19.

20.
. In apes there is a tendon from the common deep

22.

23.

omy of the Hand (Lippincott, Philadelphia, ed. 3,
1984), p. 159.

. The terms power and precision grip have been rede-

fined over the years [see C. Long, in The Hand, R.
Tubiana, Ed. (Saunders, Philadelphia, 1981), pp.
427-440; M. Marzke and M. S. Shackley, J. Hum.
Evol. 15, 439 (1986)]. Long noted that ‘‘dextrous
manipulation of objects by the thumb and fingers, or
precision handling, has relatively few variations”
(above, p. 436). These variations involve the thumb
and different combinations of the four fingers in two,
three, four, or five jawed grips. All precision handling,
however, involves the thumb. Marzke and Shackley
expanded on the definitions of Napier and Long and
described a further subset of precision handling that
in some cases involves the thumb as a buttress rath-
er than as a fully opposing structure. The precision
grasping adaptations described here and that are
correlated with early bone and stone tool use reflect
the enhanced role of the thumb and its muscula-
ture as part of a multi-jawed chuck. The more
primitive precision handling that does not depend
on a well-developed thumb, and where the base of
the thumb serves as a buttress, is often observed
in chimpanzee tool behavior such as the hammer-
ing of hard nuts in the Tai Forest of lvory Coast.
Thus, the more general concept of precision
grasping of Napier (73) or precision handling
(Long, above) would seem adequate to explain
behavioral correlates of thumb morphology in
apes and humans, and in fossil hominids.

Pygmy chimpanzees are from the Tervuren Museum
and Department of Anatomical Sciences, State Uni-
versity of New York at Stony Brook. Common chim-
panzees are from the American Museum of Natural
History (AMNH), the Smithsonian Institution, and the
Cleveland Museum of Natural History (CMNH). Go-
rillas are from AMNH and CMNH. Modern humans
are drawn from the Todd Collection at CMNH. Fossil
hominids include the following: AL 333w-39 (A. afa-
rensis from Hadar), SKX 5020 (P. robustus from
Swartkrans), SK 84 (H. erectus from Swartkrans),
and Shanidar 4 (H. s. neanderthalensis from Shani-
dar Cave, Irag). All fossil hominid measurements,
except Shanidar 4, were taken from original speci-
mens by the author. Measurements of Shanidar 4
were reported by E. Trinkaus, The Shanidar Nean-
dertals (Academic Press, New York, 1983).

R. L. Susman, Science 240, 781 (1988).

finger flexor mass [flexor digitorum profundus (FDP)]
that mimics the tendon of the flexor pollicis longus in
humans. This tendon does not represent a separate
muscle to the thumb in apes. In lesser apes (gibbons
and siamang) there is a muscle belly, but it is func-
tionally coupled with the FDP. Our electromyography
experiments on an adult female gibbon (Hylobates
lar) did not elicit flexion of the thumb separate from
flexion of the fingers, as is the case in humans. In a
sample of 90 great apes (96% of orangutans, 72% of
gorillas, 52% of chimpanzees), the flexor pollicis lon-
gus muscle was “‘rudimentary and functionless’ [W.
L. Straus, Q. Rev. Biol. 17, 228 (1942)).

Ape hands reveal a contrasting morphology to
those of humans. In apes, the fingers (digits Il to V)
rather than the thumb (digit 1) have an enhanced
musculature. Apes have a variable series of con-
trahentes muscles, often to digits IV and V and
sometimes to digit Il. Humans and apes all have a
contrahentes to the thumb, called the adductor
pollicis (see Fig. 3).

Stress (S) = Force (F)/Area (A). In the present case,
stress is increased by an increase in the transarticu-
lar compressive forces (F) due to the addition of
three muscles crossing the metacarpophalangeal
joint. The effect of increasing force is mitigated by
expanding the area (A) of the joint over which muscle
forces are concentrated. Humans and other homin-
ids that co-occur with stone and bone tools such as
SKX 5020 (P. robustus), SK 84 (H. erectus), and
Shanidar 4 (H. s. neanderthalensis) have an increased
area, A, presumably because they have added one or
all of the complement of human thumb muscles. AL
333w-39 (A. afarensis), which predates the appear-
ance of stone tools, does not display metacarpopha-
langeal joint expansion and most likely lacked a

“human’’ complement of thumb muscles.

