
that system (F. Tiem, L. H. Rome, J. DeB. Butler, 
G. S. Harper, W. A. Gahl, Biochm. J., in press). 
Therefore, the demonstration of sialic acid counter- 
trans rt may require a system other than normal 
fibroEst granular fractions loaded by exposure to 
ManNAc. 

12. A carrier-mediated s tem for ine transport has 
recently been iden& in fibro%t lysosomes [R. 
L. Pisoni, J. G. Thoene, H. N. Christensen, J. Bwl. 
Chm. 260,4791 (1985)l. 

Cystine degradation by cystearnine in cystinotic cells 
provides an exam le for this type of a proach. See J. 
G. Thoene, R. 6. Oshima, J. C. dawhi~~, D. L. 
Olson, J. A. Schneider, J. Clin. Inma. 58, 180 
(1976); W. A. Gahl, F. Tiem, J. DeB. Butler, J. D. 
Schulman, BMchm. J. 228,545 (1985). 

14. Supported b the Finnish Academy of Science and a 
grant from Lnska Lakaresallskapct. 
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given clinical syndrome, it is vital to eluci- 
date the genetics of Leishmania and to classi- 
f y  the causative organism for epidemiologi- 

Karyotype Analysis of Lekhmania Species and Its 
Use in Classification and Clinical Diagnosis 

T HE DNA SEQUENCE OF AN ORGA- 
nism encodes species-specific infor- 
mation. In eukaryotes, this informa- 

tion is packaged into chromosomes in the 
nucleus. Chromosomes of parasitic protozo- 
ans cannot be resolved by light microscopy 
because they do not condense during the cell 
cycle. Thus, their genes cannot be mapped 
to specific chromosomes by cytogenetics, 
even in the rare instances when genetic 
markers are available. 

Pulsed field gradient gel electrophoresis 
(PFG) has been used to separate protistan 
chromosome-sized DNA molecules up to 

Fig. 1. Comparison of PFG 
karyotypes of L. major. See (12) 
for abbreviations. WR-3A. 

nous focus of cutaneous leishmaniasis in 
Texas (9). Lerjhmania cause diseases ranging 
fiom skin ulcers (Oriental sore) to systemic 
visceral leishmaniasis, or kala-azar. The spe- 
cies and subspecies of the parasite (10) &d 
the immunogenetic background of the host 
(11) affect disease development. Because 
onlv certain of its members mav cause a 

Chromosomes of four species of Lcisbmania represented by ten different geographic 
isolates were adyzed by pulsed field gradient gel electrophoresis (PPG) to assess 
chromosome stability in these parasitic protomaus. Among different geographic 
isolates of the same subspecies, more than two-thirds of chromosomes had similar 
sizes, ethidium bromide staining intensities, and locations of a,@-tubulin genes. 
However, among New World Lcklmrania, members of different species or subspecies 
have fewer than one-third of their chromosomes in common. Therefore, PPG 
karyotypes of Ltislmrania exhibit intraspecific variability similar to that reported for 
other parasitic protozoans. The greater similarities of the karyotypes of members of the 
same Leisbmunia subspecies may indicate that they represent valid taxa. These 
similarities also allowed the use of PFG in clinical diagnosis for rapid and accurate 
typing of patient isolates. 

done No. 3 amastigotes har- 
vested from mouse skin lesions; 
WR-3P, done No. 3 promasti- 
gotes; Dl-P, promastigotes; 
WR-p123P, uncloned promas- 
tigotes from a 123rd subcul- 
ture; WR-lC, done No. 1 cul- 
ture amastigotes. Annealed bac- 
teriophage lambda DNA lad- 
ders (L) and yeast DNA (Y) are 
included as size standards. Sam- 
ples were prepared (2, 12, 13, 
18) and electrophoresed in a 
double inhomogeneous electro- 
phoresis apparatus (20 by 20 
cm) (15T, 42 hours, 12 Vim, 
pulse frequency of 60 seconds). 

about 2 megabase pairs or more, including 
those of some protozoan agents of human 
disease (1-7). The separated DNA mole- 
cules, which appear as discrete bands in 
agarose gels, have been shwm to represent 
the DNA of the M-length chromosomes 
(1, 8). 

We have applied the extraordinary resolv- 
ing power of PFG to analyza the genomic 
organization of Lerjhmania. These obligate 
intracellular protozoan parasites of macro- 
phages, monocytes, and histiocytes cause 
severe public health problems worldwide, 
including a recently discovered autochtho- 

cal studies. 
We first explored the variability of PFG 

karyotypes of the two developmental stages 
of Lerjhman+the nonmotile amastigote, 
found within cells of vertebrate hosts, and 
the flagellated promastigote, found extracel- 
lularly in the gut of the sandfly vector. Both 
stages can be cultivated in vitro. 

