- 
mental and sparse. 

Departures from the idealized struc- 
tures we have sketched are known. 
Among them are occasional longitudinal 
elements (19) and culs-de-sac in the T 
system (20) and helicoids in both the T 
system and the sarcomeric registration 
(20). The longitudinal elements and culs- 
de-sac are very short (19) and the heli- 
coids may attain lengths of eight stria- 
tions longitudinally, but all these irregu- 
larities are far less numerous (20) than 
our bright filaments. Thus a proper ac- 
counting for the segmentalization ap- 
pears more likely to be found at the level 
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of the myofibrillar dynamics, or possibly 
in the distribution of transport in the SR 
or T systems, than at the level of static 
structure. A hint that its origin may, with 
pharmacological assistance, prove iden- 
tifiable is furnished by our finding that 
the exposure of a fiber to Ringer solution 
containing bovine serum albumin not 
only alters the temporal course of its 

ings, and photographs is given by D. S. Smith 
[Musc!e (Academic Press, New York, 1972)l. 

6. This sltuatlon can be produced by stimulating a 
fiber locally at one end and observing the other 
end before its invasion by the action potential. 
In our experiments this created an interval of 
several milliseconds durine which the mvofibrils 
at the unstimulated end be re  being passively 
stretched by the active contraction of those at 
the stimulated end (18). 

7. H.G?z?les-Serratos, J .  Physiol. (London) 212, 
Ill ( I Y I I ) .  

8. B. A. Mobley and B. R. Eisenberg, J .  Gen. 
Phvsiol. 66. 31 (1975) 

9. J .  R.  Bendall, Nature (London) 170, 1058 (1952). activation (I2) but 10. J .  Bore~do and S. Putnam, Biochrm. Biophys 
ens the filaments that shine in its differ- Acta 459. 578 (1977). 
ential images. 11. A. F. Huxley and R. Niedergerke, J .  Physiol. 

(London) 144, 403 (1958). 
M. SHARNOFF 12. L.  Hill. ibid. 266, 677 (1977). 

T, H. KARCHER 13. This is shown in Figs. 1 and 3 and is confirmed 
by unbalanced images made as in Fig. 2 but later 
during contraction. The process requires only BREHM 
about 1 percent of the time required for peak Department of Physics, University of tension to develoo durine a twitch. 
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Functional Expression of a Cloned I - A ~ ~  
Gene in B-Lymphoma Cells 

Abstract. The immune response genes of the mouse encode two cell-surface 
glycoproteins, I-A and I-E, that play critical roles in determining the animal's 
immune responsiveness. The I-A antigen contains two chains, a and P. A cloned P- 
chain gene, I-Apk, was introduced into B-lymphoma cells that express I-Ad. The 
transfected gene was s~tccessfitlly expressed on the cell surface of the recipient cells 
and was functional in stimulating allospecijic T cells. 

The I-region of the major histocom- 
patibility complex (MHC) of the mouse 
encodes the I-A and I-E polymorphic 
cell-surface glycoproteins referred to as 
Ia antigens or class I1 antigens. Each Ia 
antigen consists of three noncovalently 
linked polypeptide chains-the a (- 34 
kilodaltons), p (- 28 kilodaltons), and 
the invariant chain (- 30 kilodaltons) 
(I). Ia antigens are expressed primarily 
on B cells and on antigen-presenting 
cells such as macrophages and dendritic 
cells and play a major role in cell-cell 
interaction and in regulation of the im- 
mune response (2). To gain a better 
understanding of the mechanism of Ia 
antigen regulation, we introduced genes 
encoding the I-A antigen into mouse B- 
lymphoma cells. We now report the suc- 
cessful expression of transfected I-Apk 
(3) gene product on the cell surface of 
antigen-presenting B-lymphoma cells. 
The expressed I-Apk chain was function- 
al in stimulating allospecific T cells. 

