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Fig. 5. (A) Force spectra of BR mutant G241C 
with specific anchoring of the COOH-terminus. In 
G241C, a terminal cysteine was introduced near 
the COOH-terminus at position 241, allowing 
specific attachment to a gold evaporated tip. In 
these experiments, the percentage of full-length 
force curves increased to 80%. (0) Thirty-five 
force curves are superposed and WLC fits with 
lengths corresponding to the model shown in Fig. 
2 are drawn. In contrast to the measurements in 
which we used unspecific attachment, we also 
could resolve the substructure of the first peak, 
which reflect. unfolding of helices F and G. 

ing pathways and the local interactions within 
this membrane protein. In particular, the com- 
bination of imaging and spectroscopy enabled 
us to unravel the individualism of the unfolding 
processes. Better instruments should allow an 
even more detailed interpretation of the un- 
folding pathways of a broad range of mem- 
brane proteins such as G proteins and ion 
channels. 

References 
1. T. Haltia and E. Freire, Biochim. Biophys. Acta Bioen- 

erg. 1228, 1 (1995). 
2.  S. H. White and W. C. Wimley, Annu. Rev. Biophys. 

Biomol. Struct. 28, 319 (1999). 
3.  5. J. Singer and G. L Nicolson. Science 175. 720 

11972).,. 
4.  C. Binnig, C. F. Quate, C. Gerber, ~hys.  Rev. Lett. 56, 

930 (1986). 
5.  M. Radmacher. R. w. Tillmann. M. Fritz. H. E. Gaub, 

Science 257, 1900 (1992). 
6. 8. Drake et al., Science 243, 1586 (1989). 
7.  M. Rief, F. Oesterhelt, B. Heymann, H. E. Caub, Sci- 

ence 275. 1295 (1997). 
8.  M. Rief, M. Gautel. F. Oesterhelt. I. M. Fernandez. H. E. 

Caub, Science 276, 1109 (1997): 

9.  R. Merkel. P. Nassoy. A. Leung, K. Ritchie, E. Evans, 29. E. 1. M. Helmreich and K.-P. Hofmann, Biochim. Bio-  
Nature 397, 50 (1999). phys. Acta 1286, 285 (1996).  

10. D.J. Muller, W. Baumeister, A. Engel. Proc. Natl. Acad. 30. J. M. Baldwin, EMBO). 12. 1693 (1993). 
Sci. U.S.A. 96, 13170 (1999). 31. P. A. Hargrave, Curr. Opin. Struct. Biol. 1,575 (1991). 

11. A. F. Oberhauser, P. E. Marszalek. H. P. Erickson,]. M. 32. R. Henderson, F. R. 5. Shertler, C. F. X. Shertler, Philos. 
Fernandez, Nature 393, 181 (1998). Trans. R. Soc. London Ser. B 326, 379 (1990). 

12. S. B. Smith, Y. Cui, C. Bustamante, Science 271, 795 33. 1. K. Lanyi,). Biol. Chem. 272. 31209 (1997). 
(1 996). 34. . Nature 375, 461 (1995). 

13. P. Hinterdorfer, W. Baumgartner, H. 1. Gruber, K. 35. , Biochim. Biophys. Acta 1183, 241 (1993). 
Schilcher, H. Schindler, Proc. Natl. Acad. Sci. U.S.A. 36. H. Luecke, B. Schobert, H. Richter, J. Cartailler. J. 
93, 3477 (1996). Lanyi, Science 286. 255 (1999). 

14. U. Dammer et a/., Biophys. ). 70. 2437 (1996).  37. , j. Mol. Biol. 291, 899 (1999). 
15. U. Dammer et al., Science 267, 1173 (1995).  38. D. J. Muller, M. Amrein, A. Engel,). Struct. Biol. 119, 
16.  E.-L Florin, V. T. Moy. H. E. Caub. Science 264, 415 172 (1997). 

(1994). 39. D. 1. Muller, D. Fotiadis, S. Scheuring, S. A. Muller, A. 
17. C. U. Lee, L A. Chris, R. 1. Colton, Science 266, 771 Engel, Biophys. j. 76, 1101 (1999). 