24. The oldest stone tools associated with reliable radio-
metric dates are from East Africa, members E and F
of the Shungura formation of the lower Omo Valley,
and at Hadar, from the Kada Hadar member along
the Gona River in Ethiopia. These sites are dated at
around 2.5 Ma [H. Roche and J.-J. Tiercelin, C. R.
Acad. Sci. Paris 284, 1871 (1977); J. W. K. Harris,
Afr. Archeol. Rev. 1, 3 (1983); F. C. Howell, P. Hae-
saerts, J. de Heinzelin, J. Hum. Evol. 16, 665 (1987)).

25. The question of whether refined precision grasping is
indeed related to tool behavior and not simply small-
object feeding is settled by the fact that Theropithe-
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cus gelada, the quintessential non-tool-using small
object feeder [C. J. Jolly, Man 5, 6 (1970)] lacks a
hominid-like thumb.

26. J.-M. Le Minor, Gegenbaurs Morphol. Jahrb. 134,
693 (1988).

27. lthank W. Jungers, D. Krause, S. Leigh, J. Stern, and
K. Steudel for their comments and help; L. Betti-
Nash for the illustrations; and C. K. Brain and B.
Asfaw for permission to study early hominid fossils.
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Requirement of Transcription Factor PU.1
in the Development of Multiple
Hematopoietic Lineages

Edward W. Scott, M. Celeste Simon, John Anastasi,
Harinder Singh*

The transcription factor PU.1 is a hematopoietic-specific member of the ets family. Mice
carrying a mutation in the PU.7 locus were generated by gene targeting. Homozygous
mutant embryos died at a late gestational stage. Mutant embryos produced normal
numbers of megakaryocytes and erythroid progenitors, but some showed an impairment
of erythroblast maturation. An invariant consequence of the mutation was a multilineage
defect in the generation of progenitors for B and T lymphocytes, monocytes, and gran-
ulocytes. Thus, the developmental programs of lymphoid and myeloid lineages require a
common genetic function likely acting at the level of a multipotential progenitor.

Hematopoiesis is a regulated developmen-
tal cascade that generates at least eight
distinct lineages that differentiate into the
mature cell types of the blood (1). The
process is initiated by a self-renewing, plu-
ripotential stem cell that generates a hier-
archical array of developmental intermedi-
ates consisting of multipotent and monopo-
tent progenitor cells. Most mature blood
cell types have short life-spans and little or
no proliferative capacity—therefore, they
are continuously regenerated.

The transcription factor PU.1 is the
product of the PU.1-Spil-Sfpil proto-onco-
gene (2-4). The PU.I gene is expressed
specifically in hematopoietic tissues, partic-
ularly in the monocytic and B lymphoid
lineages (2, 5, 6). Numerous presumptive
PU.1 target genes have been identified in
these lineages (7—11). Therefore, PU.1 has
been suggested to control the differentia-
tion of B lymphocytes and monocytes.
Overexpression of PU.1 in erythroblasts is
sufficient for their immortalization (12).
Binding sites for PU.1 are present in intron
2 of the mouse B-major (BM)—globin gene
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(5), in a region of altered chromatin struc-
ture in erythroid cells. Thus, PU.1 may also
be required for the development of ery-
throid progenitors during hematopoiesis.

To genetically analyze the functions of
PU.1, we engineered mice carrying a mu-
tant allele using gene targeting in embryon-
ic stem cells. The structure of the PU.I
gene is depicted in Fig. 1A. Exon 5 encodes
the DNA binding domain (2). The target-
ing vector (pES-PUT) was designed to de-
lete this coding segment and to replace it
with the positive selectable marker
PGK::neo (Fig. 1A). To enrich for homol-
ogous recombination events, we used the
negative selectable marker PGK::TK (13).
The targeting construct was assembled with
isogenic DNA segments (14). The neo gene
was flanked by approximately 2 and 12 kb
of PU.1 homologous sequence on its 5’ and
3’ ends, respectively (Fig. 1A). Targeted
CCE.1 embryonic stem (ES) cell clones
were used to generate mice heterozygous for
the PU.I mutation (15).