Genes of class I antigens of the MHC 

have been successfully transfected into 
L cells. Transfected class I genes were 
expressed on the cell surface of L cells 
and were able to function as restriction 
elements in T-cell-specific cytotoxic re- 
sponses against viruses (4, 5). Expres- 
sion of a functional Ia antigen from trans- 
fected class I1 MHC genes presented 
a more difficult problem. Although Ia 
genes can be expressed in L cells (6, 7), 
they are not fully functional. Therefore, 
we introduced the cloned I-Apk gene 
into BALBIc B-lymphoma cells M12.4.1 
and A20.2J (8), which express 1-Ad-en- 
coded antigens and are potent Ia-restrict- 
ed antigen-presenting cells (9). These 
cells should have all the machinery nec- 
essary to assemble functional I-A anti- 
gens. The successful transfection of 
M12.4.1 and A20.2J cells with the I - A ~ ~  
gene should result in a hybrid I-AWd 
molecule formed by the pairing of the I- 

a chain from the B-lymphoma cell 
with the transfected I-Ak p chain. 

The I-Apk gene was introduced into B 



cells after calcium phosphate precipita- 
tion (10) of the cloned DNA and selec- 
tion for neomycin resistance (Figs. 1 and 
2). Four to five weeks after transfection, 
stable transformants were screened for 
the expression of the I-Apk gene by 
radioimmunoassay or by use of the fluo- 
rescence-activated cell sorter (FACS). A 
panel of ten monoclonal antibodies spe- 
cific for different epitopes of the I-Ak 
molecule was used for detecting gene 

expression. Five of these monoclonal 
antibodies were able to  bind to M12.4.1 
cells transfected with the I-Apk gene 
(Fig. 2C) but not to  the parent M12.4.1 
cells. The transfected M12.pk3 cells are 
unique in that, unlike F 1  hybrid cells, 
they express the p chain but not the a 
chain of I-Ak. Such a cell is valuable in 
definitively assigning the specificities of 
the monoclonal antibodies to  either the a 
or the p chain of I-Ak. Thus, monoclonal 
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Fig. 1 .  (A) The organization of I-Apk gene. The exons of I-Apk genes are represented by 
hatched bars in the coding region and by a stippled bar in the 3' untranslated (3'UT) region (15). 
The exon encoding the leader is labeled L; the exons encoding the two extracellular domains are 
labeled p, and pZ; the transmembrane region is labeled TM; and the intracytoplasmic regions 
are labeled IC, and IC2. The 3'UT region is contiguous with IC2. The location of the L segment 
was predicted from its location in the I-Apd and I - A ~ ~  genes (16, 17). (B) Partial map of the A I- 
A P ~  phage (15). The solid bars indicate the coding sequences. (C) Schematic representation of 
the plasmid vector pMSV-neo, which contains the neomycin-resistance gene (NEO) (18), and of 
the construction of ppk-neo plasmid. The ppk-neo plasmid was formed by joining the 
neomycin-resistance gene and the I - A ~ ~  gene in a single molecule; standard technology was 
used (13). The Kpn I-Eco RI DNA fragment contains the coding sequences of I-Apk gene but is 
truncated at the 3'UT region. A polyadenylation site was provided by using blunt-end ligation to 
fuse the I-Apk gene into the unique Xho I restriction site located between the two long terminal 
repeats (LTR) present in pMSV-neo. 

antibodies 10.2.16, 39B, 39E, 40A, 40B 
(Fig. 2), and 11-3.25 (data not shown) 
recognize epitopes on the P chain of I-Ak 
as suggested earlier (11, 12). Similarly. 
the monoclonal antibodies that d o  not 
recognize the transfected M12.pk3 cells 
must recognize epitopes on the I-Ak a 
chain or epitopes generated by the pair- 
ing of the ak and pk chains. Monoclonal 
antibodies 39C, 395, 11.5.2, and 26.7.11 
are of this type (data not shown). 

