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Rearranged and Germline Immunoglobulin K Genes: Different States of 
DNase I Sensitivity of Constant K Genes in Immunocompetent and 
Nonimmune Cells? 
Ursula Storb,* Ronald Wilson, Erik Selsing, and Alan Walfield 

ABSTRACT: The rearrangement of a variable (V) and a con- 
stant (C) gene appears to be a necessary prerequisite for 
immunoglobulin gene expression. Multiple different rear- 
ranged K genes were found in several mouse myelomas, al- 
though these cells produce only one type of K chain [Wilson, 
R., Miller, J., & Storb, U. (1979) Biochemistry 28, 
5013-50211. It is therefore of interest to understand how only 
one allele within a lymphoid cell becomes expressed, while the 
other allele remains nonfunctional (“allelic exclusion”). We 
have studied the chromatin conformation of K genes by making 
use of the preferential digestion of potentially active genes by 
DNase I described, for example, for globin genes [Weintraub, 
H., & Groudine, M. (1976) Science (Washington, D.C.) 193, 
848-8561. The DNase I sensitivity of K genes in myeloma 
tumors, in a B cell lymphoma, and in liver was determined 
by hybridization with DNA on Southern blots. It was found 
that rearranged C, genes are DNase I sensitive in myelomas 
in which several K genes are rearranged, regardless of whether 

Immunoglobulins are coded by closely linked genes, V and 
C, for the variable and constant regions of the protein (Dreyer 
& Bennett, 1965). Studies of the structure of DNA have 
supported the hypothesis that before transcription particular 
V and C genes are rearranged so that they come to be in close 
proximity, although not contiguity (Brack et al., 1978; Seid- 
man & Leder, 1978; Early et al., 1979; Wilson et al., 1979). 
The expression of a given class of immunoglobulin genes seems 
to obey “allelic exclusion”; i.e., a given plasma cell in a het- 
erozygous individual produces only one of the two allotypes 
found in the serum (Pernis et al., 1965). It appeared possible 
that allelic exclusion was due to the exclusive rearrangement 
of one immunoglobulin gene on one of the two allelic chro- 
mosomes. This view had to be reconsidered when it was found 
by restriction mapping that many myeloma cells have multiple 
rearranged C, genes (Lenhard-Schuller et al., 1978; Wilson 
et ai., 1979; Steinmetz & Zachau, 1980; Rabbits et al., 1980). 

We have therefore begun to search for the level of C, gene 
expression at which allelic exclusion is manifest first. It has 
been observed in other systems that expressed genes have an 
altered chromatin conformation which renders them sensitive 
to digestion when nuclei are incubated for short times with 
low amounts of deoxyribonuclease I (Weintraub & Groudine, 
1976). Thus, globin genes can be digested in nuclei of chicken 
erythrocytes (Weintraub & Groudine, 1976; Stalder et al., 
1980) and mouse erythroleukemia and fetal liver cells (Miller 
et al., 1978) but not in nuclei of chicken fibroblasts and brain 
or mouse adult liver and hepatoma. Also active and inactive 
Rous sarcoma virus genes (Groudine et al., 1978), adenovirus 
genes (Flint & Weintraub, 1977), and ovalbumin genes (Garel 
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the rearranged genes code for the K chains synthesized by the 
cell. Furthermore, the C, gene in germline configuration is 
also DNase I sensitive in a B cell lymphoma; Le., it is in the 
same chromatin state as the rearranged C, gene which prob- 
ably codes for the K chains produced by the cell. The altered 
chromatin state appears to be localized: V, genes in germline 
context are not DNase I sensitive in myeloma or B lymphoma 
cells while C, genes present in a K gene cluster on the same 
chromosomes are sensitive. When rearranged, however, the 
V, genes are as sensitive to DNase I as are rearranged C, 
genes. V, and C, genes are not DNase I sensitive in K mye- 
lomas. Thus, commitment to K gene expression is apparently 
correlated with a chromatin conformation which confers in- 
creased DNase I sensitivity to the DNA in the vicinity of all 
C, genes in the cell. “Allelic exclusion” does not operate on 
the level of chromation conformation which can be detected 
by altered DNase I sensitivity. 

& Axel, 1976; Palmiter et al., 1977) can be distinguished in 
this way. 