At 7 weeks of age, PU.I heterozygotes
were mated to generate PU.l homozygous
mutant progeny. Three-week-old pups were
genotyped by Southern (DNA) blot analy-
sis. Out of 31 progeny, 10 were wild type
and 21 were heterozygotes. The absence of
homozygous mutant progeny was highly sig-
nificant (P > 99.9%) and indicated that
PU.I is an essential gene, disruption of
which results in prenatal lethality. Embryos
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Fig. 1. PU.7 targeting R1 H3 DNA  R1

scheme and genotypic 4 l sl r?_w'"g 1

analysis. (A) The top, mid- e A . ] i T

dle, and bottom line dia- 1 2 g s

grams depict the struc- R £

tures of the PU. 7 gene, the =

PES-PUT targeting vector ? T i

(30), and the PU.1 neo

mutant allele generated by R1 H3 R1 H3 H3
homologous recombina- l ,.,ébg 1
tion, respectively. Homol- [1_' T 1 f === TT PU.1vneo

ogous recombination re-

sults in the replacement of the portion of exon 5 encoding the DNA binding
domain of PU.1 (amino acids 200 to 272) by the PGK::neo selectable marker.
Homologous recombination events can be screened because of the introduc-
tion of novet Eco RI (R1) and Hind Il (H3) restriction sites in the PU. 7 locus. (B)

representing various gestational ages were
analyzed to determine when lethality oc-
curred. Homozygous mutant embryos were
present at the expected ratios until day 16.5
(see Fig. 1B for a sample litter). By day 17.5,
mutant embryos were reduced in number,
and no viable embryos were detected after
day 18 of gestation.

PU.l mutant embryos (days 14.5 to
17.5) exhibited an anemia of variable se-
verity. The degree of anemia observed in
the mutant embryos varied from being
visually striking (hematocrit of 10%) to
nondiscernible (hematocrit of 35%) (Fig.
2A). Hematocrit values for wild-type and
heterozygous embryos were equivalent (40
* 1.5%). In contrast, homozygous mutant
embryos had a reduced hematocrit with
significantly greater variability (25 *
8.5%).

The anemia observed with PU.I mu-
tant embryos suggested an impairment of
fetal erythropoiesis. To examine the de-
velopment of erythrocytes in the fetal
liver, we fixed, sectioned, and stained
(hematoxylin-eosin) the livers of wild-
type and overtly anemic embryos (Fig. 2,
C and D). In the wild-type fetal liver,
proerythroblasts, erythroblasts, and pools
of enucleated reticulocytes and erythro-
cytes were identified (Fig. 2C). In the
fetal liver of an anemic mutant, proeryth-
roblasts and erythroblasts were readily de-
tectable; reticulocytes and erythrocytes
were reduced in number and dispersed,
rather than organized as pools of mature
enucleated cells (Fig. 2D). Thus, matura-
tion but not the generation of fetal eryth-
roblasts was impaired by the PU.I muta-
tion. The number of megakaryocytes in
the fetal liver and platelets in the blood
was unperturbed in mutant embryos (16).

PU.1 has been implicated in regulating
the expression of the adult BM-globin
gene, which is initially activated in eryth-
roblasts during fetal erythropoiesis. Ribo-
nuclease protection analyses were done
with a BM riboprobe and RNA isolated
from mutant (hematocrit of 15%), het-
erozygous, and wild-type embryos (Fig.
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2B) (17). BM-globin RNA was detected at
equivalent amounts in each type of em-
bryo. Therefore, PU.I is not required for