We examined the PFG karyotypes of L. 
tnujur, an etiologic agent of cutaneous leish- 
maniasis tiom Africa (12). Several PFG gels 
were run at different pulse fiequencies for all 
experiments described to separate optimally 
chromosomes of different molecular 
weights. With a 60-second pulse frequency, 
at least 15 bands were distinguished, with 
sizes between about 340 kb and 800 kb 
(Fig. 1). At this pulse fiequency, large chro- 
mosomes (more than 800 kb) are not sepa- 
rated and some DNA remains in the samvle 
well. The staining intensity of several bands 
is nonstoichiomemc, indicating that multi- 
ple chromosomes are present in a band of 
one size class; this is also the case for yeast 
(I), Typanosoma hwi (5), and Plusmodium 
falM'pamm (7). Nonstoichiometrically stain- 
ing bands may represent more than one 
chromosome coincidentally of the same size 
or multiple copies of a single chromosome 
(aneuploidy). By using several pulse fie- 
quencies for optimal separation of DNA 
molecules of different lengths, at least 20 
bands are revealed in different Lerjhmania 
species. 

We determined the size of each chromo- 
some to within 220 kb with annealed lamb- 
da phage as size markers. Reproducibility of 
size determinations fiom replicate samples 
and for gels run at different pulse fiequen- 
cies was good. with individual chromo- 

" ,  

somes being measured with a 5% coefficient 
of variation. 

The ethidium bromidestained PFG 
karyotypes of promastigotes, amastigotes 
fiom skin lesions, and amastigotes from 
culture (13) were the same at all pulse 
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Fig. 2. Comparison of PFG karyotypes of causative agents of leishmaniasis PFG karyotype after hybridization with a,@-tubulin. The smallest chromo- 
from Brazil, Surinam, and Peru. See (12) for abbreviations. (A) Ethidium somes (-230 to 330 kb) hybridize with tubulin only in the L. b r a e i l e  
bromide-stained gel. Elecaophoresis at a pulse frequency of 90 seconds was strains Lbb and Lbg (arrowheads); these appear also in Fig. 3, where they 
as described for Fig. 1. As an example of how strains were compared, dots in are darker. 
lanes Lbb and Lbg indicate dissimilar chromosomes. (B) Southern blot of 

frequencies, indicating that gross chromo- 
somal rearrangements do not occur during 
development. The PFG karyotype at one of 
the pulse fkquencies is shown (Fig. 1). The 
slight differences in band sizes seen among 
lanes beginning with WR are not signifi- 
cant, and reflect the slight curvature of the 
double inhomogeneous electrical field. The 
karyotype did not change after extensive 
subculture (Fig. 1). Karyotypes of clones of 
L. mujor and of the parent stock cultures 
were the same. The identities in the karyo- 

types of amastigotes and promastigotes 
therefore indicate that the PFG analysis of a 
single stage may suffice for strain identifica- 
tion. 

We then explored the difference between 
Lcrjhmunia species and subspecies by PFG 
karyotyping. The degree of similarity of two 
PFG karyotypes was evaluated by determin- 
ing the number of chromosomes (i) falling 
within the same size ranges; (ii) having the 
same subjective degree of brightness when 
stained with ethidium bromide; and (iii) 

bearing the same information for several 
genetic markers. 

Examples of how we evaluated chromo- 
somal identity are shown in Figs. 1 to 3. 
Karyotypes in which resolved chromosomes 
are of the same size and staining intensity are 
shown in Fig. 1 (WR lanes), in Fig. 2A 
(chromosomes >700 kb in lanes Lma-J and 
Lma-I) and in Fig. 3A (lanes Lbb and PtB). 
Dissimilar chromosomes are indicated by 
dots in Fig. 2A and squares in Fig. 3A. 

Karyotypes of members of different spe- 

Fig. 3. Comparison of PFG karyotypes of South American species of a,@-tubulin. Note that the probe hybridizes with the smallest chromosomes 
Lcichmania. See (12) for abbreviations. (A) Ethidium bromide-stained gel. (between -230 and 330 kb) only in the L. k i l i m r b  strains (between 
Samples were electrophoresed as described in Fig. 1. As an example of how arrowheads). The location of the a,@-tubulin genes on chromosomes 
strains were compared, the dots in lanes Lbg and PtB indicate dissimilar between -670 to 715 kb is also seen only in L. brazi1h.k strains (between 
chromosomes. (B) Southern blot of PFG karyotype after hybridization with arrows). See Fig. 1 for methods. 
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cies were readily distinguished from each 
other, with fewer than one-tenth of chromo- 
somes having the same sizes and staining 
intensities. Within the New World species 
L. brc~zilienrir and L. mmkana, subspecies 
also had distinctive karyotypes. (Only one 
subspecies of L. aimuvani is recognized in 
the Western Hemisphere.) The subspecies 
L. 6. brmilienrri and L. 6. guyanenris had in 
common the greatest number of chromo- 
somes of all strains tested (almost one- 
third), and the two subspecies L. m. mPxi- 
cam and L. m. amazonenri, also had in 
common a number of chromosomes (about 
one-eighth). Surprisingly, the L. hilienrri  
subspecies p a n a d  had almost one-fifth 
of its chromosomes in common with L. d. 
chtgm; which it resembled more closely 
than it did the other two L. brmilienrri 
subspecies. We therefore concluded that 
stocks of different etiologic agents of leish- 
maniasis had distinctive PFG karyotypes. 