It has, futhermore, been found that genes which once had 
been transcribed (Weintraub & Groudine, 1976; Shepherd et 
al., 1977) or which are in a state of extremely low transcrip- 
tional activity but inducible to high transcriptional activity 
(Miller et al., 1978) are also susceptible to digestion by DNase 
I. 

DNase I sensitivity seems to be limited to active genes and 
closely neighboring DNA sequences (Flint & Weintraub, 
1977). Mild DNase I digestion with subsequent analysis of 
the DNA by hybridization appeared therefore to provide a 
specific technique to probe for active or potentially active 
immunoglobulin genes. Recently, Wu et al. (1979) and Stalder 
et al. (1980) have extended the usefulness of the method by 
combining it with restriction enzyme-Southern blot analysis 
of the DNA. In the present study, we have used this modified 
method to determine the conformation of C, genes in cells 
which produce immunoglobulins (myelomas, B lymphoma) 
and in cells which do not (liver). We have analyzed DNA 
from mildly DNase I digested nuclei of myelomas, a B cell 
lymphoma, and liver have determined the states of DNase I 
sensitivity of germline and rearranged K genes. 

Experimental Procedures 
Mice and Tumors. These were the same as in Wilson et 

al. (1979) except for B lymphoma WEHl 279 (Warner et al., 
1975). The myelomas MOPC-41, MOPC-21, MOPC-167, 
and MOPC-321 and the B lymphoma WEHl 279 produce K 

chains, and the myeloma S-178 produces X chains but also 
contains a moderate level of K RNA (Storb et al., 1977). 

Preparation and DNase Digestion of Nuclei. A modifica- 
tion of the procedures of Weintraub & Groudine (1976) and 
Miller et al. (1978) was used. Tissues were excised into ice- 
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cold X TKM buffer (50 mM Tris-HCI, pH 7.5, 50 mM 
KCI, and 15 mM MgCI, is 1 X TKM), chopped with scissors, 
and disrupted by two to five strokes with an A pestle in a 
Dounce homogenizer. Nuclei were pelleted onto a cushion of 
60% sucroseTKM by spinning at 2000 rpm for IO min in an 
International centrifuge. The crude nuclei were mixed with 
the sucrose and resuspended in I / ,  X TKM. Triton X-100 
was added to 0.5%; the nuclei were pelleted a t  1000 rpm for 
IO min, washed in I/, X TKM until the wash fluid was almost 
clear, and then washed once in reticulocyte standard buffer 
(RSB) (0.01 M Tris-HCI, pH 7.4.0.01 M NaCI, and 3 mM 
MgCI2). The washed nuclei were suspended in RSB as 2 x 
108 nuclei/mL and treated for 1 min at rmm temperature with 
0.25-16 Mg/mL DNase I (Schwartz-Mann, RNase-free). 
There were considerable variations in DNase I susceptibility. 
The DNase activity was stopped by the addition of EDTA, 
pH 7.0, to 5 mM, NaDodSO, to 0.5%. and 100 &g/mL prc- 
teinase K. 

Preparation of DNA. DNA was prepared from very mildly 
DNase I treated and untreated nuclei as described (Wilson 
et al., 1979). 

Cloned K DNA. The cDNA clone used as a hybridization 
probe was constructed by Philip Early in L. Hood's laboratory. 
California Institute of Technology (Joho et al.. 1980). from 
MOPC-167 K mRNA. It consists of the V and C regions plus 
the 3' untranslated region. The total cloned DNA or the 
isolated C region DNA was nick translated with [32P]NTPs 
(Rigby et al., 1977). 

Cloned A DNA. The pAI., clone was constructed by A. 
Bothwell in D. Baltimore's laboratory, Massachusetts Institute 
of Technology, from myeloma MOPC-104E. The insert (A 
V + C) of about 800 base pairs is excisable from PBR322 by 
PstI. 

Restriction Endonuclease Digestion and Southern Blors. 
These procedures were performed as described previously 
(Southern, 1975; Jeffreys & Ravell, 1977; Wilson et al., 1979). 

Scanning of Southern Blors. Southern blot films were 
scanned with a Helena Laboratories Quick Scan densitometer. 
The relative areas occupied by hybridization bands were de- 
termined by a Quick-Quant 11 integrator. 