(1994). 40. D. J. Muller, H.-1. Sass, 5. Muller, C. Buldt, A. Engel,). 
18. A. Engel, H. Caub, D. 1. Muller, Curr. Biol. 9, R133 Mol. Biol. 285, 1903 (1999). 

(1999). 41. D. M. Engelman and T. A. Steitz, Cell 23, 41 1 (1981). 
19. A. Engel, C.-A. Schoenenberger, D. 1. Muller, Curr. 42. Data not shown. 

Opin. Struct. Biol. 7, 279 (1997). 43. E. Evans and F. Ludwig,). Phys. Condens. Matter 11, 
20. Y. Zhang, 5. Sheng, Z Shao, Biophys.). 71.2168 (1996). 1 (1999). 
21. Z. Shao and]. Yang, Q. Rev. Biophys. 28, 195 (1995).  44. M. Rief, J. M. Fernandez, H. E. Caub, Phys. Rev. Lett. 
22.  U. Haupts,]. Tittor, D. Oesterhelt,Annu. Rev. Biophys. 81, 4764 (1998). 

Biomol. Struct. 28, 367 (1999). 45. H. Crubmuller, B. Heymann, P. Tavan, Science 271, 
23. D. Oesterhelt, Curr. Opin. Struct. Biol. 8, 489 (1998). 997 (1995). 
24.  N. Crigorieff, T. A. Ceska, K. H. Downing, J. M. Bald- 46. 1. B. Heymann etal., Structure, in press. 

win, R. Henderson,). Mol. Biol. 259, 393 (1996). 47. M. Pfeiffer, dissertation, Ludwig-Maximilians-Univer-
25. Y. Kimura etal., Nature 389, 206 (1997). sitat Munchen (2000). 
26.  E. Pebay-Peyroula, C. Rummel.]. P. Rosenbusch. E. M. 48. M. Pfeiffer, T. Rink, K. Gerwert, D. Oesterhelt. H.-J. 

Landau, Science 277, 1676 (1997). Steinhoff,). Mol. Biol. 287. 163 (1999). 
27.  L-0. Essen, R. Siegert, W. D. Lehmann, D. Oesterhelt, 49. D. Oesterhelt and W. Stoeckenius, Methods Enzymol. 

Proc. Natl. Acad. Sci. U.S.A. 95, 11673 (1998). 31. 667 (1974). 
28.  H. Luecke, H.-T. Richter, J. K. Lanyi, Science 280,1934 

(1998). 9 December 1999; accepted 17 February 2000 

Specification of Drosophila  
Hematopoietic Lineage by  

Conserved Transcription Factors 
Tim Lebestky,'* Ting Chang,'* Volker Hartenstein,'e2  

Utpal ~anerjee'*'.~t  

Two major classes of cells observed within the Drosophila hematopoietic rep- 
ertoire are plasmatocytes/macrophages and crystal cells. The transcription 
factor Lz (Lozenge), which resembles human AMLI (acute myeloid leukemia- 
1) protein, is necessary for the development of crystal cells during embryonic 
and Larval hematopoiesis. Another transcription factor, Gcm (glial cells missing), 
has previously been shown t o  be required for plasmatocyte development. 
Misexpression of Gcm causes crystal cells t o  be transformed into plasmato- 
cytes. The Drosophila GATA protein Srp (Serpent) is required for both Lz and 
Gcm expression and is necessary for the development of both classes of 
hemocytes, whereas Lz and Gcm are required in  a lineage-specific manner. 
Given the similarities of Srp and Lz t o  mammalian GATA and AMLI proteins, 
observations in  Drosophila are Likely t o  have broad implications for under- 
standing mammalian hematopoiesis and leukemias. 

