
in erythrocytes and not in fibroblasts 
or in lymphoblasts (7, 24). 

Whether the increased enzyme ac- 
tivity observed in our patients results 
from a structural alteration in the 
PRPP synthetase molecule or from an 
increase in amount of this enzyme in 
the cells remains to be determined. 
Identical patterns of inactivation of 
PRPP synthetase at 60?C were found 
in hemolyzates of normal subjects and 
of patient H.B. Measurement of affinity 
constants for ATP and ribose 5-phos- 
phate in hemolyzates have shown no 
difference between normal and patient's 
enzyme for either substrate. The sensi- 
tivity of the patient's enzyme to in- 
hibition by purine nucleotides does not 
appear altered from normal in studies 
with adenosine diphosphate or guano- 
sine diphosphate as inhibitors. 

The increased PRPP synthetase ac- 
tivity in these patients' cells is apparent 
at all concentrations of added inorganic 
phosphate (Fig. 1). This differentiates 
the abnormality in PRPP synthetase ac- 
tivity of our patients from that of the 
patient of Sperling et al. (25), in which 
increased enzyme activity was identi- 
fiable only at concentrations of inorgan- 
ic phosphate up to 2 mM. The existence 
of at least two separate abnormalities in 
PRPP synthetase activity associated 
with purine overproduction implies that 
a range of separable defects in this ac- 
tivity may exist among patients with 
clinical gout, much as a variety of 
abnormalities in HGPRT have been 
discovered among patients with the 
Lesch-Nyhan syndrome (26). 

Our studies, relating an increased 
enzyme activity with increased intra- 
cellular production of a regulatory sub- 
strate and concomitant overactivity of 
an entire pathway, demonstrate that 
disease states in man may result from 
genetic alterations leading to increased 
as well as diminished enzyme function. 
Increased activity of hepatic 8-amino- 
levulinic acid synthetase in acute inter- 
mittent porphyria has been postulated 
to represent an important factor in the 
pathogenesis of that disease (27). 
Studies of Strand et al. (28) indicate, 
however, that the increased activity of 
8-aminolevulinic acid synthetase is sec- 
ondary to a partial deficiency of uro- 
porphyrinogen I synthetase, with result- 
ing alterations in the intracellular con- 
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The mode of inheritance of the 
PRPP synthetase abnormality discussed 
here remains to be defined. Transmis- 
sion of the abnormality from father 
(H.B.) to daughter (C.B.) without 
detectable abnormality in the mother's 
(Y.B.) enzyme activity suggests domi- 
nant inheritance that is either autosomal 
or X-linked. 
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index based on DNA content from six 
cells of one of the men. 

Previously reported, generally stan- 
dard, and newly developed procedures 
were combined into the following steps: 

1) Blood samples from two adult 
males, BHM and DHM, who have no 
known genetic or medical disorder, 
were cultured and prepared for chromo- 
some analysis by standard techniques 
(2). 

2) The cells were stained with 0.0005 
percent quinacrine hydrochloride and 
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then mounted in 10 percent neutral 
formalin to inhibit any interim diges- 
tion of the chromosomes. 

3) Complete metaphases showing 
good fluorescent banding and a mini- 
mum of touching chromosomes were 
selected and photographed. 

4) The selected cells were karyotyped 
by at least two observers working in- 

dependently from prints of the fluores- 
cent photographs. Assignment of chro- 
mosomes followed the system of Cas- 

persson et al. (1). 
5) The quinacrine was removed by 

washing first in water and then in ab- 
solute alcohol. 

6) The cells were digested with ribo- 
nuclease and stained with gallocyanine- 
chrome alum (3). 

7) Each metaphase was scanned and 

digitized directly with the Cytophoto- 
metric Data Converter (CYDAC), a 

high-resolution, flying-spot scanning 
cytophotometer (4), with the use of a 

recently developed focus-assist device 
to ensure optimum focus of the scan- 

ning microscope (5). 
8) The digital images were analyzed 

automatically by computer. For each 

Table 1. Chromosomal measurements from six 
cells. The standard deviations (S.D.) include 
the effects of replication, homolog variability, 
and metaphase variability. 