Results 
In order to determine the DNase I sensitivity of specific K 

genes, nuclei were digested with DNase I under extremely mild 
conditions so as to produce only one or a few breaks in a 
susceptible sequence. The DNAs purified from these nuclei 
were then treated with various restriction endonucleases and 
analyzed by Southern blots with a cloned cDNA from I 
mRNA of myeloma MOPC-167 as a probe. The V region 
of this sequence, V,.,,,, is expressed only in the myeloma 
MOPC-167 and not in the other myelomas used in this study. 
The susceptibility of nuclei to DNase I varied between cell 
types; Le., the same amount of DNase I resulted in differing 
degrees of DNA digestion. Therefore digestion stages indi- 
cated in the figures cannot be compared directly between 
differmt tumors. The V I ,  gene was used as an internal control 
as a germline gene in tumors where it is not expressed since 
its sensitivity to DNase I was related directly to the size of 
the bulk of the DNA (see below). The Southern blotting 
results are shown in Figures 1-4. The V and C designations 
indicated in the figures had been determined previously 
(Wilson et al., 1979). For orientation with respect to restriction 
maps of germline and rearranged genes, see Figure 6. 

When nuclei from liver, a germline tissue. were DNase I 
digested, both v&., and C. germline genes disappeared at the 
same time (Figure 1A and Table I). The decrease in the 
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FIGURE I: Souther blot analysis of DNA from DNase I digested and 
wntrol nuclei. The DNAs were digested with the indicated enzymes. 
Hybridization p r o k  clone p167kRI: V + C sequences. (A) Liver: 
stage 0. undigested nuclei: s t a g s  1 4 .  nuclei digested with 2, 4, 8, 
and 16 pg/mL DNase 1. V is the fragment wntaining germline V,,, 
gene (7.1 kb); C is the fragment containing germline C. gene (5.6 
kb). (B) MOPC 41: stage 0, undigested nuclei; stages 1-5 nuclei 
digested with 0.5, 1,2,4. and 6 pg of DNase I/mL. C is the rear- 
ranged C gene wntaining fragments (12.9 and 1 1 . 1  kb). V i s  the 
V..,67 gene in g e d i e  arrangement (6.5 kb). (C and D) MOR-167: 
stage 0. undigested nuclei: s t a g s  1-5, nuclei digested with I ,  2, 3, 
4, and 5 pg of DNase I/mL. Xbal Cis the mrranged C. gene (6.1 
kb): V is the rearranged V..,,, gene (3.4 kb). HindIII: V is the 
rearranged V,,,, gene (7.3 kb); C is the rcarrangcd C. gene (4.9 kb). 

intensity of the hybridization bands proportionately follows 
the degree of DNA digestion (Figure 5A). At digestion stage 
4, where traces of the V and C bands are still visible (Figure 
lA), the bulk of the DNA is smaller than 4 kb. On the other 
hand, when myeloma MOPC-41 nuclei were digested with 
DNase I and the DNA analyzed after digestion with BamHI. 
the two rearranged C. genes were found to be considerably 
more sensitivity than the germline V..lb, gene which is not 
expressed in this tumor (Figure 19). By the third stage of 
DNase I treatment (Figure 19, part 3) the C genes are barely 
apparent on the blot whereas the V,,, gene is still visible after 
digestion with 2 times as much DNase (Figure lB, part 4). 
These same MOPC-41 DNA samples were analyzed in 
Southern blots by using a cloned A cDNA as the hybridization 
probe (Figure 2A). Mer restriction with EcoRI, four X bands 
are seen: a 8.6-kb CA.l, a 4.8-kb V,,, a 3.5-kb V,,, and a 
2.7-kb JA.I gene containing band (Bracket al., 1978; Sakano 
et al., 1979). All four were as insensitive to DNase I as the 
V,,,, gene-the four bands are last seen in digestion stage 4 
(compare Figure 1 9  and Figure 2A). This tumor does not 
produce A chains or A mRNA (Storb et al., 1977). The results 
suggest that rearranged sequences, in this case both C. genes. 
are more sensitive to DNase I digestion than the V,,,, gene 
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Table I: Relative Quantities of C, Genes after DNase 1 Digestiona 
ratio C, (v,l67 + C,) digestion 

s t a s  liverd MOPC-167d MOPC-321d MOPC-21d . 