Hematopoietic stem cells give rise to all blood  stituted of general as well as lineage-specific 
cell lineages in mammals (I).Molecular deci-  transcription factors (2). Gene inactivation stud- 
sions that differentiate one lineage from another  ies in mice have identified an important role for 
are regulated by unique protein complexes con- a number of hematopoietic transcription fac- 

tors. For example, GATA-1 is required for cry-
throid development (3),GATA-ffor definitiie 

'Molecular Biology Institute, 2Department of Molec- hematopoiesis (4), and GATA-~ for T cell de- 
ular,cell,and ~ ~ i ~ l ~ ~ ,~ l ~~ 3Depaements ~ ~ ~ velopment (5). Interestingly, the Drosophilaof Biological Chemistry and Human Genetics, Univer- 
sity of California, Los Angeles, CA 90095, USA.  GATA homolog setpent (srp) is required for 

embryonic blood cell development (6).Another*These authors contributed equally t o  this report. 
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translocations in acute myeloid leukemias (7). 
Ah4L1, l i e  GATA-2, is essential for all defin-
itive hematopoiesis (8). However, the relation 
between GATA proteins and Ah4Ll in mam-
mals is unclear. The Drosophila Lz protein 
shares 71% identity to Ah4Ll within the Runt 
domain and regulates the expression of multiple 
transcription factors during eye development 
(9). Here, we describe the role of Lz in Dro-

, sophila hematopoiesis and investigate its rela-
tion 'to Srp as well as to another transcription 
factor, Gcm (10, l l ) ,  in the generation of Dro-
sophila blood cell lineage. 

Hemocytes of the Drosophila embryo are 
derived fromthe head mesoderm (12) (Fig. 1,A 
to C). The hemocyte precursors express the 
GATA factor Srp (6, 13) and give rise to two 
classes of cells: plasmatocytes and crystal cells 
(14). Plasmatocytes spread throughout the en-
dolymph (Fig. 1, B and C) and act as rnacro-
phages, whereas crystal cells contain crystalline 
inclusions and are involved in the melanization 
of pathogenic material in the hemolymph (15). 
These cells can be first recognized'in the late 
embryo, where they form a cluster around the 
pro&ntriculus (Fig. 1, C and G). Crystal cells 
are made clearly visible by the Black cell (Bc) 
mutation, which causespremature melanization 
of the crystalline inclusions (16). 

In larval stages, hemocytes are produced 
from a separate organ called the lyinph gland 
(15, 17). Precursors of this gland first appear 
during embryogenesis in the dorsal meso-
derm of the thoracic segments (18) (Fig. 1B). 
Later, these precursors migrate dorsally, 
forming a tight cluster adjacent to the dorsal 
vessel, the larval circulatory,organ (Fig. 1C). 
The larval lymph glands form a bilateral 
chain of cell clusters ("lobes") flanking the 
dorsal vessel (Fig. ID). 

In the temperature-sensitive allele lz"', 
crystal cells develop normally at 25OC (Fig. 1,E 
and G). However, crystal cell development is 
completely blocked at 2g°C (Fig. 1, F and H). 
Consistent with earlier genetic analysis (19), 
crystal cells are missing in lznull mutant alleles 
(20). Plasmatocytes develop normally in num-
ber and pattern in lz null embryos (21). 

Temperature shifts of lzts'; Bc flies showed 
that Lz function during stages 10 to 14 of 
embryogenesis is essential for crystal cell de-
velopment (22). Crystal cells formed in the 
embryo do not persist into late larvae, and Lz 
function is continuously required during the late 
larval stages for further crystal cell develop-
ment. The time scale for de novo crystal cell 
development in the larva is about 4.5 hours 
(22). 

Lz is first detected in a small cluster of 
cells within the embryonichead mesoderm in 
a bilaterally symmetricpattern (Fig. 2A) (23). 
Lz expression remains localized in bilateral 
clusters of 20 to 30 cells within the head 
mesoderm (Fig. 2, B and C). At later stages, 
these crystal cell precursors (CCPs) form a 

loose cluster around the proventriculus (Fig. 
2D). These cells have smooth, round mor-
phology with large nuclei (Fig. 2E). The 
CCPs form a subset of the Srp-expressing 
hemocyte precursors (Fig. 2, F to H). 

Colocalization with a mitotic marker sug-
gests that Lz-expressing cells can divide (Fig. 
21). Interestingly, not all of the daughter cells 
from these divisions will become crystal cells. 
This is inferred from the observation that lz-
lac2 expression is also seen in a group of 
plasmatocytes (Fig. 2J) that do not express lz 
mRNA or Lz protein. We interpret the expres-
sion of Iz-lac2 in these cells to be due to the 
long half-life of P-galactosidase protein that is 
left over from the parent cell. This is also 
observed with additional, independent lz pro-
moter hsions to lacZ (20). Thus, Lz is ex-
pressed in a small subset of hemocyte precur-
sors that may undergo cell division. All crystal 
cells resulting from these precursors maintain 
Lz expression. The few daughter cells that will 
differentiate into plasmatocytes do not express 
Lz protein. 