A

+H+ 40+16(n=7)
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Genotypic analysis of day 14.5 embryos (E1 through E7) from a mating of
PU.1 heterozygotes. Southern blot analysis was performed on Eco RI-di-
gested DNA (75). Symbols are as follows: +/+, wild-type; +/—, heterozy-
gote; and —/—, homozygous mutant.

the developmental activation of B-globin
gene expression.
Murine B lymphocytes develop through a

Fig. 2. Analysis of erythroid differentiation in wild-
type and severely anemic PU. 7 mutant embryos.
(A) Hematocrit levels of day 16.5 embryos. He-
matocrit levels of aortic blood from day 16.5 ho-
mozygous mutant embryos are presented as a
histogram (37). Hematocrit percentages are indi-
cated on the ordinate. Numbers of PU.7T mutant
(—/—) embryos with a given hematocrit are indi-
cated on the abscissa. The mean hematocrit lev-
els and their standard deviations for wild-type,
heterozygous, and homozygous mutant embryos
are tabulated above the histogram. (B) Ribonucle-
ase protection analysis of BM-globin expression in

wild-type, heterozygous, and PU. 7 mutant embryos. Total RNA was isolated from the fetal liver of wild-type
(+/+), heterozygous (+/—), and PU.7 mutant (—/-) littermates 16.5 days old (77). The wild-type and
heterozygote embryos had a hematocrit level of 40%, whereas the PU. 7 mutant embryo exhibited a hemat-
ocrit level of 15%. RNA samples (10 pg) were hybridized to BM-globin and actin antisense riboprobes (7). M,
molecular weight markers; P, free probe; tRNA, control ribonuclease protection reaction using transfer RNA
for hybridization. (C and D) Hematoxylin- and eosin-stained fetal liver sections from day 16.5 embryos (23). In
(C), the wild-type fetal liver section demonstrates the presence of erythroid cells at various stages of matura-
tion. Proerythroblasts and erythroblasts contain a prominent nucleus that stains dark purple (arrow). Reticu-
locytes and mature erythrocytes are reddish enucleated cells that are concentrated in pools (marked with b).
In (D) is shown a PU.7 mutant fetal liver section from a severely anemic littermate. Normal numbers of
proerythroblasts and erythroblasts are present (arrow), but pools of reticulocytes and erythrocytes are absent.
A megakaryocyte (m) is observable in the section of the PU. 7 mutant fetal liver.
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series of well-defined intermediates. Progeni-
tor B cells (pro-B), precursor B cells (pre-B),
and mature B cells can be distinguished by the
status of immunoglobulin (Ig) heavy and light
chain gene rearrangements and expression of
stage-specific cell surface markers (18). B cell
development in the fetal liver is temporally
ordered such that pro-B cells can be detected
between days 12 and 13 of gestation, pre-B
cells between days 14 to 16, and mature B
cells between days 17 to 18 (19). Flow
cytometry analysis (20) of B lineage cells in
the fetal liver of embryos at day 16.5
showed that pro-B (B2207CD43*) and
pre-B (B2207CD437) cells were readily de-
tected in both wild-type (Fig. 3A) and het-
erozygous embryos (16). However, these
cells were not observed in the mutant em-
bryos (n = 14) (Fig. 3A).
Immunoglobulin gene rearrangements
and expression were analyzed by a reverse
transcriptase—polymerase chain reaction
assay (RT-PCR) (17). In the wild-type
and heterozygous fetal livers (day 16.5),
transcripts from Ig heavy chain alleles
that had undergone D,-],, rearrangement
were observed in large amounts (Fig. 3B).

Though detectable, transcripts from Igk
alleles that had undergone V -], rear-
rangement were present in smaller
amounts (Fig. 3B). No expression of D, -
], or V-], transcripts was detected in the
fetal liver of PU.l mutant embryos. The
difference in the V-], signals of the wild-
type and heterozygous samples was not
reproducible. Furthermore, no germline
W, Ragl, or Rag2 transcripts were detected
in PU.1 mutant embryos (16). Thus, both
transcription and rearrangement of Ig
genes were blocked by the mutation. The
PU.I mutation also resulted in the loss of
expression of the B lineage—specific genes
mb-1, B29, and VpreB (16). Therefore, on
the basis of both the flow cytometry and
RT-PCR analyses, disruption of the PU.1
locus results in the elimination of B lin-
eage progenitors.