0 0.78 0.60 0.72 0.51 
1 0.74 0.59 0.43 NS 
2 0.69 0.67 O b  0.4 I 
3 0.81 trace 

4 no V no V 
of c 

or c or c 

0.38 

O b  

a The numbers represent the ratios ofC,/(C, + V,l6,) band 
intensities as determined by microdenitometry of Southern blot 
autoradiograms. For conditions of DNase 1 digestion, see Figures 
1 and 3. The restriction enzyme used for liver, MOW-321, and 
MOW-21 was Xbal which produces a 7.1-kb V gene band, a 5.6kb 
Cgene band, and, in MOW-321 only, an 8.1-kb Cgene band. For 
MOW-167, Hind111 was used, producing V (7.3 kb) and C (4.9 kb) 
gene bands similar in sue  to those in the other cell types. (I At 
this digestion stage, only a V gene band was visible, 
scannable. 
remains approximately the same at lint; in the last digestion stage 
where both V and C are visible, it rises slightly, probably due to 
the smaller sue of the C band. In MOW-321 and MOPC-21, the 
C,/V,.167 ratio falls continuously until only VI.l67 is left, 
although this gene is present in a larger band than the C, genes of 
MOPC-21 and the C, genes in the smallest C, fragment of MOW- 
321. 

NS, not 
In liver and MOPC-167, the C,/V,.l6? ratio 

MOPC 41 
Eco RI 
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FIGURE 2 Southern blot analysis of DNA from DNase I digested 
and control nuclei. (A) MOPC-41: stage 0, DNA from undigested 
nuclei; stages 1-5. DNA from nuclei digested with 0.25, 0.5. I ,  2, 
and 4 pg/mL DNasc 1. (B) MOPC-167: stage 0, undigested nuclei; 
stages 1-5, nuclei digested with I ,  2.3.4, and 5 pg of DNase I/mL. 
The hybridization probe was cloned DNA phi., containing V,, and 
Car C is the C,, gene (8.6 kb). VII is the VI, (4.8 kb); this sequence 
cross-hybridizes with the V,, probe but gives a weaker signal because 
of only partial homology (Bracket al.. 1978). Vi is the V,, gene (3.5 
kb). The band marked “J” corresponds to a fragment containing J,, 
sequences (Sakano et al.. 1979). 

and the A genes, all of which are in the germline configuration. 
However, the almost 2-fold size difference between the V,,,, 
and C. fragments may have led to preferential destruction of 
the larger fragments due to a greater target size for the en- 
zyme. We have therefore analyzed MOF’C-321, another 
myeloma for which certain restriction enzymes produce V and 
C fragments of intermediate and very similar sizes. 

Analysis of MOPC-321 DNA confirmed that the V,,, 
germline gene is less sensitive to DNase I digestion than the 
rearranged C genes independent of fragment size (Figure 
3A-C). MOPC-321 contains a germline C, gene (Len- 
hardSchuller et al., 1978) which is seen on BamHI blots as 
a 12.9-kb fragment (Wilson et al., 1979). This gene seems 
to be DNase I sensitive (Figure 3C). The situation is com- 
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FIGURE 3 Southern blot analysis of DNA from DNase I digested 
and contml nuclei, Hybridization probes clone p167kRI containing 
V + C sequences (A-D): isolated C region from this clone (E). ( A X )  
MOPC-321: stage 0, undigested nuclei; stages 1-3, nuclei digested 
with 0.5, 1.0, and 2.0 @g/mL DNase 1. X b d :  C is the rearranged 
C. genes (8.1 and 5.6 kb), and V is the germline V,,, gene (7.1 kb). 
Hind111 V is the germline V,,, gene (9.8 kb), and C is the rearranged 
C.genes (4.8 and 4.5 kb). BamHI: C i s  the “germline”C. gene (12.9 
kb) and rearranged C. genes ( I  I .4 and 4.6 kb), and V is the germline 
V,,, gene (6.5 kb). (D and E) MOPC-21: stage 0. undigested nuclei; 
stages, 1-5, nuclei digcsted with 0.5, 1.0. 2.0, 4.0. and 8.0 pg/mL 
DNase I. C is the rearranged C. genes (6.9 and 5.2 kb); V is the 
germline V,,,, gene (6.5 kb). 

plicted, though, by the faintness of the fragment. We have 
therefore analyzed a B cell line which contains an equal 
complement of germline and rearranged C. genes (see below). 