In the larval lymph gland, Lz expression is 
initiated in a small number of cells during the 
second larval instar (Fig. 3A) (24). The number 
of cells expressing Lz steadily increases during 
the third larval instar, reaching 50 to 100 cells 
per lobe (Fig. 3, B and C). Lz-expressing cells 
are scattered uniformly throughout the large, 
primary lobe of the lymph gland, whereas the 
smaller secondary lobes do not express Lz. 
Similar to the embryonic head mesoderm, all 
lymph gland cells express Srp, but only a small 
subset of them express Lz (Fig. 3, D to F). 
Interestingly, the Lz-expressing cells appear to 
down-regulate Srp when compared to the sur-
rounding non-Lz-expressing hemocyte precur-
sors (inset, Fig. 3, D and E). 

Immunolocalizationstudies (25) of circu-
lating hemocytes in third-instar larvae sug-
gest that the expressionof Lz protein is main-
tained in circulating crystal cells (21). Given 
that crystal cells are missing in lz mutants, 
this demonstrates an autonomous require-
ment for Lz in crystal cell development. As 
observed for embryonic hemocytes, Lz-ex-

. 3Fig. I. urosophlla hematopoiesis and the re-
quirement of lozenge for crystal cell develop-

C ment. IA to D) ~ihematic-reoresentationof 
hematdpoiesis during embryon'ic (A to C) and 
larval (D) development. Dorsal is up, anterior to 
the Left; br, brain; dv, dorsal vessel; e, esopha-
gus; Ib, Labial segment; m, maxillary segment; 
pv, proventriculus.In (A), a stage 5 embryo, the 
anterior endoderm (ae) is shown in Light purple, 
the hemocyte anlagen (he) in green, and the 
Lymph gland anlagen (Lg) in blue. In (B), a stage 
11 embryo. CCPs (red) are specified from he-
mocyte precursors (gray). Lymph gland precur-
son (blue) are visible in the ventral-lateral trunk 

late freely throughout the hemolymph. All he-- , I ' mocytesBre produced from the lymph glands - (blue). (E to H) IzfS1;Bcl+ flies raised at per-
missive (25°C) or nonpermissive (29°C) tem-

perature. In (E), a third-instar larva raised at 25'C displays a normal distribution of crystal cells 
(arrowhead). In (F), a third-instar larva raised at 29°C lacks crystal cells. In (G), a stage 17 embryo 
raised at 25'C, crystal cells (arrowhead) are clustered around the proventriculus. In (H), a stage 17 
embryo raised at 2g°C, crystal cells are absent. Scale bars, 300 p m  (E and F), 50 p m  (Cand H). 
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Fig. 2. Expression of Lz during embry- 
onic hernatopoiesis. (A to C) Dorsal 
views. In (A), a stage 10 embryo 
shows in situ localization of b mRNA. 
In (B), a stage 12 b-ga14/+; UAS- 
NlacZ I+ embryo shows immunolo- 
calization of a nuclear form of P-Gal 
in a lz pattern. In (C), a stage 13 
embryo shows immunolocalization of 
Lz protein. (D to H )  lz-ga14/+; UAS- 
NlacZ/+ embryos. Immunolocaliza- 
tion of P-Gal protein is shown 
(brown in D and E, green in F and H). 
In (D), a stage 17 embryo, the black 
arrowhead denotes the Lz-expressing 
cluster of crystal cells around the 
~roventriculus. A white arrowhead 

Fig. 3. Expression of Lz during larval 
hematopoiesis in lz-ga14/+; UAS- 
NlacZ/+ (A, B, D to F) and wild- 
type (C) larvae. lmmunolocalization 
of P-Gal is shown as a reporter for 
Lz (green) and Srp (red). Lz expres- 
sion is revealed within a single an- 
terior lobe of a second-instar larval 
lymph gland (A) and within a single 
anterior lobe of a third-instar larval 
lymph gland (B). Immunolocaliza- 
tion (with antibody to Lz) of Lz pro- 
tein expression in a single anterior 
lobe of a third-instar larval lymph 
gland is shown in (C). Expression is 
similar to lz reporter expression seen 
in (B). A I-pm confocal optical sec- 
tion of a single lobe of a third-instar 