The development of murine T lympho-
cytes, like that of B lymphocytes, involves
both temporally ordered rearrangements
of T cell receptor (TCR) gene segments
and stage-specific expression of cell-sur-
face markers (21). Flow cytometry was
performed on fetal thymic cell suspen-

A PU.T+* PU.T" B
o)) c
2 o 4
RS e aE T
g gy -0 dosid
o
L4 . '.“Du‘Ju
- . “—VK.JK
Fig. 3. Analysis of lymphoid cells in the
fetal livers and thymuses of wild-type
104 10% and PU.7 mutant embryos. Cells ob-
5 22 0 tained from the fetal livers or thymuses
102 103 of day 16.5 wild-type (+/+) or PU.7
- mutant (—/—) embryos were analyzed
E 102y by flow cytometry or RT-PCR analysis.
(A) Flow cytometry analysis. Top: Fetal
10'y liver cells stained with antibodies to
100%_ ’ 6 1 CD43-FITC (S7) and antibodies to
100 10! 102 10° 104 109 107 102 105 10 B220-PE (RA 3—682).‘Mnddle.: Fetg\ thy-
cD2 mus cells stained with antl_bodl_es to
CD2-FITC (RM2-5) and antibodies to
104 Thy-1-PE (563-2.1). Bottom: Fetal thy-
mus cells stained with antibodies to
102 CD8-FITC (53-5.8) and antibodies to
i CD4-PE (RM4-5). The percentage of
8 102 cells with a particular cell surface ex-
& pression phenotype are indicated with-
10 in the appropriate quadrant (20). (B)
100 iiRar- 22 1 00 RT-PCR analysis of Ig D -J,, and V,-J,
100 10! 102 10° 10% 10° 101 102 103 104  transcripts. The fetal liver RNA samples
cD8 were identical to those described in Fig.

2. BNA samples from NIH 3T3 cells

and the spleen of an adult wild-type mouse were used as negative and positive control templates,
respectively. RT-PCR was performed on 5 pg of total RNA (77). Amplification products were analyzed by
Southern blot hybridization with DP—JH orV, -J, probes. It should be noted that DH-JM transcripts were far
more abundant than V,-J, transcripts in the fetal liver of wild-type and heterozygous embryos. The D ,-J,,
blot was exposed to film for 5 min. The V_-J_ blot, however, was exposed to film for 2 days, with the
exception of the spleen sample, which was exposed for 5 min. Symbols are as follows: +/+, wild-type;
+/—, heterozygote; and —/—, PU.7 homozygous mutant.

SCIENCE e+ VOL. 265 <

9 SEPTEMBER 1994

REPORTS

sions (day 16.5) to determine the effect of
the PU.I mutation on T lymphocyte de-
velopment. In the wild-type thymus, dif-
ferentiating thymocytes (Thy-17"CD2~
and Thy-17CD2") were detected in the
expected numbers (Fig. 3A). In contrast,
these cells were absent in the thymuses of
mutant embryos. Additionally, whereas
progenitors of the TCRaf lineage
(CD4*CD8") constituted most of the
thymocytes in the wild-type embryo, no
such cells were present in the mutants
(Fig. 3A). Consistent with the flow cy-
tometry analysis, the thymuses of mutant
embryos were hypocellular. These results
are indicative of a requirement for PU. I
at an early stage in T cell ontogeny.