The difference between germline V,,, and rearranged C. 
genes was further supported in the myeloma S178. S178 is 
a A-producing tumor, which like other X tumors (Stavnezer 
et al., 1974; Ono et al., 1977; Rabbits et al., 1977; Alt et al., 
1979) also synthesizes moderate amounts of I RNA (Storb 
et al., 1977). We have previously shown that this tumor has 
several rearranged but not germline C, genes (Wilson et al., 
1979). The DNase I digestion of this tumor again showed that 
the V,,, gene which is in germline configuration in this tumor 
was insensitive to DNase I and that the C. genes were sensitive 
(data not shown). 

The above results are not due to inherent differenccs be- 
tween V and C genes in general. We compared the DNase 
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I sensitivity of the expressed V, and C, genes in myeloma 
MOPC-167. We also compared the sensitivity of these ex- 
pressed x genes with unexpressed X genes in order to further 
verify whether the former are relatively more DNase I sen- 
sitive. MOPC-167 produces I chains with the VI,, variable 
region and appears to be haploid or homozygous for the VI,, 
and C. sequenoes (Wilson et al., 1979). It was found that V,,, 
and C. genes were equally susceptible to mild DNase I di- 
gestion in this tumor (Figure 1C.D and Table I). This degree 
of susceptibility does indicate that x genes are in the active 
configuration since when the same DNA samples are analyzed 
by a X gene probe the X genes prove to be relatively insensitive. 
The x genes are almost absent in digestion stage 2 (Figure 
IC,D) whereas the A genes are still clearly present at this stage 
(Figure 2B). (VA.z genes may be DNase sensitve, though this 
has not bee further investigated; the case of V, is complicated 
by the fact that the probe is only partially homologous VA.,.) 

It appeared in the results with MOPC-321 (Figure 3 A C )  
that there may exist a differential digestibility of the different 
C, genes of MOPC-321. However, the results may have been 
complicated by differences in fragment sizes. We have further 
analyzed the question of differential DNase I sensitivity of 
different rearranged C. genes in the myeloma MOPC-21. 
Here we know that the smallest, Le.. 5.2-kb C. fragment 
produced with BamHI codes for the MOPC-21 x chains and 
that the other rearranged C. gene in the 6.9-kb BamHI 
fragment is not expressed on the protein level (Wilson et al., 
1980; Storb et al., 1980) (note that the fragment sizes have 
been slightly revised due to the use of radiolabeled internal 
standards in the Southern blots). We found that again in this 
tumor the germline V,,,, gene was less sensitive to DNase I 
than the two rearranged C. genes (Figure 3D and Table I). 
For e l ina t ion  of the problems with overlap by the V,,,, gene 
which migrates in a 6.5-kb fragment between the two C. genes, 
we also analyzed several blots with a C. probe alone. The 
conclusion from these data was that the DNase I sensitivity 
of the two rearranged C, genes does not differ significantly 
(Figure 3E and Table 11). 

The greater DNase I sensitivity of C. genes in myelomas 
compared with C. genes in liver is also apparent when the 
digestibility of this sequence is compared in myelomas and liver 
relative to the general DNA fragment s im.  The C. genes are 
only visible in MOPC-21 up to digestion stage 3 (Figure 3D) 
where the DNA is essentially intact (Figure 5B, part 3). On 
the other hand, although liver DNA was already significantly 
degraded at stage 2 (Figure 5.4, part Z), C. genes in liver were. 
still clearly visible at stage 3 after digestion with twice as much 
DNase (Figure IA, part 3). 

The question of DNase I sensitivity of the germline C, gene 
in an immune B cell was analyzed in the lymphoma WEHl 
279. It was found that both the rearranged and the germline 
C. genes were DNase sensitive compared with the germline 
V,,,, gene (Figure 4 and Table 111). At digestion stage 5 
where the C. genes are completely eliminated, the DNA is only 
slightly reduced in size. It is of the same size (not shown) as 
the DNase I treated liver DNA at stage 3 in Figure SA. At 
this digestion stage, the germline C, gene of liver is still hy- 
bridizable (Figure 1A and Table I). Furthermore, in the 
myeloma PC3741, the germline C, gene is also DNase sensitive 
(not shown). Therefore, the germline C. gene is in an altered 
chromatin state in cells committed to x gene expression. 