The great degree of diversity among 
karyotypes of South American stocks of 
different species and subspecies led us to ask 
whether each isolate might have an idiosyn- 
cratic karyotype, with no relationship to the 
species or subspecies to which it belonged. 
We therefore examined stocks that belonged 
to the same subspecies. Among New World 
isolates that we tested, the overall chromo- 
some patterns were similar for different geo- 
graphic isolates of the same subspecies (two 
stocks of L. m. amawnemir and two of L. d. 
chgm?, and distinctly different when com- 
pared with isolates of other species. (See 
resolved chromosomes >700 kb in Fig. 2A; 
other pulse frequencies resolved chromo- 
somes <700 kb.) 

This similarity between two stocks of the 
same subspecies (three-fourths to nine- 
tenths) was comparable to that seen when 
Senegalese (WR-300) and Egyptian (D-1) 
stocks of Old World species L. major were 
compared (Fig. 1). Karyotypes of the D-1 
and WR-300 strains of L. major had only 
two uniquely different bands (which cannot 
be resolved at the pulse frequency shown in 
Fig. 1). Due to overloading, the D-1 stock's 
chromosomes migrate slightly more slowly 
than WR-300 stock's, but from this and 
other gels we conclude that about seven- 
tenths of chromosomes are of the same size 
and staining intensity. This degree of intra- 
species variability for L. major (formerly 
dassified as L. tmpica subspecies major) is 
similar to the degree of variability within 
subspecies for the South American etiologic 
agents. We concluded that stocks of the 
same etiologic agents had similar PFG 
karyotypes- 

To determine whether chromosomes of 
the same size might bear the same genetic 
information, we hybridized the PFG karyo- 

Ldc Lbp Lbb PtB Lbg PtE Lma Lmm 
v-* - -- - 

Fig. 4. Isoenzyme patterns of glucose phosphate 
isomerase (1 1 )  for Lciskn ia  patient isolates and 
market st&: See (12) for abbreviations. 

types with a probe for a$-tubulin. In our 
New World isolates we identified tubulin 
genes on at least four DNA bands in L. 
b a n i ,  on at least three bands in L. 
micana, and on at least five bands in L. 
brmilienrri (Figs. 2B and 3B). The dispersed 
distribution of tubulin genes among chro- 
mosomes of New World isolates ofLeishma- 
nia (Figs. 2B and 3B) was s i i a r  to that 
reported for L. major (cloned from LRC- 
L137), L. donopani (L52), and L. mmkanu 
(L94), where tubulin genes were mapped to 
a total of four, four, and three bands, respec- 
tively (4). 
AN members of the L. brmilienrri com- 

plex, and only these, carried sequences hy- 
bridizing with a$-tubulin on a chromo- 
some of -690 kb (Fig. 3B, arrows), and 
also on their smallest chromosomes (be- 
tween 230 to 330 kb) (Fig. 3B, arrowheads; 
Fig. 2B). 

Based on the location of a$-tubulin 
genes, L. b. panamma% was now clearly 
distinguishable from L. d. c h g h  (Fig. 3B). 
The L. mpxicana subspecies mmkana and 
amammu& were more similar to each other 
than they were to members of other species 
(Fig. 3B). 

Both by ethidium bromide staining and 
by the location of a,p-tubulin on individual 
chromosomes, the PFG karyotypes of the 
New World Ltihnunia show considerable 
intraspecies variation (Fig. 3). The extent of 
variation among members of the same sub- 
species seems to be less than the intraspecies 
variability; however, we will need to exam- 
ine man" more isolates to establish this 
point fir&Iy. 

We have also probed PFG chromosome 
patterns with a T. brucei Hsp 70 genomic 
done (containing coding sequences for the 
70-kD heat shock protein) and Pr8 (ribo- 
somal RNA gene) (14). In different isolates, 
these probes hybridize with chromosomes 
of the same size, namely a chromosome 
more than 1 Mb in size. Data for three DNA 
sequences indicate that chromosomes of the 
same size carry the same genetic information 
in stocks of the same subspecies. It is likely, 

therefore, that a high degree of similarity in 
PFG karyotypes also reflects a high degree 
of genetic homology. 