Granulocytes (neutrophils) and mono-
cytes-macrophages appear to arise from a
common bipotential progenitor [granulo-
cyte-macrophage colony-forming units
(CFU-GM)] (1). The earliest morpholog-
ically identifiable precursors of each lin-
eage are myeloblasts and monoblasts, re-
spectively. Both precursors as well as ma-
ture cells of the granulocytic and mono-
cytic lineages are observed in the fetal
liver as early as day 13 of embryogenesis
(22). The effect of the PU.I mutation on
the development of granulocytes and
monocytes was characterized by histolog-
ical staining (23) and flow cytometry. In
the wild-type fetal liver, developing gran-
ulocytic-monocytic cells were seen to ex-
press myeloperoxidase (blue granules, Fig.
4A) and lysozyme (red cytoplasm, Fig.
4C). These cells were completely absent
in the fetal liver of mutant embryos (Fig.
4, B and D). Tissue macrophages, such as
those found in the alveoli of lungs, were
also eliminated by the PU.I mutation
(16). Flow cytometry analysis of fetal liver
suspensions (day 16.5 embryos) was done
with antibodies to the B-integrin receptor
(CD11b, CD18) and antibodies to Gr-1
(Fig. 4E). Wild-type fetal liver contained
cells that expressed the B-integrin recep-
tor, which is indicative of the granulocyt-
ic and monocytic lineages (Fig. 4E). No
CD11b*CD18" cells were detected in the
PU.I mutant fetal liver (n = 14). This
indicated a loss of both granulocytic and
monocytic lineages. Consistent with this
result, no mature granulocytes (Gr-17")
were observed in the mutant embryos
(Fig. 4E).

The effect of the PU.l mutation on
hematopoietic progenitors was character-
ized with in vitro clonogenic assays (24).
Wild-type and heterozygous fetal livers (day
14.5 to 15.5) yielded approximately 150
colonies per 10° cells representing CFU-
GM (31%), CFU-GEMM (granulocyte-
erythrocyte megakaryocyte-macrophage)
(24%), CFU-G (granulocyte) (24%),
CFU-M (macrophage) (17%), and CFU-
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Meg (megakaryocyte) (3%). The condi-
tions used did not support the growth of
CFU-E (erythrocyte) or of BFU-E (burst
forming unit—erythrocyte). In contrast,
the plating of fetal liver cells from PU.1
homozygous mutant embryos yielded 5 to
10 colonies per 10% cells. These colonies
were significantly smaller than those from
wild-type cultures and primarily con-
tained megakarocytes with some erythroid
lineage cells. Mutation of PU.I, there-
fore, eliminates multipotential myeloid
progenitors.

The expression of the PU.I gene ap-
pears restricted to cells of the hematopoi-

Fig. 4. Analysis of granulocyticand g
monocytic cells in the fetal liver of
wild-type (+/+) and PU.7T mutant

etic system. Consistent with this pattern
of expression, other aspects of embryogen-
esis, including the development of major
organs (spleen, heart, kidney, lungs, and
brain) and tissues (skin, muscle, and
bone), appear to be unperturbed in the
mutant embryos. The lymphoid-myeloid
defects are specific to PU.I homozygous
mutant embryos and are not observed in
embryos heterozygous for the mutation.
Thus, the engineered mutation represents
a loss-of-function allele.

Mutation of the PU.I locus causes an
invariant defect in the development of B
and T lymphocytes, monocytes, and gran-

PU.T"

(—/—) day 16.5 embryos. Shown in
(A) through (D) is an analysis of my-
eloperoxidase- and lysozyme-ex-
pressing cells. Fetal liver touch prep-
arations from wild-type (A) and ho-
mozygous mutant (B) littermates
were stained for myeloperoxidase
activity (23). Myeloperoxidase activ-
ity in wild-type fetal liver cells was
visualized by the presence of blue
cytoplasmic granules (arrow). Fetal

CD18

liver sections from wild-type (C) and 104
PU.1 homozygous mutant (D) litter-

mates were immunostained for ly- 10
sozyme (23). Lysozyme-expressing
cells in the wild-type fetal liver exhibit 102
a dark red cytoplasm (arrow). (E)