DNA content Centromeric (% of 
Chromo- autosome index (large 

some total*) arm/total) 

Mean S.D. Mean S.D. 

1 4.32 0.08 0.51 0.01 
2 4.22 .14 .61 .02 
3 3.49 .09 .53 .02 
4 3.34 .10 .72 .02 
5 3.20 .07 .73 .01 
6 3.02 .06 .65 .03 
7 2.77 .05 .61 .02 

X 2.70 .05 .62 .01 
8 2.55 .07 .67 .01 
9 2.37 .05 .65 .02 

10 2.33 .03 .69 .01 
11 2.38 .06 .59 .02 
12 2.35 .06 .72 .02 
13 1.86 .12 .85 .01 
14 1.80 .05 .85 .03 
15 1.69 .06 .84 .03 
16 1.55 .05 .60 .02 
17 1.49 .06 .68 .04 
18 1.40 .03 .75 .02 
20 1.20 .03 .55 .02 
19 1.08 .04 .55 .03 
Y 0.92 .05 .76 .02 
22 .86 .03 .77 .03 
21 .82 .06 .76 .03 
Summary 2.252t 0.068 0.677t 0.023t 

* In each cell, the autosome total is defined as 
the sum of the content of the DNA stain of 
the 44 chromosomes other than sex chromosomes, 
tMean DNA content and centromeric index of 
the 46 male chromosomes. : Summary stan- 
dard deviations, based on weighted mean vari- 
ances. Standard errors of the mean are approxi- 
mately one-third of the values shown. 
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chromosome an optimum threshold was 
calculated and points above this thresh- 
old were identified as 'core." A region 
extending 1 /am beyond the core was 
labeled "periphery." Background gray- 
ness was computed from composite 
grayness profiles (6); a local background 
was used for the periphery, and an 

iteratively computed diffuse background 
for the core. The content of DNA 
stain was the sum of optical densities 
of all points in core and periphery. The 
centromere was located by a new pro- 
cedure using a boundary analysis simi- 
lar to that of Gallus and Neurath (7) 
and the minimal strip optical density 
method (8). 

9) The results were expressed as 
DNA content (that is, content of chro- 
mosomal DNA stain as a percentage 
of the total for autosomes in that cell) 
and centromeric index (that is, the ratio 
of DNA content of the large or long 
arm to total DNA content for that chro- 
mosome). 

The DNA contents of the 24 chro- 
mosome types of the two normal men 
are shown in Fig. 1. The descending 
sequence by chromosome number that 
one would expect from the Denver 
convention is seen, except for (i) the 
reversal of chromosomes 19 and 20 
and of 21 and 22; (ii) the position of 
chromosome X between 7 and 8; and 
(iii) the identical content of chromo- 
somes 1 and 2; of 9, 10, 11, and 12; 
and of 17 and 18. In general the agree- 
ment between the two men is good, but 
there are significant differences for 
chromosomes 1, X, 16, and 21. For 
chromosomes 1, X, and 16, the respec- 
tive differences in DNA content are 3.5 
percent (P < .01), 2.6 percent (P < .01), 
and 3.2 percent (P <.02). We have 
found heterogeneity of DNA content of 
chromosome 1 in a previous case (9), 
and others have similar results with re- 

spect to morphology, length, and con- 
stitutive heterochromatin for both chro- 
mosomes 1 and 16 (10). The disparity 
for chromosome 21 is due entirely to 
one chromosome 21 homolog in DHM 
that is marked with a large brightly 
fluorescent satellite. This chromosome 
has a significantly greater DNA content 
than its homolog, an apparent excess of 
about 10 percent or 10-14 g of DNA. 
Also, the DNA contents of homologs of 
chromosome 2 in DHM differ by 4.5 
percent (P < .01). None of the homolog 
pairs of BHM show significant internal 
differences. 