The ~ntroduction of the I-Apk gene 
Into the B cell led to  the expression of an 
I-Ak-like antigen on the cell surface. To  
demonstrate that this antigen involves a 
full-size I-Apk chain, we characterized 
the I-A antigens by immunoprecip- 
itation. Polyacrylamide gel electropho- 
resis of 1251-labeled surface proteins 
showed (data not shown) that the trans- 
fected I-Ak @ cham expressed on 
A20.pk20 cells precipitated by monoclo- 
nal antibody 11-3.25 had mobility identi- 
cal to that of the I-Ad p chain of A20.2J 
or A20.pk20 cells precipitated by MK- 
D6, a monoclonal antibody specific for 
the I-Ad antigen. These results strongly 
suggest that a full-size I-Ak P chain was 
assembled with the I-Ad cx chain and 
expressed on the cell surface of trans- 
fected cells. The successful expression 
of the p chain after transfection with the 
constructed plasmid ppk-neo (Fig. 1) 
suggests that the signals necessary for 
the expression of the I-Apk gene are 
located on the 7.8-kilobase Kpn I-Eco 
RI fragment. Further support for this 
conclusion was derlved from the finding 
that ppk-neo DNA was able to direct the 
synthesis of the I-Apk chain regardless 
of the relative orientation of the Kpn I- 
Eco RI fragment within the plasmid vec- 
tor pMSV-neo (data not shown). 

Transfection with the I-Apk gene was 
analyzed at the DNA level by Southern 
blot analysis (13). M12.4.1 and A20.2J 

Fig. 2. Fluorescence-activated cell sorter A 
(FACS) analysis of expression of I-Apk chains 
expressed on the surface of the B-lymphoma 
cells. M12.4.1 is a cloned BALBic B-lympho- 
ma cell line expressing I-Ad antigens (8). TA3 $ 
is a B-cell-B-lymphoma somatic cell hybrido- 5 
ma produced by fusing (BALBlc x AIJ)F, c 

cells with the M12.4.1 and expresses both I- 
and I-Ak antigens (19). M12.4.1 cells were O 

co-transfected by the calcium phosphate tech- 
nique (10) with A I-Apk DNA (10 kg) cdntain- 
ing the I - A ~ ~  gene (Fig. 1) together with 
pMSV-neo (0.5 kg) DNA containing the neo- Fluorescence intensity 
mycin-resistant gene (Fig. I ) ,  which was used 
as selection marker, and with BALBlc DNA (10 pg) as carrier DNA. Restriction enzyme Sal I was used to linearize pMSV-neo before 
transfection. The cells were grown in selective media containing G418 (Geneticin, Gibco) (0.8 mglml) for 5 to 6 weeks. Neomycin-resistant clones 
were screened for expression of I-Apk chain by use of 11-3.25, a monoclonal antibody to 1-.4~. The M12.pk3 clone was analyzed by FACS with a 
panel of monoclonal antibodies to I-Ak. Monoclonal antibodies 39C, 395, 40A, 40N, 39B, and 39E were developed by Pierres ( I I ) ,  and 
monoclonal antibodies 11.5.2, 26.7.11, and 10.2.16 were developed by Oi et al. (20). Only those monoclonal antibodies that bind to the transfected 
cells are shown. Cells (1 x lo6) were incubated first with monoclonal antibody to Ia and then with a second antibody (Fab fragment of 
fluorescein-conjugated goat antibody to mouse immunoglobulin) and then analyzed by flow microfluorometry (Spectrum 111; Ortho Diagnostic 
Systems). Control cells were incubated with fluorescein-conjugated goat antibody to mouse immunoglobulin only. 
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cells that had been transfected either by 
phage A I-Apk DNA or the plasmid vec- 
tor contained at least one copy of the I- 
~p~ gene per cell (Fig. 3). M12.4.1 cells 
co-transfected with A I-Apk DNA con- 
tained more than one gene copy per cell. 
However, regardless of the number of 
I-Apk gene copies integrated in the 
genome, all transfected cells expressed 
the p chain of I-Ak at comparable lev- 
els-less than the amount of I-Apk ex- 
pressed on the surface of the TA3 B-cell 
hybridoma expressing I-Ak and I-Ad 
antigens (Fig. 2). The amount of 
I-Ak antigen expressed on transfected 
M12.pk3, M12.pk4, and A20.pk20 cells 
as measured by radioimmunoassay was 
approximately 50 percent of the amount 
of I-Ak expressed on TA3 B-hybridoma 
cells (data not shown). Several explana- 
tions can be proposed to explain why the 
transfected cells do  not express more 
than 50 percent of the amount of p-chain 
I-Ak found on the TA3 cells, but the 
answer remains uncertain. 