Discussion 

We presume in the following discussion that increased 
DNase. I sensitivity of a gene indicates that it has a chromatin 
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FIGURE 4 Southern blot analysis of DNA from DNase I digested 
and mntrol nucleiof WEHl 279. Hybridization probe: clompl67kRI 
mntaining V and C sequences. K. kidney DNA. stage 0, undigested 
WEHl 279 nuclei; stages 1-5 WEHl 279 nuclei digested with 0.3. 
0.6. I ,  1.5. and 3 pg/mL DNase I.  C i s  the rearranged C.gene 8.2 
kb. Cg is the germline C. gene 7.1 kb. V is the germline V..,*, gene 
6.5 kb. 

B 

FIGURE 9 Elcctrophurcsir in 0 6 6  agsrorc gel of DNA from liver 
(A) and MOW-21 ( R J  nuclei digeptrd with  DNase 1. Pattern of 
ethidium bromide staining. The DhAs are the same as shown in 
Figures IA and 3D.E but wcrc not trcatcd with restriction enzymes. 
Slot A. Hindlll cleaved phage A DSA.  fragment si7m are from top 
tobottom: 23.7kb.9 .5kb.6 .7kb.4 .3kb.2 .3kb.2 .0kb,and0.59 
kb. 
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FIGURE 6: Comparison of germline MOPC-167 and MOPC-21 restriction maps. Maps a-c are from Wilson et al. (1979), slightly modified. 
(a) Germline C, map as obtained from liver and Krebs ascites cells. (b) Rearranged Vx.167, C, map of MOPC-167. Note that the 5’ side is 
essentially identical with the restriction map flanking the V167 germline gene at one end (left side of part c) and that the 3’side is essentially 
identical with the 3’ side of the germline C, map up to the XbaI site 5’ of the C, fragment (a). The figure shows slight discrepancies in restriction 
sites of comparable regions of DNA (e.g., compare the EcoRI and PuuII sites at the 3’ ends of maps a and b). These maps present actual 
data; we assume that the small discrepancies are due to experimental error in molecular weight measurements. In map e, the EcoRI and Hind111 
sites cannot be positioned relative to the internal sites or to each other because fragments produced by these enzymes do not overlap with other 
fragments. (c) Germline V,,,, map as obtained from liver, Krebs ascites cells, and the myelomas MOPC-41, MOPC-321, S178, and MOPC-21. 
(d) Restriction map of a Charon 4A clone containing the rearranged V,.21 and C, genes of MOPC-21 (A. Walfield, U. Storb, E. Selsing, and 
P. Zentgraf, unpublished results). The MOPC-21 sequence is inserted at the EcoRI sites flanking the short and long arms of Charon 4A (Blattner 
et al., 1978). The BamHI XbaI fragment indicated to contain V,,,J reacts with a V,21 probe exclusive of J. The cloned sequence is homologous 
to a germline C, clone from the 3’ end up to about 200 base pairs 3’ of the Bam site in the Vzl,J Bum-Xba fragment as determined by heteroduplexing, 
thus indicating that V2, is inserted next to the J2 sequence as previously described by Sakano et al. (1979). The Bum fragment comprising 
both V,, and C, is 5.2-kb long and corresponds to the 5.2-kb expressed C, gene seen on Southern blots of MOPC-21 genomic DNA (Figure 
3D). V (C) is the smallest restriction fragment containing a V,(C,) region. Bar = 5 kb. 