As shown in Fig. 2, 251 chromosomes 
from six cells of BHM have been 
analyzed for both DNA content and cen- 

tromeric index. The data group into 
the same broad clusters found for pre- 
vious results (11) and for the length and 
area measurements by others (12). How- 
ever, in addition to the 10 or 11 

previously definable groups, there are 
also subclusters that correspond pre- 
cisely with the identifications based on 
fluorescent banding. Thus, the improve- 
ments in image analysis combined with 
the independent identification of each 
chromosome by banding permit us to 
assign a unique cluster for all but the 
acrocentric chromosomes in the D 
group (chromosomes 13, 14, and 15) 
and G group (chromosomes 21, 22, 
and Y). 

Machine classification of the chro- 
mosomes in Fig. 2 confirms the visual 

impression that the clustering is signif- 
icant. A method of quadratic discrimi- 
nation using the two variables, DNA 
content and centromeric index, cor- 
rectly places 85 percent of the chro- 
mosomes into the 24 categories even 
when no attempt is made to modify as- 

signments by pairing rules within each 
cell. Correct placement increases to 93 
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Chromosome 

Fig. 1. DNA content of the 24 chromo- 
some types of two normal males. For the 
autosomes (except chromosome 21 in 
DHM), means for the homolog pairs from 
cells are given for each subject. One 
chromosome 21 homolog for DHM 
(starred point) has a prominent fluores- 
cent marker and is approximately 10 per- 
cent higher in DNA content than either 
its homolog or the two chromosome 21 
homologs of BHM. The arrows mark 
chromosomes with significant differences 
between subjects. The chromosomes are 
ranked by DNA content or, in the cases 
of unresolvable differences, by the Denver 
convention. Note the unconventional rank 
of chromosome X compared to 7, 19 
compared to 20, and 21 compared to 22. 

1127 

o *ODHM 
* 8 On BHM 

a 
9 . 

* 0 

Oaa 

*a 

890..~~ 

8 

89 
0 es ee 



15H 
E14qH 13H 

ISFr 1 

18A 
taB 

18d T;7 
18f 

,J7C 

14F 
15 

17C 
17F 17C 

T9F 20C 19Rq 1mE~Fo 16C 

19B21 
I II . E I 

1.50 

12R 

I v SBC 
l?o^ 

B - ,5 

9 F BXR 

MrtC 
784. 

IIE 7R 
illift 

2.00 2.50 3.00 

tR A4E 

Fi 4FU 
C 
Q 

3C 
3F 

33E 
31R 38 3F 

3.50 

2C |2R 2B 

2C 2E 2F 2R 
2F 

2H 

IH 
IE IC 

, IC IE 
I . lii 1 

4.00 4.50 

DNA stain content (% of autosome total) 
Fig. 2. DNA content and centromeric index for the chromosomes from six cells of BHM. The number and letter code correspond, 
respectively, to the fluorescent karyotype assignment and the cell from which the individual chromosome came. Of the 24 karyotype 
assignments, 13 compared to 14 and 21 compared to 22 are the only pairs whose means are not significantly different by Hotelling's 
T2 test. 
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percent in 20 groups when the D and 
G designations are used. A further in- 
crease to 98 percent correct assignments 
into 17 groups is achieved by pooling 
chromosome 4 with 5, 7 with X, and 
10 with 12. These are initial measures 
of performance and they should not be 
generalized because the sample sizes 
are small, the data are from only one 
individual, and the learning and test 
set are drawn from the same analyses. 

The means and standard deviations of 
the data from BHM are given in Table 
1. Over this entire data set, the coef- 
ficient of variation of replicate measure- 
ments of DNA content is 1.5 percent, 
whereas homolog variability is 6 per- 
cent and metaphase variability is 3 per- 
cent. These values can be compared 
with the corresponding values for area 
measurements, which for these chro- 
mosomes are 2.4, 19, and 9 percent, 
respectively. Thus, when CYDAC is 
used with controlled focus, measure- 
ments of area are highly reproducible 
but show enormous homolog and meta- 
phase effects caused by variations in 
compaction between homologs within 
the same cell and among corresponding 
chromosomes in different metaphases. 
The disparity between the behavior of 
DNA content and the behavior of area 
is even greater when the normalization 
by autosome totals is eliminated. For 
nonnormalized data, the metaphase vari- 
ability for DNA content increases to 
7 percent, and quadratic discrimination 
still correctly assigns 91 percent of 
BHM's chromosomes into 20 groups. 
However, for nonnormalized measure- 
ments of area, metaphase variability 
rises to 29 percent, and any attempt to 
do more than the crudest classification 
becomes a futile exercise. 