Our results show that B cells can be 
stably transformed with the I-Apk gene 
and can successfully express the antigen 
on the cell surface. The next question 
was whether these pk-transfected anti- 
gen-presenting cell lines could stimulate 
alloreactive T cells specific for I-Ak or 
serve as antigen-presenting cells for I- 
Ak-restricted antigen-specific T cells. A 
panel of 12 different T-cell hybridomas 
as well as several interleukin-2-depen- 
dent T-cell clones were tested for their 
activation in the presence of the 
MI 2.pk3 or A20.pk20 transfected cells 
and the relevant antigen. All T cells 
tested were either specific for foreign 
antigen in association with I-Ak-encoded 
restriction elements or were alloreactive 
or autoreactive for the I-Ak antigen 
alone. 

Rather surprisingly, transfected cells 
expressing the I - A ~ ~  and I-Ad did not 
stimulate any of the tested T cells. T-cell 
hybridomas specific for I-Ak or for anti- 
gen associated with I-Ak (hen egg lyso- 
zyme, ovalbumin, and keyhole limpet 
hemocyanin) and T-cell clones specific 
for influenza virus or purified protein 
derivative (tuberculin) in association 
with I-Ak fail to respond to the antigen in 
the presence of M12.pk3 or A20.pk20 
cells. However, transfected M12.pk3 
and A20.pk20 cells activated an I-Ad- 
specific autoreactive T-cell hybridoma, 
indicating that the transfection had not 
impaired a generalized function of anti- 
gen presentation. The most likely expla- 
nation for the failure of the transfected 
cells to activate antigen-specific T cells 
was that the T-cell panel tested was 
specific for antigen in association with 

Table I. A BALBlc T-cell line rich in cells reactive against a hybrid I - A ~ ~  molecule was 
prepared by repeated stimulation of BALBIc T cells with irradiated (BALBlc x A/J)Fl !CAFl) 
spleen cells every 10 to 14 days as described (14). The ability of the transfected cells to st~mulate 
the BALBlc T-cell line, was tested by the co-culture of lo4 T cells with 5 x lo5 irradiated 
BALBlc or CAFl cells, or with 1 x lo4 to 3 x lo4 transfected or nontransfected control B- 
lymphoma cells, for 4 days. Monoclonal antibody to I-A' (10.2.16) in ascites form was used at a 
final concentration of 1 : 800 to block stimulation. For the last 16 hours the cultures were treated 
with [3H]thymidine (New England Nuclear) ( I  pCi per well) and then harvested with a 
multiharvester. Results are expressed in counts per minute (mean) for triplicate cultures. The 
standard deviation was less than 15 percent. N.T., not tested. 

Stimulation by transfected cells (countlmin) 

Irradiated I- A Experiment 1 Experiment 2 

stimulators haplotype With With 
No No antibody antibody antibody to I - A ~  to I-A' 

BALBIc spleen cells ad 4,170 N.T. 6,283 N.T. 
C A F ~  spleen cells adkpdlk 45,680 26,217 52,905 41,752 
TA3 B hybridoma adlk dlk I3 26,680 17,263 53,432 26,675 
M12.4.1 B lymphoma adpd 12,098 11,322 14,331 N.T. 
M12.pk3 adpd + pk 32,222 13,980 41,778 14,232 
A20.2J B lymphoma adpd < 0* < 0 10,805 N.T. 
A20. pk20 adpd + pk 37,748 9,837 46,910 20,383 