Table 11: 
MOPC-21 after DNase I Digestiona 

Relative Quantities of the Two C, Genes in 

relative amount of 5.2-kb C gene digestion 
stage expt I expt I1 expt 111 

0 0.54 0.52 0.56 
1 0.60 0.59 0.53 
2 0.67 0.58 0.45 
3 0.69 0.55 0.45 
4 no C no C no C 

a For conditions of DNase I digestion, see MOPC-21, Figure 5. 
The numbers represent the ratios of C,.,/CtOqal band intensities 

as determined by microdensitometry of three different Southern 
blot autoradiograms. The ratio between the two C, genes 
remains approximately the same until both are completely 
digested. 

conformation which differs from that of the bulk of the DNA. 
The studies reported here show that the vicinity of C, genes 
is DNase I sensitive, Le., in a potentially “active” chromatin 
structure regardless of expression on the protein level. This 
conclusion is supported by the following data obtained by 
Southern blot analysis: (1 )  C, genes are more sensitive to 
DNase I than germline VI,, genes in myeloma tumors and a 
B lymphoma; (2) C, genes are more sensitive than germline 

V, and C, genes in myelomas which do not produce X mRNA, 
while the X genes have the same DNase I insensitivity as 
germline VK-167 genes; (3) C, genes are more DNase I sensitive 
in myelomas and a B lymphoma than are germline C ,  genes 
in liver, on the basis of the comparison of the digestion stage 
at which the C, gene carrying fragments disappear from the 
Southern blots; (4) rearranged VK-167 genes are as DNase I 
sensitive as rearranged C, genes in myeloma MOPC-167, the 
myeloma which expresses VK-167. 

No difference in DNase I sensitivity could be detected be- 
tween the two rearranged C, genes of MOPC-21. In this 
myeloma, the C, gene contained in a 5.2-kb BamHI fragment 
is the only C, gene which codes for K chains (Wilson et al., 
1980; Storb et al., 1980). In several tissue culture sublines, 
each of which had lost one of the rearranged C, genes, it is 
found that production of the MOPC-21 K chains was correlated 
with the presence of this “5.2-kb” gene. Loss of this 
“expressed” gene eliminated the synthesis of the K chains; loss 
of the other rearranged gene did not. The “5.2-kb” gene 
contains the VK-21 sequence (Figure 6d). Since both C, genes 
in MOPC-21 are equally sensitive to DNase I, the rearranged 
unexpressed gene must possess the signal for a change in 
chromatin conformation. This signal must also be present in 
the germline C, gene of committed B cells, as the germline 
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whether a specific mechanism exists to create functional in 
contrast to nonfunctional rearrangements in lymphocyte 
precursors. 

Added in Proof 
The defect in the nonfunctional gene of MOPC-21 has now 

been found to be a misalignment of V,J which leads to a shift 
in translational reading frame (A. Walfield, E. Selsing, B. Arp, 
and U. Storb, unpublished experiments). 
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Table 111: Relative Quantities of the C, Genes of WEHl 279 
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5 Od Od 
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SenesIb and rearranged C,/(rearranged C, + vK-167 genes).c 

At this digestion stage, only the V,,, gene was msible. Relative 
to the germline v ~ - 1 6 7  gene, the two C, genes decrease at 
approximately the same rate with DNase I digestion. 

C, gene in WEHl 279 and MOPC-3741 cells was DNase I 
sensitive. It is possible that alteration of the chromatin state 
precedes rearrangement and may be a prerequisite for rear- 
rangement. The exact location of the DNase I sensitive areas 
with respect to the C, gene is currently being studied in our 
laboratory in germline and different rearranged C, genes. 
There is some indication that DNase I hypersensitive hotspots 
may exist (see the smaller digestion products in Figure 4), but 
this question has not been dealt with systematically yet. The 
chromatin alteration must be relatively localized since the Vx.167 
gene, which is in germline context in the myelomas MOPC-21, 
MOPC-41, MOPC-321, and S178 and in the B lymphoma 
WEHl 279 (see Figure 6 for map information), is DNase I 
insensitive in these cells although it is most probably present 
in the same K gene cluster on the same chromosome as the 
rearranged C, gene (Hood et al., 1973). 