'I- - boints to expression of Lz in the gna- b - B  
thal region, which is unrelated to the 
expression in the CCPs and has no known phenotypic consequences. In (E), a stage 17 embryo at higher magnification shows Lz expression. Note the large 
nuclei and the round morphology of the crystal.cells. In (F), a stage 13 embryo shows Lz expression (green). In. (C), the same section as in (F) shows 
immunolocalization of Srp (red); an arrowhead marks the position of a CCP cluster, and an arrow points to circulating plasmatocytes. In (H), a merged image 
of (F) and (G) displays colocalization of Lz and Srp (yellow). ( I )  Stage 11 lz-ga14; UAS-lacZ embryo showing immunolocalization of phospho-Histone H3A 
(black) and cytoplasmic P-Gal (brown). A white arrowhead marks a nondividing P-CaCexpressing cell; a black arrowhead marks colocalization of 
phospho-Histone H3A (black) and P-Gal (brown) in a dividing cell. (J )  Stage 13 lz-ga14; UAS-lacZ embryo showing expression of the plasmatocyte-specific 
marker Croquemort (red) in circulating embryonic plasmatocytes. An arrow points to Croquemort expression in a plasmatocyte that lacks expression of P-Gal. 
Arrowheads point to plasmatocytes that express both Croquemort and P-Gal (green). Scale bars, 50 pm (A to D and F and J), 8 pm (E and I). 

larval lymphugland is shown in (D); 
an arrowhead points to a Lz-ex- 
pressing cell (magnified in inset), 
and an arrow points to a cell lacking 
Lz expression. In (E), the same sec- 
tion as in (D) shows Srp protein 
expression; an arrowhead points to 
a cell expressing both Srp and Lz 

1 
(magnified in inset), and an arrow points to a cell expressing high levels of Srp but no LL In (F), a merged 
image of (D) and (E) displays colocalization of Lz and Srp. Scale bars, 25 pm (A), 50 ym (B to D). 

pressing precursors give rise to all crystal 
cells and a small subset of plasmatocytes, as 
evidenced by morphology as well as expres- 
sion of the plasmatocyte marker,Croquemort 
(21). However, Lz protein is not observed in 
any circulating larval plasmatocytes. 

An allele of srp ( ~ r p " " ~ ~ )  specifically abol- 
ishes Srp expression in embryonic hemocytes 
(6). Because this allele also eliminates Iz 
mRNA expression, Srp function is required for 
the expression of Lz (Fig. 4, A and B). This 
finding establishes that srp functions upstream 
of lz during embryonic hematopoiesis. The le- 
thality of sip precludes the analysis of Lz ex- 
pression in larval lymph glands of srp mutants. 

However, as in the embryo, Srp is expressed 
earlier than Lz in the larval hemocyte precur- 
sors, which suggests that stp acts upstream of lz 
during both developmental stages. 

The transcription factor Gcrn promotes 
glial cell fate, and it also functions down- 
stream of Srp in plasmatocyte differentiation 
(10). Lz expression is unaffected in gcm mu- 
tants (Fig. 4C). Gcrn expression (26) is initi- 
ated in a number of Srp-expressing hemocyte 
precursors (Fig. 4, D to F), but Gcrn is ex- 
cluded from the CCPs (Fig. 4, G to I). Con- 
sistent with their cell fate, the small subset of 
plasmatocytes derived from Lz-expressing 
progenitors do initiate. Gcrn expression (21). 

We misexpressed Gcrn in the CCPs to as- 
sess whether exclusion of Gcrn from these cells 
is essential for proper fate determination. This 
resulted in the transformation of CCPs into 
plasmatocytes (Fig. 4, J, K, L, and N). The 
converted cells exhibit morphological charac- 
teristics of plasmatocytes (Fig. 4N) and express 
Croquemort (Fig. 4, J to L). Moreover, in third- 
instar larvae, misexpression of Gcrn in CCPs 
prevents the development of all crystal cells 
(Fig. 40). These results suggest that the restrict- 
ed expression of Gcrn is required for the devel- 
opmental program of embryonic plasmatocytes, 
and that its misexpression can ovenide Lz- 
mediated crystal cell differentiation during both 
embryonic and larval hematopoiesis. The con- 
verse experiment of Lz misexpression in the 
entire hemocyte pool under the control of a heat 
shock promoter did not convert plasmatocytes 
into crystal cells (20). Vertebrate homologs of 
Gcrn have been identified (27), but any role in 
hematopoiesis has not been investigated. 