Figure 3 shows the 50 percent toler- 
ance regions for DNA content and cen- 
tromeric index as calculated from the 
means and standard deviations given in 
Table 1. This diagram demonstrates the 
essential properties of the human chro- 
mosome set in terms of these two vari- 
ables, and it illustrates both the readily 
discriminable and the unresolvable re- 
gions insofar as they have been deter- 
mined for this one individual. 

These initial results indicate the trac- 
tability, stability, and diagnostic po- 
tential of DNA-based variables of 
human chromosomes. Karyotyping with 
these variables far exceeds the resolu- 
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actually exceeds the resolution of other 
methods, because we have detected dif- 
ferences between men and between 
homologs and these differences have 
no known counterpart in either conven- 
tional or banding techniques. This res- 
olution will very likely provide useful 
markers for linkage studies. The cor- 
responding resolution in the absence of 
normalization also makes our methods 
uniquely suited to the analysis of hybrid 
and aneuploid cells. Finally, DNA con- 
tent, although of major significance in 
its own right, is only one example of 
the potential set of photometrically ex- 
ploitable biochemical characteristics of 
the chromosome. 
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Somatic cell hybrids can be useful 
in human genetics, particularly in es- 
tablishing the linkage (or synteny) of 
human enzymes to each other and to 
individual human chromosomes. Somat- 
ic cell hybrids between human and 
mouse cells can be obtained in tissue 
culture by cell fusion mediated by Sen- 
dai virus (1), and the hybrids isolated 
from the parents by drug selection (2, 3). 
The human-mouse hybrids so obtained 
preferentially segregate human chromo- 
somes (4); thus, analysis of the com- 
plement of human chromosomes and 
human constitutive enzymes retained by 
numerous independently derived hybrid 
clones leads to the assignment of the 
genes for those enzymes to the chro- 
mosomes bearing them (5). By this 
means, we have assigned the human 
gene for glucosephosphate isomerase 
(GPI) (E.C. 5.3.1.9) [phosphohexose 
isomerase, 17240 (6)] to the F-19 chro- 
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mosome, and that for mannosephos- 
phate isomerase (MPI) (E.C. 5.3.1.8) to 
the C-7 chromosome. These results, re- 
ferred to previously (5), are presented 
here in complete form. Linkage of the 
human gene for GPI to chromosome 
F-19 has been confirmed by Hamer- 
ton et al. (7). 

Six different series of human-mouse 
hybrids were studied. The IL hybrids 
were produced by fusing human neuro- 
blastoma cells of strain IMR-32 with 
mouse L cells of strain LM(TK-), de- 
ficient in thymidine kinase (E.C. 
2.7.1.21). The NM hybrids were ob- 
tained by fusing human skin fibroblasts 
(MRC-5) and the mouse neuroblastoma 
cell clone NA, which is deficient for 
hypoxanthine-guanine phosphoribosyl- 
transferase (HGPRT) (E.C. 2.4.2.8). 
The IL and NM hybrids will be de- 
scribed in detail elsewhere (8). The RK 
hybrids (9) were derived by fusing hu- 
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Chromosome Assignments in Man of the Genes for 

Two Hexosephosphate Isomerases 

Abstract. Thirty-seven clones of somatic cell hybrids between human and 
mouse cells were examined for retention of human chromosomes and expression 
of human constitutive enzymes. Human glucosephosphate isomerase and chromo- 
some F-19 were retained or lost concordantly, as were human mannosephosphate 
isomerase and chromosome C-7. The genes for the enzymes are thus assigned to 
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