*The value for the irradiated lymphoma cells alone was subtracted from the actual value in each experiment. 

the homozygous ak/pk dimer, but not 
with the heterozygous ad/pk dimer. That 
such unusual F l  hybrid restriction ele- 
ments exist was shown by Kimoto et al. 
(14). We therefore e -tablished a BALBlc 
T-cell line that was enriched for reactiv- 
ity against the I-AWd hybrid antigen. The 
transfected cells were then used to stim- 
ulate these T cells. Transfected M12.pk3 
and A20.pk20 cells stimulated the 
BALBIc-derived T-cell line to proliferate 
(Table 1). The level of stimulation by 
transfected cells was comparable to that 
obtained by the semiallogeneic TA3 cells 
or by (BALBlc x AIJ) cells. This stimu- 

-9 kbP - 9  kbp 

.2.1 kbp 

Fig. 3. Transfected B cells containing the P 
chain were identified by Southern blot analy- 
sis (13). M12.pk3 cells are M12.4.1 cells that 
were co-transfected with h I-AP' and pMSV- 
neo DNA's. M12.pk4 cells are M12.4.1 cells 
that were transfected with ppk-neo DNA. 
A20.pk20 cells are A20.2J B cells that were 
transfected with ppk-neo (Fig. IC). DNA (10 
pg) from transfected and control cells and 
from the livers of C3H mice was digested with 
Bam HI, subjected to electrophoresis in a 1 
percent agarose gel, transferred to a nitrocel- 
lulose filter, and hybridized to 32P-labeled, 
2.1-kilobase Bam HI-Bam HI DNA frag- 
ments isolated from A I - ~ p '  (Fig. I). 

lation was blocked by a monoclonal anti- 
body to I-Ak. Thus, the transfected I- 
Apk gene expressed as an ad/pk dimer on 
the cell surface of H-2d-transfected B 
cells is functional in specific stimulation 
of T cells. 

The introduction, and functional 
expression of class I1 genes constitute an 
important step in studying the interac- 
tion of class I1 antigens with foreign 
antigens and with antigen-specific T lym- 
phocytes. The failure of M12.pk3 and 
A20.pk20 cells, which express a unique 
ad/pk hybrid antigen, to stimulate T cells 
specific for various antigens in associa- 
tion with the I-Ak molecule may indicate 
that a T cell that recognizes antigens in 
association with a particular F I  hybrid I- 
Ak" restriction element is required to 
demonstrate the antigen-presenting func- 
tion of the transfected gene. Indeed, 
preliminary results indicate that I-Ad B- 
lymphoma cells transfected with both 
the a and p genes of the I-Ab antigen are 
potent antigen-presenting cells for a pan- 
el of T-cell hybridomas specific for vari- 
ous antigens in association with the I-Ab 
molecule. 

Note added in proof: Similar results 
have also been obtained by Germain et 
al. (14~) .  
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The Malaria Parasite Monitored by Photoacoustic Spectroscopy 

Abstract. Noninvasive photoacoustic spectroscopy was used t o  study the malaria 
parasites Plasmodium chabaudi and Plasmodium berghei, their pigment, and ferri- 
protoporphyrin I X ,  which is a by-product of the hemoglobin that the parasite ingests. 
The results indicate that the pigment consists of  ferriprotophorphyrin self-aggre- 
gates and a noncovalent complex of ferriprotoporphyrin and protein. Spectra of 
chloroquine-treated parasites reveal in situ interaction between the drug and 
ferriprotoporphyrin. Chloroquine-resistant parasites, readily distinguishable by this 
method, appear to  degrade hemoglobin only partially. 