We arrive at a model of Drosophila hema- 
topoiesis (Fig. 4P) in which a pool of Srp- 
positive hemocyte precursors gives rise to a 
large population of Gcm-positive cells and a 
smaller subpopulation of Lz-positive cells. Our 
results support a genetic hierarchy in which Srp, 
a Drosophila GATA factor, acts upstream of 
both Gcrn and Lz, two mutually exclusive, 
lineage-specific transcription factors in hemato- 
poiesis. Although the description of this hierar- 
chy is incomplete in terms of the breadth of 
molecules involved, it does provide a theoreti- 
cal framework for understanding how early he- 
matopoietic progenitors in the embryo can dif- 
ferentiate and assume distinct cell fates. 

Recent findings have identified similari- 
ties between mammalian and Drosophila in- 
nate immunity (28). Given the similarities of 
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Fig. 4. Functional relations among Srp, 
4 and Gcm. (A and 8) In situ local- 
ization of lz mRNA expression (arrow- 
head) in the head mesoderm of stage 

"a (A) and srpdl '-a- emb os ~z ex ression is 
~ c m +  absent in s & / ~ m ~ e m ~  

(C) lmmurtokcalizatio~ of Lz proteh in 

-+ plvllnrtocJne 
stage 11 gun""-' embryo. Lz expression 
is unaffected in m mutants. ID to R 
stage 11 gun-&+ embryo: In ( ~ j ,  

Gcm (green) is expressed in a majority of the hemocyte precursors; an amMhead points to a 
gap in Ccm expression. In (E), Srp protein (red) is expressed in all hemocyte precursors In (F), 
a merged image of (D) and (E) shows that Srp and Gcm do not colocaize in a small field of cells 
(arrowhead) presumed to be the CCPs. (G to I) Stage 13 gcm-lad+ embryo. In (C), Gan 
(green) is in the majority of h e k y t e  reckorsin (H), Lz protein (kd) is e x p m d  
in the CCPs. In m. a mereed imane of [GI and IH!. lz and Gcm are mutudlv exdusive. 11 to L) 
Stage 14 lz-gala+; lJAhcZ/< ~ A & k r n  er;lb;ryo. In this genotype, G& protein is ';nib& 
pressed in CCPs. In 0). Lz (green) is expressed in the head mesoderm. In (K), Croquemort (red) 
1s expressed in plasmatocytes. In (L), a m e w  image of 0) and (K) shows that misexpression 
of Gun results in expression of Croqwmort in the Lz-expredng cdls of the head mesuderm, 
indicating transformation of CCPs into p h m ~ q t e s  (M) Stage 17 &-gal#+; UAS-NlacU+ 
embryo, showing the smooth round morphology of the crystal Edls. (N) Stage 17 Ir-gal#+; 
UAS-lad/+; UAS-gun embryo. The lz-expressing cells that also express Can show altered 
rnorphdogy resembling circulating plasmarocytes. (0) Third-instar &-gal#+; BdUAS-gan 
larva. Mkexpression of Gcrn in larval CCPs causes a complete Loss of mature crystal cells in the 
hemolymph. (P) Model for the generation of hematopoietic lineages in the Dmqhda embryo. 
SIP is expressed d e s t  in the hernocyte precum pool Most of the Srp-expressing cells begin 
tdqxek Ccm and differentlate as piasniatocytes.~ small subset of S*ressi* cdls be&n 
to exmss Lr these cells are still mitotic and nhre rise to all the crvstal cells and a wrv small 

Srp and Lz to mammalian GATA and AMLl 
proteins, the results reported here suggest a 
conservation of the molecular basis for blood 
cell lineage commitment in mammalian and 
Drosophila hematopoiesis. 
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