Because of the similarity in karyotypes of 
different geographic isolates of the same 
subspecies, PFG analysis can type clinical 
isolates. A Leirhmania species was cultured 
from skin lesions of a patient infected in 
Brazil. The isolate was cloned in the second 
subculture, and clones and parent stock were 
identical by PFG, indicating that a single 
species was present. By PFG karyotyping, 
the isolate (PtB) resembled a marker stock 
of L. 6. brmilienrri, both by ethidium bro- 
mide staining of gels and by Southern blot- 
ting and hybridization with the a$-tubulin 
gene probe (Fig. 3, lanes Lbb and PtB). 
Isoenzyme typing and radiorespirometry 
(15) confirmed that the isolate was L. brmil- 
ienrri, although its subspecies was not deter- 
mined by these techniques (Fig. 4). Because 
L. 6. brazilienrri can metastasize, to cause 
mutilating mucocutaneous leishmaniasis, 
chemotherapy and close follow-up were rec- 
ommended. 

A second Leishmania species, PtE, was 
cultured from skin lesions of a patient infect- 
ed in Ecuador. The location of a$-tubdm 
genes on two of its chromosomes (at 690 
and 330 kb, indicated by arrows) was char- 
acteristic of L. hilienrri  subspecies (Fig. 
3). It was not clearly identifiable as one of 
the marker subspecies tested, by ethidium 
bromide staining, PtE was most similar to L. 
6. p a n a h ,  with which it had one-third of 
chromosomes in common. Isoenzyme typ  
ing confirmed its identiv as L. brmilhvk 
(Fig. 4), and the isolate was subsequently 
typed by monoclonal antibodies as L. b. 
panamacis (1 6). 

These observations indicate that the Leish- 
mania species as now defined may have a 
highly flexible chromosomal organization in 
that members of the same species may bear 
the same gene on different sized chromo- 
somes. Such variability in size also occurs 
among different geographic isolates of Tly- 
panosmu brucei and Phmodium falcipamm 
(5-7). Alternatively, the currently defined 
species might actually be complexes (1 7). If 
so, characteristics of any given isolate may 
not be shared by other members of the same 
complex, which may be biologically distinct 
organisms. 

PFG karyotypes appear to be more similar 
among members of the same subspecies, in 
which chromosomes of similar size carry 
genes for a,p-tubulin, Hsp-70, and ribo- 
somal RNA. Although more typed stocks 
must be analyzed by PFG to gauge the 
extent of variation within subspecies, the 
Leishmania subspecies may represent valid 
taxonomic entities deserving the status of 
species. 
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The Mechanism of Binding of a Polynucleotide 
Chain to Pancreatic Ribonuclease 

The crystalline complex of pancreatic ribonuclease (RNase) with oligomers of d@A)4 
has been solved by x-ray diffraction methods and refined by standard procedures to a 
conventional crystallographic R factor of 0.22 at 2.5 angstrom resolution. The 
asymmetric unit is a complex of one RNase molecule associated with four d@A), 
oligomers. Although the DNA in this complex is segmented, and therefore shows some 
discontinuities, it nevertheless traces a continuo& path 12 nucleotides in length that 
passes through the active site cleft of the enzyme and over the surface of the protein. 
The DNA makes a series of eight to nine electrostatic bonds between its phosphate 
groups and lysine and arginine residues on the protein, as well as specific chemical 
interactions at the active site. The path described by the sequence of nucleotides is 
likely to be that taken by an extended polynudeotide chain when it is bound by the 
enzyme. 

IBONUCLEASE (RNAsE) FROM BO- 

vine pancreas is among the most 
.thoroughly studied of all protein 

molecules in terms of structure, chemistry, 
and enzymatic mechanism (1 -3). Two func- 
tional roles have been ascribed to the pro- 
tein: Its major function is to cleave RNA at 
points 3' to pyrimidine residues to yield 
fragments having 3' phosphate termini. A 
second property of the protein derives from 

its preferential &ity for, and ability to 
form complexes with, single-stranded DNA. 
It is a helix destabilizing or DNA unwinding 
protein (4, 5). 

The structure of the protein's active site in 
the immediate vicinity of enzymatic catalysis 
has been well established by x-ray and neu- 
tron diffraction (6, 7), and by chemical 

Depamnent of Bioche~dstly, University of California, 
Riverside, CA 92521. 

Fig. 1. The structure of the complex formed between bovine RNase A and four tetramers of  PA)^ as 
determined by x-ray crystallographic techniques. The four deoxyoligomers I-IV are shown in green, 
violet, yellow, and red, respectively, a d  extend in a consistent 3' to 5' direction from the top of the 
figure to the bottom. The conventional crystallographic R factor for the structure at 2.5 A resolution is 
0.22. 
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