What prevents the synthesis of K chain proteins from the 
“nonfunctional” rearranged and the germline C, genes? The 
block may exist at the level of transcription (lack of a promoter, 
etc.), processing of precursor RNA (lack of proper RNA 
splicing signals, etc.), translation (wrong reading frame because 
of misalignment during gene rearrangement or lack of a ri- 
bosome binding site in functional relationship to an initiation 
codon of the mRNA) or posttranslational stability (structural 
instability of the polypeptide chain, etc.). In the case of 
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reported that the genes can be transcribed into a large pre- 
cursor RNA. In the case of the “nonfunctional” C, gene of 
MOPC-21, we have found that it is transcribed, and the RNA 
is apparently processed and transported into the cytoplasm but 
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Presumably there will be other examples found which may 
correspond to other possible blocks. 
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rearranged (Wilson et al., 1980; Joho & Weissman, 1980; E. 
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Sequence Determination and Analysis of the 3’ Region of Chicken Pro-al(1) 
and Pro-a2( I) Collagen Messenger Ribonucleic Acids Including the 
Carboxy-Terminal Propeptide Sequenced 
Forrest Fuller* and Helga Boedtker* 

ABSTRACT: Three pro-a1 collagen cDNA clones, pCgl, pCg26, 
and pCg54, and two pro-a2 collagen cDNA clones, pCgl3 and 
pCg45, were subjected to extensive DNA sequence determi- 
nation. The combined sequences specified the amino acid 
sequences for chicken pro-a1 and pro-a2 type I collagens 
starting at residue 8 14 in the collagen triple-helical region and 
continuing to the procollagen C-termini as determined by the 
first in-phase termination codon. Thus, the sequences of 272 
pro-cul C-terminal, 260 pro-a2 C-terminal, 201 pro-a1 helical, 
and 201 pro-cu2 helical amino acids were established. In ad- 
dition, the sequences of several hundred nucleotides corre- 
sponding to noncoding regions of both procollagen mRNAs 
were determined. In total, 1589 pro-a1 base pairs and 1691 
pro-a2 base pairs were sequenced, corresponding to approx- 

Co l l agen  is a fibrillar, structural protein responsible for the 
physical integrity of organs, tissues, and gross skeletal struc- 
tures of vertebrates and of at least some invertebrates as well 
(Adams, 1978). The structures and functions of collagens have 
been recently reviewed (Fessler & Fessler, 1978; Prockop, et 
al., 1979a; Bornstein & Byers, 1980; Eyre, 1980; Bornstein 
& Sage, 1980; Olsen & Berg, 1979). Analysis of polypeptide 
chains implies that higher animals produce at least five dif- 
ferent collagens from at least seven genes. Various cells 
synthesize different collagens and modify them to produce 
structural matrices specific to the cell type. Consequently, 
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imately one-third of the total length of each mRNA. Both 
procollagen mRNA sequences have a high G+C content. The 
pro-a1 mRNA is 75% G+C in the helical coding region se- 
quenced and 61% G+C in the C-terminal coding region while 
the pro-cu2 mRNA is 60% and 48% G+C, respectively, in these 
regions. The dinucleotide sequence pCG occurs at a higher 
frequence in both sequences than is normally found in ver- 
tebrate DNAs and is approximately 5 times more frequent in 
the p roa l  sequence than in the pro-a2 sequence. Nucleotide 
homology in the helical coding regions is very limited given 
that these sequences code for the repeating Gly-X-Y tripeptide 
in a region where X and Y residues are 50% conserved. These 
differences are clearly reflected in the preferred codon usages 
of the two mRNAs. 

collagen expression is carefully regulated during differentiation 
and embryogenesis (von der Mark et al., 1976; Linsenmayer 
& Toole, 1977; Bornstein & Sage, 1980). Failure to correctly 
express or modify specific collagens has been implicated as 
the causative factor in several diseases of man and other an- 
imals (Prockop et al., 1979b; Bornstein & Byers, 1980). In 
order to understand how the cell regulates expression of these 
different collagens, it is necessary to determine the levels and 
rates of synthesis of collagen mRNA’ and pre-mRNAs at 
various stages during development and in both normal and 
abnormal cells. It is also important to define the organization 
of the collagen sequences in the genome to ascertain how this 

I Abbreviations used: cDNA, complementary DNA; mRNA, mes- 
senger RNA; poly(A), poly(adeny1ic acid); mC, 5-methyldeoxycytidine; 
I, inosine; helical, a peptide (or nucleotides coding for peptide) charac- 
terized by the repeating sequence (Gly-X-Y).; C-terminal, amino acids 
(or nucleotides coding for them) which occur in the carboxyl ends of 
procollagens and do not contain the repeating sequence, (Gly-X-Y).. 
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