Flow cytometry analysis. Cells ob- 101
tained from the fetal liver of wild-type

(+/+) or PU.1 mutant (—/—) embry- 1
os were analyzed by flow cytometry 10°
(20). Top: Fetal liver cells stained

with antibodies to CD11b-FITC (M1/

101 102

100 2 g
10° 10" 102 10° 10¢

108 10
Gr-1

70) and antibodies to CD18-PE (C71/16). Bottom: Single-parameter fluorescence of fetal liver cells
stained with antibody to Gr-1-FITC (RB6-8C5). The percentage of cells with a particular cell surface
expression phenotype is indicated within the appropriate quadrant.
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ulocytes. For each lineage, analysis with
multiple stage-specific markers failed to
reveal any differentiating intermediates.
Because erythroid progenitors and
megakaryocytes are generated in normal
numbers in the PU.l mutant embryos,
this multilineage defect is not simply a
reflection of a PU.I requirement for the
functioning of the hematopoietic stem
cell. Although effects on B cell and
monocyte development could be antici-
pated from previous work, the multilin-
eage phenotype also shows a requirement
for PU.1 for the generation of T lineage
and granulocytic progenitors, and it re-
veals that in the B lineage PU.1 is not
simply required for the activation of Ig
heavy and k light chain gene transcrip-
tion. Instead, PU.1 is required for the
development of B lineage progenitors that
undergo Ig gene rearrangements and ex-
press the cell surface markers B220 and
CD43 and the genes mb-1, B29, and
VpreB. Thus, PU.1 is a pleiotropic regu-
lator of B cell development acting at the
earliest identifiable stage.

Only c-myb, Ragl, and Rag2, have
been shown to be required for the devel-
opment of multiple, but not all, lineages
of the hematopoietic system. Mutation of
the c-myb locus blocks the development
of erythroid and myeloid lineages but not
the development of megakaryocytes (22).
Ragl and Rag? are required for the devel-
opment of B and T lymphocytes (25).
Mutations in these genes arrest differen-
tiation of lymphocyte progenitors by in-
hibiting receptor gene rearrangements.
The phenotype of the PU.I mutation is
unique among this select group of genes.
It establishes a common genetic require-
ment for the development of lymphoid
and myeloid lineages. Results of in vitro
clonogenic assays demonstrate that PU.1
functions in a cell-autonomous manner to
regulate the development of myeloid lin-
eages at the level of multipotent progen-
itors. The simplest interpretation of our
results would suggest the existence of a
multipotent, PU.I-dependent lymphoid-
myeloid progenitor. Bone marrow—de-
rived cells representing such an inter-
mediate in the hematopoietic system can
be cloned (26), and in vitro clonogenic
assays have revealed progenitors with
both myeloid and B lymphoid potential
(27).
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Direct Observation of Enzyme Activity with the
Atomic Force Microscope

Manfred Radmacher,* Monika Fritz,* Helen G. Hansma,
Paul K. Hansma

The height fluctuations on top of the protein lysozyme adsorbed on mica were measured
locally with an atomic force microscope operated in tapping mode in liquid. Height
fluctuations of an apparent size of 1 nanometer that lasted for about 50 milliseconds were
observed over lysozyme molecules when a substrate (oligoglycoside) was present. In the
presence of the inhibitor chitobiose, these height fluctuations decreased to the level
without the oligoglycoside. The most straightforward interpretation of these results is that
the height fluctuations correspond to the conformational changes of lysozyme during
hydrolysis. It is also possible, however, that the height fluctuations are, at least in part,
the result of a different height or elasticity of the transient complex of lysozyme plus the

substrate.

Since its invention, the atomic force mi-
croscope (AFM) (1) has been a promising
tool for biological applications. In the
last few years, proteins under physiologi-
cal conditions (2) and live cells (3)
have been imaged. In some instances, the
AFM demonstrates true atomic resolution
(4) and can detect the small forces of
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specific binding between individual mol-
ecules (5, 6).

Recent progress in measuring and imag-
ing the forces between proteins has been
achieved with several techniques and sys-
tems (6, 7). These measurements suggested
that the state of the art of detecting small
movements at very low forces would be
sufficient for observing the motion of pro-
teins at the molecular level. The advantage
of the AFM is its combination of sensing
small forces and its ability to position with
nanometer accuracy and to detect objects at
a molecular resolution. Enzymes are a very
promising system for watching protein mo-
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