Malaria parasites of the genus Plasmo- 
dium infect erythrocytes, degrade the 
hemoglobin there for its metabolism, and 
store the residual ferriprotoporphyrin IX 
(FP) in a protein-sequestered form 
termed malaria pigment or hemozoin (1). 
It has been suggested that free hemin (FP 
chloride) and a FP-chloroquine complex 
thought to be formed when this drug is 
added to the system are toxic to the 
parasite since they lyse cell membranes 
(2). It is thus of interest to monitor the 

states in which F P  exists in the parasite, 
observe the changes that it undergoes on 
drug addition, detect any formation of 
complexes between antimalarial drugs 
and F P  in the parasite, and investigate 
any differences between drug-sensitive 
and -resistant parasite strains. 

For  a number of reasons, a study in 
situ is preferable to  the usual method of 
isolating and studying molecular compo- 
nents. First, isolated F P  in solution can 
exist in several states of aggregation de- 

pending on the solution conditions (3, 4), 
while the interest here is on its status in 
vivo. Second, F P  appears to complex 
easily with proteins (5, 61, a situation 
that is more likely to  occur in the micro- 
organism. Third, the particulate malaria 
pigment appears to be a heterogeneous 
population of molecules and complexes 
that are not easily studied in solution due 
to solubility and stability problems. Fi- 
nally, direct comparisons between drug- 
treated and untreated parasites and 
between drug-sensitive and -resistant 
strains are more meaningfully done in 
situ. We therefore used photoacoustic 
spectroscopy, a noninvasive technique 
particularly suitable for condensed phase 
samples, in order to establish the nature 
of the malaria pigment, provide direct 
evidence for FP-drug interactions in the - 
parasite, and distinguish drug-sensitive 
strains of the microorganisms from re- 
sistant ones-a method of potential diag- 
nostic value. 

The principles of photoacoustic spec- 
troscopy and its applications in biology 
have been described elsewhere (7-10). 
The materials for our study were ob- 
tained by standard procedures (1, 2, 11). 
Parasite-infected mouse erythrocytes 
were incubated in Fitch medium for 30 
minutes with o r  without chloroquine. 
The parasites were then prepared by 
saponin lysis and N2 decompression of 
the infected erythrocytes (12). Samples 
analyzed were lyophilized powders suit- 
ably diluted. Since it is not certain 
whether all the parasites were intact, the 
spectra represent conditions in situ rath- 
er than in vivo. The spectral parameters 
of interest are the wavelength maxima of 
the band in the "red" region (A,) and the 
Soret band (As) of the constituent hemin, 
their relative intensity ratio Is/I ,  (an in- 
ternally normalized parameter that char- 
acterizes each system studied), band- 

Table 1. Photoacoustic spectral data for Plasmodium and its components. 

Sample A, (nm)* As (nm)* Is/[, Remarks 

1. Hemin (FP chloride), solid 

2. Hemozoin isolated from the parasite 

3. Hemin and BSA complex, lyophilized 

4. P. chabaudi, isolated and lyophilized; 
chloroquine-sensitive strain 

5 .  P. chabaudi, chloroquine-resistant 
strain 

6. P. berghei, chloroquine-sensitive 
strain 

7. P. berghei, chloroquine-sensitive 
and treated with chloroquine 

8.  P. berghei, chloroquine-sensitive 
and treated with rnefloquine 

400, broad 

400, shoulder 
at 370 

400, shoulder 
at 370 

400, minor 
band 
- 430 

430 

Essentially aggregated; resembles the optical absorption 
spectrum of the aggregates in solution (3, 5) 

Monomeric FP indicated 

Monomeric FP; resembles optical spectrum of the 
complex in solution (5, 6 )  

Both monomeric and aggregated heme indicated; 430-nm 
band suggestive of peptide-coordinated heme (20, 10) 

Only peptide-coordinated heme indicated 

IslI, somewhat higher than in case 4; different parasite 
strain (also uncloned) 

Blue-shifted Soret band; FP-drug interaction indicated 

Blue-shifted Soret band; FP-drug interaction indicated 

*Error, 2 3  nm. 
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